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Abstract

To maintain homeostasis under variable nutrient conditions, cells rapidly and robustly respond

to fluctuations through adaptable signaling networks. Evidence suggests that the O-linked N~
acetylglucosamine (O-GIcNAC) posttranslational modification of serine and threonine residues
functions as a critical regulator of intracellular signaling cascades in response to nutrient changes.
O-GIcNAc is a highly regulated, reversible modification poised to integrate metabolic signals
and acts to influence many cellular processes, including cellular signaling, protein stability, and
transcription. This review describes the role O-GIcNAc plays in governing both integrated cellular
processes and the activity of individual proteins in response to nutrient levels. Moreover, we
discuss the ways in which cellular changes in O-GIcNAc status may be linked to chronic diseases
such as type 2 diabetes, neurodegeneration, and cancers, providing a unique window through
which to identify and treat disease conditions.
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INTRODUCTION

The complex interplay between nutrient-sensing mechanisms and the cellular machinery
responsible for energy production and utilization ensures cellular energy homeostasis. An
integrated, evolutionarily conserved set of pathways is required for maintaining metabolite
levels, pathogen sensing, and the immune response (56). Metabolite homeostasis, including
the maintenance of amino acid, fatty acid, and sugar levels, is governed in part by the
posttranslational modification (PTM) O-linked A-acetylglucosamine (O-GIcNAc) through a
series of conserved cellular mechanisms triggered by changes in nutrition and other stressors
(Figure 1). Recent evidence illustrates a multifaceted pattern of O-GIcNAc regulation,
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allowing for complex modulation and integration of nutritional cues and cues of stressors.
Herein, we describe the role O-GlcNAcylation plays in responding deftly to changes in
nutritional status by altering cell signaling and transcriptional regulation. We not only
discuss the implications of the nutritional load in the context of protein O-GIcNAc status,
but we also outline the consequences that changes in O-GIcNAcylation have on disease
progression and prognosis.

O-GLCNAC CYCLING IS REQUIRED FOR NUTRIENT SENSING

Organisms maintain a delicate network of cellular machinery in order to appropriately
process nutrients ranging from amino acids and fatty acids to sugars and nucleotides.

A central player in this machinery is the hexosamine biosynthetic pathway (HBP).

This metabolically driven pathway is key for regulating nutrient processing, as its
ultimate product, UDP-A-acetylglucosamine (UDP-GIcNAC), is synthesized based on
nutrient concentration and the availability of nutrient-processing enzymes (110) (Figure
1). The activated sugar-nucleotide UDP-GIcNAc is utilized to produce not only complex
glycan structures in the endoplasmic reticulum and Golgi but also the small yet potent
nucleocytoplasmic modification, O-GIcNAc. As the resulting product of the HBP, O-
GIcNAc is a nutrient-sensitive modification poised to dynamically integrate metabolic
signals.

O-GIcNAc is added to and removed from protein serine and threonine residues by O-
GIcNAc transferase (OGT) and O-GlcNAcase (OGA), respectively (Figure 1). The cycling
of this PTM results from a variety of cellular cues including those from extracellular
stimuli, nutrient levels, stressors, cell cycle changes, and development. Changes in protein
O-GIcNACc status yield alterations in protein folding, cellular localization, and catalytic
activity (for review, see 145 and references therein), all of which can actively influence

the downstream biological processes associated with those proteins (Figure 2) and can play
critical roles in chronic disease onset and progression.

Mounting evidence supports that O-GIcNAc plays a role in nutrient sensing at both the
cellular (86) and whole-body (130) levels, with genetic disruption of O-GIcNAc addition or
removal resulting in either developmental delay (142) or lethality (118). The critical nature
of O-GIcNAcylation likely lies in its ubiquity and the singularity of the enzymes encoded
for each step in dynamic O-GIcNAc cycling. Given its sensitivity to nutrient conditions,
rapid turnover, and universal presence, O-GIcNAC is equipped to be a critical, nutrient-
sensitive signaling molecule cuing metabolic changes in important biological processes by
its regulation of diverse targets.

CELLULAR TARGETS OF O-GLCNAC

Among the more than 1,000 substrates for OGT are nuclear and cytoplasmic proteins
involved in transcription (44), translation, signal transduction, cell cycle progression, and
synaptic plasticity (reviewed in 9, 48, 49, and 51 and outlined in Table 1). Interestingly,
Sakaidani et al. recently demonstrated that O-GIcNAc also modifies at least one extracellular
protein (114). The diverse set of proteins modified by O-GIcNAc includes chaperones [heat

Annu Rev Nutr. Author manuscript; available in PMC 2023 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bond and Hanover

Page 3

shock protein 90 (HSP90)], transcription factors [neurogenic differentiation 1 (NeuroD1)],
RNA polymerase Il (RNA Pol 1), nuclear pore proteins, RNA-binding proteins, kinases
(AKT), adaptor proteins [insulin receptor substrate 1 (IRS1)], cytoskeletal proteins [amyloid
beta precursor protein (APP) and tau], and others [endothelial nitric oxide synthase (eNOS),
OGT, and the proteasome] (reviewed in 9, 48, 49, 51). The diversity of OGT’s target
population underscores the importance of this small macronutrient sensor.

The variety and large number of proteins modified by O-GIcNAc in addition to the

role of the modification in frequent signaling draw comparisons to the phosphorylation

of serine/threonine residues, which has also been shown to play a vital role in many
biological processes. However, unlike the phosphate modification, which is governed by

a whole host of cellular enzymes, only two enzymes govern the addition and removal

of O-GIcNAc. This fact entreats questions such as, How does O-GIcNAcylation influence
key downstream biological processes, and how does O-GIcNAc dynamically link nutrient
levels with practical cellular signaling? Although these questions have been previously
addressed to some degree (49, 51), here we focus on data that highlight the universality of
the O-GIcNAc modification and imply that its deregulation will have both broad and acute
effects on cellular processes. Broad effects (i.e., the knockout of OGT or OGA) may result
in organismal lethality, whereas acute effects may trigger the onset and/or progression of a
chronic disease [i.e., diabetes mellitus type 2 (DMII)] (Figure 3) (80). In the next sections,
we discuss several O-GIcNAcylated proteins that play key roles in nutrient sensing and/or
signaling cascades related to changes in nutrient status. We then provide an overview of
how O-GIcNAc influences both physiological and pathological metabolic states related to
nutrient-sensing and nutrient-managing networks in disease.

Protein Signaling and Targeting Are Influenced by O-GIcNAcylation

A protein’s potential interaction partners are directly influenced by its folding and
localization: Alterations in protein folding can dramatically change the residues available for
interaction, whereas cellular localization may eliminate potential interactions. Interestingly,
NMR studies demonstrate that O-GlcNAcylation can directly influence the polypeptide
backbone shape, thereby affecting accessibility to particular residues in vivo (20, 121). In
addition, protein O-GIcNAcylation has been shown to influence cellular localization and
access to discrete cellular compartments. As a consequence of OGT’s interaction with

target proteins in a UDP-GIcNAc concentration-dependent manner (67), O-GIcNAcylation
of protein targets such as AKT (protein kinase B) (125) and protein 53 (p53) (139) perturb
the protein’s targeting, degradation, and/or function.

Glucose is a critical product of digestion and an essential energy source in metabolism.
Nutrient flux is responsible for directly triggering the insulin signaling pathway, resulting

in cellular glucose uptake and processing. Briefly, upon binding of insulin to the insulin
receptor, the insulin receptor phosphorylates its substrate proteins including insulin receptor
substrate 1 (IRS1), which in turn binds to phosphoinositide 3-kinase (P13K). PI3K

activates pyruvate dehydrogenase kinase isozyme 1 (PDK1) through phosphoinositide
phosphorylation, and PDK1 activates AKT (B) through phosphorylation as well.
Importantly, after insulin induction, phosphatidylinositol-3,4,5-triphosphate [PI1(3,4,5)P3]
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recruits OGT to the plasma membrane, where the enzyme is responsible for O-
GIcNAcylating insulin-signaling pathway members (e.g., IRS1 and AKT), yielding changes
in their phosphorylation status and ultimately resulting in signaling changes (Figure 2a).
Indeed, increased O-GIcNAcylation correlates with both a decreased AKT activation and
decreased IRS1 phosphorylation (135). Upon further examination of AKT O-GIcNAcylation
in hepatocytes, researchers determined that decreased levels of AKT O-GIcNAc correlated
with increased downstream target phosphorylation and changed mRNA levels for more

than one AKT substrate (125). Moreover, as this kinase is known for its roles in glucose
transport, gene transcription, and cell survival, perturbation of this signaling cascade
demonstrates the intimate link between nutrient levels, O-GIcNAc, and signaling.

In addition to modulating changes in signaling, O-GlcNAcylation of individual proteins
can directly affect their targeting to the proteasome (Figure 2b). The 26S proteasome is a
critical multisubunit complex responsible for the degradation of proteins in the cytoplasm
and nucleus, thus controlling protein half-life, maintenance of metabolic proteins, and
elimination of damaged proteins. Upon polyubiquitination, proteins are targeted to the
proteasome, and their recognition by the 19S subunit is required for degradation. The
transcription factor specificity protein 1 (Spl) is degraded by the proteasome in a nutrient-
dependent manner: At times of low nutrition, Sp1l is degraded more rapidly than at times
of nutrient excess (44). Moreover, this increased degradation correlates with an increase in
O-GlcNAcylation, potentially serving to use Spl as a nutritional checkpoint by generally
reducing transcription. More recently, Yang et al. demonstrated that ubiquitination of p53,
the most extensively studied tumor suppressor, and its degradation by the proteasome

is blocked upon p53 O-GlcNAcylation, which is also correlated with a decrease in

p53 phosphorylation (139). Likewise, phosphorylation and O-GIcNAcylation modulate
proteasomal degradation of estrogen receptor beta (ER-B) (13). Although studies of p53
and ER-B do not directly interrogate nutrient changes affecting the O-GIcNAc status of p53
or ER-B, it has been demonstrated that both proteins play a role in glucose metabolism:
p53 is crucial for resisting the increased glycolysis in cancer cells as well as helping cells
survive during times of limited metabolic stress (14), and ER- affects energy balance
and metabolism (108). This cross talk between phosphate and O-GIcNAc highlights the
complexity of regulating protein turnover during times of metabolic flux. Together, these
data support that O-GIcNAc modulates protein degradation and is crucial for appropriate
function during times of metabolic stress.

O-GIcNAc is also critical for the effective mechanics of cellular machinery including the
function of the proteasome (Figure 2b). Interestingly, the cell’s general metabolic state

is coupled with 19S subunit O-GIcNAcylation and the proteasome’s relative activity:
Increased O-GIcNAc modification of the 19S regulatory subcomplex is correlated with
decreased proteasome activity (148). Organismal starvation often correlates with globally
decreased O-GIcNAcylation, suggesting that the G-GIcNAc modification of the proteasome,
its activity, and subsequent protein degradation are directly linked. Indeed, muscle fiber
digestion is often stimulated during times of nutrient deprivation, when stored energy must,
consequently, be released through proteasome activity. In this way, the O-GIcNAc status of
the proteasome reflects the cell’s nutrient status and perhaps allows an organism to directly
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control amino acid availability and the presence of regulatory proteins, thereby influencing
downstream processes (148).

Dramatic changes in protein activity and targeting during nutrient-rich and nutrient-poor
conditions may yield fruitful protection of a cell during times of limited metabolic stress

or upon exposure to a stressor. During times of prolonged nutrient excess or stress and/or
inappropriate or continued signaling [as seen in chronic diseases (rather than the cyclical
signaling expected under normal nutritional conditions)], deleterious effects can result,
including insulin resistance and cardiovascular complications. Similarly, extended nutrient-
replete conditions that yield altered O-GIcNAc levels and altered protein degradation would
also be globally detrimental. Together, these findings imply that there is a continuum upon
which O-GIcNAc can appropriately modulate nutritional cues, but prolonged, dramatic
changes in nutrient load may forever change the way in which an organism responds (Figure
3).

Protein Solubility and Stability Are Affected by O-GIcNAc Modification

Filamentous and cytoskeletal proteins require an appropriate pattern of PTMs to

maintain both stability and activity (Figure 2c). Indeed, proteins involved in chronic
neurodegenerative diseases such as Alzheimer’s disease (AD) and tauopathies are known

to be O-GIcNAcylated. Specifically, APP and tau as well as cytokeratins rely on O-
GIcNAcylation for modulating changes in solubility and stability. For example, increased
O-GIcNAcylation of tau is associated with a decrease in its aggregation and a subsequent
improvement in neurodegenerative pathologies in mice (144). Likewise, an increase of O-
GIcNAcylation on keratins 8 and 18 (K8/18), intermediate filament proteins, has been shown
to positively correlate with their solubility and stability, likely resulting in regulation of their
function (126). Perhaps the abnormal stability of K8/18 upon decreased O-GIcNAcylation
increases aggregates and decreases appropriate protein disposal similar to that seen with tau
in neurons (78). It will be important to clearly define the role glucose plays in the stability
of filamentous and cytoskeletal proteins in a variety of neurodegenerative diseases and how
O-GIcNAc directly influences their pathogenesis.

Acute stress is often accompanied by a significant increase in protein O-GlcNAcylation

as well as activation of HSPs, which are responsible for appropriate protein folding and
suppression of protein aggregation. Many chaperones including HSP27 (43), a-crystallin
(25), and HSP90 (134) are known to be O-GIcNAc modified. Interestingly, HSP90 is
required for appropriate downstream O-GIcNAcylation of OGT targets (31), and the high-
glucose-induced increase in global O-GIcNAC levels is attenuated with the inhibition of
HSP90, suggesting a nutrient-responsive regulation of OGT activity through the chaperone,
adding to the complex nature of the modification. These findings support the idea that
O-GIcNAc may be a key component of the stress response, specifically relating to
proteotoxicity prevention, resistance to oxidative stress (102), and ultraviolet stress tolerance
(79).

With perturbations of glucose levels occurring during times of cellular stress, the cell
likely utilizes its nutrient sensor O-GIcNACc to signal a change in overall nutritional status.
Importantly, often associated with an increase in nutrient flux, O-GIcNAc levels also
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rapidly elevate upon exposure to stressors and generally decrease upon stressor removal
(147). Without normalization of glucose levels, inappropriate protein solubility and stability
yield downstream consequences. If a change in O-GIcNAcylation initially acts to protect
and maintain critical cellular processes, a sustained increase in nutrients (i.e., induced
hyperglycemia caused by prolonged stress) will likely be damaging to the cell. Examples

of this are seen with insulin resistance and glucose toxicity whereby cellular systems shut
down specific functions when O-GIcNAc is maintained at too high a level on discrete targets
in both DMII and AD (71, 127). A prolonged increase or decrease of O-GIcNAcylation is
deleterious to cellular homeostasis because the pattern of PTMs required for protein stability
and activity is thereby perturbed (Figure 3).

O-GIcNAc Regulates Transcription and Genome Replication

Alterations in nutritional load correlate with transcriptional changes, and the resulting
inappropriate gene expression is linked with chronic disease. Moreover, extensive work
has demonstrated that O-GIcNAcylation plays a key role in both directly and indirectly
influencing transcription (Figure 2d). Not only is the nuclear localization of transcription
factors influenced by O-GIcNAcylation, but the modification also directly affects
downstream changes in individual transcript production. Indeed, increased O-GIcNAc
modification of multiple transcription factors increases their binding to the insulin gene
promoter linking them to metabolic regulation at the transcriptional level (3, 40). Thus,
simple changes in nutritional status may alter the efficiencies of downstream cellular
processes including metabolism, protein degradation, and enzyme activity.

A link between nutrient increase and protein localization has been demonstrated: Nutritional
cues dictating an increase or decrease in O-GIcNAcylation appear to directly change the
way in which proteins, including OGT and OGA, interact with cellular targets, thereby
signaling changes in nutritional status to cellular networks. Indeed, a variety of cellular
cues are known to influence OGT’s interaction partners, altering the enzyme’s target
substrates. For example, hyperglycemia yields increased O-GIcNAcylation of NeuroD1, a
transcription factor that plays a critical role in insulin gene transcription and pancreatic
beta-cell function. Upon O-GIcNAcylation, NeuroD1 is translocated into the nucleus, and
its exit to the cytoplasm is contingent upon a decrease in glucose levels (3, 4). In another
example, the localization of the transcriptional coactivator cAMP response element—binding
protein (CREB)-regulated transcription coactivator 2 (CRTC2) is directly linked to its
O-GIcNAc status via nutritional load (27). Animals exposed to chronic hyperglycemia
exhibit translocation of CRTC2 to the nucleus as a consequence of its O-GIcNAcylation.
Subsequently, CRTC?2 interacts with CREB, yielding elevation of glucose-6-phosphatase
(G6PC) and other gluconeogenic gene product expression (94 and references therein).
Together, these data demonstrate that nutrient-level alterations not only influence cellular
localization of O-GIcNAc-modified proteins but also set in place a cascade of events that
changes protein function and physiological outputs such as gluconeogenesis.

Changes in O-GIcNAcylation for many of OGT’s targets can influence additional properties
including target activation. One of OGT’s targets, the mammalian transcription factor
forkhead box protein O1 (FoxO1), is activated in response to cellular treatment with
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glucose or glucosamine (57). However, there is likely a complicated regulatory mechanism,
as cellular treatment with insulin results in decreased O-GIcNAcylated FoxO1 levels.
Hyperglycemia yields an increase in UDP-GIcNACc in rat liver that correlates with
increased FoxO1 O-GIcNAcylation, as is also seen in DMII (57). Importantly, activation

of FoxOL1 is correlated with its modification by O-GIcNAc, resulting in the upregulation

of phosphoenolpyruvate carboxykinase and G6PC, two proteins critical for appropriate
gluconeogenesis. That O-GlcNAcylation of FoxO1 directly influences gluconeogenic and
oxidative stress response gene expression in a nutrient-sensitive manner implies that its
regulation influences downstream metabolism efficiency as well as the deleterious effects
of a poor metabolism. Another transcription factor, pancreatic and duodenal homeobox

1 (PDX1), is also a key player in gene expression upon changes of cellular glucose
concentration. PDX1 dynamically alters the downstream regulation of insulin secretion

by altering the gene expression of G protein—coupled free fatty acid receptor-1 upon an
increase of glucose levels (63). Interestingly, elevated glucose levels correlate with increased
PDX1 O-GIcNAcylation as well as its increased DNA binding. In this way, beyond being
contingent upon the upstream interaction between OGT and PI(3,4,5)P3, the activity of
PDX1 is directly linked to its O-GIcNACc status. The data above clearly demonstrate that
through O-GIcNAc, glucose metabolism directly regulates transcription factor function and
thereby influences gene expression.

Gene expression is influenced by not only by O-GIcNAc-modified transcription factor
activities but also by RNA Pol 11, which is dynamically modified by a myriad of PTMs
including O-GIcNAc. RNA Pol 1l is responsible for catalyzing DNA transcription, and this
suggests that O-GIcNAc is among the signaling cues playing a role either in regulating
transcriptional elongation or in the stability of RNA Pol Il itself. In a recent paper,
Ranuncolo and colleagues described that the C-terminal domain of RNA Pol Il is O
GlcNAcylated in a dynamic fashion either before or during preinitiation complex assembly.
In fact, perturbation of the modification using OGT and OGA inhibitors completely
abrogates transcription, supporting the hypothesis that appropriate removal of O-GIcNAc
from RNA Pol Il is required for transcription (103). Another group, using the model
organism Caenorhabditis elegans, used chromatin immunoprecipitation to demonstrate
that substantial overlap exists between genes marked by RNA Pol Il and O-GIcNAc on
promoters (79). The correlation between the occupancy seen for both is striking, and in
addition, there is a significant enrichment of genes involved in nutrient response. Together,
these data suggest that O-GIcNAc may mediate transcriptional effects on genes involved in
responding to nutritional cues directly through RNA Pol II.

Nutrient status can affect both gene expression and genome replication. Changes in

glucose levels have been shown to directly affect histone 2B (H2B) and histone 3 (H3)
modifications. In 2011, researchers described that the O-GIcNAcylation of H2B at serine
112 promoted its monoubiquitination and that this modification was frequently located near
transcribed genes, suggesting that his-tone O-GIcNAcylation facilitates gene transcription
(38). In addition, recent work from several laboratories has identified that ten-eleven
translocation (TET) proteins, OGT, and O-GIcNAcylated H2B Ser112 are colocalized at
sites corresponding to promoters of transcriptionally active genes (11, 28, 129). These data
are supported by work that elucidates that OGT is a key coactivator of transcriptional output
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(16, 27, 37, 60), that many O-GIcNAcylated factors are involved in transcriptional repression
and gene silencing (39, 141), and that O-GIcNAc plays an active role in nutrient-responsive
gene transcription (49, 51, 103).

A burgeoning amount of data also supports the notion that O-GIcNAc is a key player in
modulating the cell cycle (112, 123, 124, 132). Research published in 2012 demonstrates
that O-GIcNACc is likely a critical link between histone modification and the G2-M transition
checkpoint of the cell cycle (35) (Figure 2e). Appropriate phosphorylation of H3 is required
for cells to enter mitosis and the O-GlcNAc modification of H3 hinders cell division.
Though these findings are not in line with evidence from a 2011 paper in which the authors
observe an increase in O-GIcNAc on H3 during mitosis as compared with interphase (149),
it is likely that experimental differences account for these discrepancies. Importantly, the
studies above highlight the complexity of O-GIcNACc as part of the histone code and the
processing of cellular information. We suggest that O-GIcNAc and other PTMs act as
rheostats fine-tuning biological processes rather than as molecular on/off switches, as they
are often categorized. Importantly, the data clearly show that PTMs influence the way in
which DNA is “read” and that O-GIcNAc is a nutrient-sensitive component of the histone
code that is significant for both general biological processes and chronic disease.

That OGT interacts with transcription factors, protein production machinery, and
transcriptional corepressors suggests that O-GIcNAcylation influences gene activation and
silencing in a nutrient-dependent manner at several levels. It is interesting to think that
the simple readout of cellular nutrition status through O-GlcNAcylation may profoundly
change cellular protein production. We suggest that the above data describing the role

of O-GIcNAc in regulating gene transcription and the cell cycle implies that O-GIcNAc
directly affects gene expression by integrating cues indicating the cell’s nutritional status,
resulting in an appropriate cellular response. Inappropriate O-GIcNAcylation as a response
to either hypernutrition or starvation likely triggers changes in transcription and the cell
cycle that, if temporary, are reversible, but if the changes are prolonged they may result

in transgenerational problems regulated, in part, by an epigenetic G-GIcNAc modification
[this topic is more thoroughly discussed below and by Love and colleagues (81)] (Figure
2f). Indeed, understanding O-GIcNAc is likely to have profound implications for our
understanding of how nutrition and metabolism directly affect gene transcription and the
overall genetic code.

ABERRANT O-GLCNAC CYCLING IS IMPLICATED IN CHRONIC DISEASES

Changes in nutritional status and cellular processing of nutrients affect chronic diseases
beyond those considered to be typical metabolic disorders. DMII, neurodegenerative
diseases, and cancers all require a convergence of PTMs, signaling cascades, and
transcriptional regulation for either combating or succumbing to the disease. The
aforementioned diseases along with others are all either directly or indirectly influenced
by the nutritional status of the organism. In the next section, we explore how O-GIcNAc
contributes to the etiology of a variety of chronic conditions.
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O-GIcNAc Is Associated with Insulin Regulation

Evolutionarily conserved insulin signaling is influenced by the flux of the HBP. Given
that the two enzymes governing O-GIcNAc cycling are known to be involved in insulin
signaling (OGT) (36, 136, 140) and reside at a DMII susceptibility locus (OGA) (72), it
is not surprising that the HBP product O-GIcNAc is implicated in insulin resistance (36,
140). Insulin resistance not only plays a critical role in DMII but is also associated with
other health complications including heart disease, obesity, and dyslipidemia (22). The
influence that O-GIcNAc has on cellular processes associated with insulin signaling is just
beginning to be revealed. For example, it has been shown that O-GIcNACc is associated
with direct inhibition of insulin signaling in several cell lines (33, 98, 135), though its
role in DMII may be specific to certain cell types [summarized by Whelan and coworkers
(135)]. Paradoxically, both high-fat and low-calorie supplementation can yield increases
in O-GIcNAcylation in cell culture, suggesting that O-GIcNAc acts to fine-tune biological
processes, with an appropriate amount of the modification required for proper signaling
(Figure 3).

Several lines of evidence suggest that O-GIcNAcylation is critical for maintaining a
metabolic balance at both the cellular and the whole-organism levels. When cells are
chronically exposed to elevated glucose concentrations, G-GIcNAc is likely to contribute

to the alterations in insulin signaling observed in diabetic patients, as hyperglycemia is
associated with an increase in UDP-GIcNAC as well as an increase in O-GIcNAcylation
(115, 130, 143). In particular, O-GIcNAcylation appears to contribute to hyperglycemia
with excessive glucose production by the liver (68) and deterioration of beta-cell pancreatic
function (58), resulting in glucotoxicity. In addition, increased O-GIcNAcylation of two
transcription factors, NeuroD1 and PDX1, increases their binding to the insulin gene
promoter, linking them to metabolic regulation at the transcriptional level (3, 40).

Finally, researchers have demonstrated that increased cellular O-GIcNAcylation reduces the
phosphorylation of IRS1 Tyr608, which is correlated with a decrease in AKT activation and
subsequent decrease in glucose transporter type 4 glucose uptake (135). In these ways, the
nutritional status of the cell is intimately linked with the level of O-GIcNAcylation, nutrient
processing, and insulin signaling.

The research described above highlights that changes resulting in attenuation of insulin
signaling due to high O-GIcNAc levels are linked with hypernutrition and/or DMII-
induced hyperglycemia (140). Moreover, O-GIcNAcylation is directly coupled to several
complications associated with DMII, including problems with regulation of vascular

tone, atherosclerosis, and angiogenesis (59). Increased plasma glucose and cardiovascular
disease rates are also correlated with increased morbidity and mortality rates (104, 111).
Indeed, it has been shown that with high levels of glucose, there is an increase of the
O-GIcNAc modification on a variety of proteins including eNOS, a protein responsible
for generating nitric oxide and regulating vascular tone. Increased glycosylation of

eNOS correlates with its decreased phosphorylation, decreased activity, and decreased

NO production, yielding endothelial cells with micro- and macrovascular complications
(31). Likewise, O-GIcNAcylation activates the expression of profibrotic and antifibrinolytic
factors, contributing to vascular and renal dysfunctions. Impaired insulin signaling, insulin
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resistance, and complications relating thereof are all correlated with excess caloric intake
and are likely to be associated with changes in O-GlcNAcylation.

Nearly instantaneous signaling cascades govern stress and inflammation after exposure

to a particular stressor such as increased or decreased nutritional load. This signaling,

which may initially act in a protective fashion, may result in deleterious cellular effects

if prolonged (due to continued starvation or excess caloric intake) (Figure 3). Utilizing
O-GIcNACc as a determinant of stressor level or disease progression may be possible if the
right target protein is identified in association with insulin resistance. The direct role that
O-GIcNACc plays in DMII and the complications associated with the disease has implications
for developing unexplored therapeutic interventions associated with nutritional changes.
Excessive flux through the HBP affects insulin signaling in a variety of cell types as well

as in whole-animal models. Therefore, it is likely that the O-GIcNAcylation of signaling
proteins alters signal transduction and subsequently changes the effectiveness of the insulin-
signaling pathway.

Changes in OGT and OGA Expression Are Correlated with Cancer Prognosis

As has been previously described, O-GIcNAcylated proteins maintain roles in many
biological processes (reviewed in 9, 48, 49, 51) that are misregulated during tumorigenesis,
suggesting a correlation between O-GIcNAc levels and cancer onset and/or progression.
Interestingly, changes in OGT and OGA levels as well as higher and lower levels of
O-GIcNAcylation are correlated with cancer metastasis and prognosis. Although many
cancer proteins [p53 (139), IkappaB (62), c-myc (17), and Snail (96)] are known to be O-
GlIcNAcylated, the mechanism by which O-GIcNAc influences biological processes related
to these proteins remains undefined. OGT directly modifies core histones, transcriptional
machinery, and other proteins that are directly related to cellular growth and expression

in cancers. Given the altered metabolic state found in cancer cells, O-GIcNAc couples
metabolism, the nutrient state of the cell, and gene regulation at the level of DNA. Moreover,
activities of transcriptional machinery, including activating and repressive complexes and
transcription factors, are influenced by direct O-GIcNAc modification: O-GIcNAc can
change the activity and/or localization of these proteins. With these simple alterations,
critical biological processes (i.e., proliferation, cell cycle, and degradation) can be altered,
thereby affecting the metastatic potential of cells. Finally, O-GIcNAcylation may affect
cellular growth and expression by playing a regulatory role in the onset and/or progression
of cancer. Evidence from primary tumor samples demonstrates that our understanding of
O-GIcNAc as a regulator of cancers needs to be expanded beyond the recent, interesting
findings described below.

With increased glucose consumption and processing in cancer cells (21, 66, 133), there
is a correlated increase in O-GIcNAcylation in many cancer types as well as an increase
in OGT expression level (and in some cases a decrease in OGA expression). Specifically,
recent findings have demonstrated that increases in OGT and O-GIcNAc are generally
tumor promoting for both breast (10) and prostate (84) cancers. As such, decreases of
OGT both in vitro and in vivo block breast cancer growth (10), breast cancer metastasis
in a mouse model (42), and prostate cancer invasiveness (84). Although increased OGT
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and O-GIcNAc levels correlate with tumor-promoting properties in breast and prostate
cancers, the exact mechanism of cancer regulation by G-GIcNAc remains unclear. It is
likely that the O-GIcNAc “rheostat” plays different roles depending on the cancer type, as
there are variations in how different oncogenic cells respond to manipulations of O-GIcNAc
levels. Importantly, all of these data imply that OGT may be a good therapeutic target

for cancer treatment, and the recently published crystal structure of OGT (69) will allow
structure-based, selective inhibitors to be designed for use in therapeutics. Likewise, a better
understanding of the way in which cancer cells utilize the increased glucose load could
yield insights about which proteins may be ideal to target as a therapeutic on the basis of
O-GlcNAcylation status.

Interestingly, some cases exist in which increased levels of O-GIcNAc are correlated with
improved cancer prognosis (119). Pathways associated with rapid cancer cell proliferation
in leukemic lymphocytes appear to be blocked by high levels of O-GIcNAcylation (124).

In fact, patients with the highest level of O-GIcNAcylation in cancerous lymphocyte tissue
had better prognosis (119). This stark contrast with the correlation of recovery in breast and
prostate cancers highlights that both increases and decreases in O-GIcNAc yield changes in
cancer prognosis and demonstrates that our understanding of the way in which G-GIcNAc
influences cancer is incomplete. We speculate that it is the appropriate O-GIcNAcylation of
key proteins in each cancer type that most profoundly alters metabolism, cellular processes,
and eventual disease prognosis.

Interestingly, many proteins found to be deregulated in cancers are modified by both
O-GIcNAc and phosphate. Modifying proteins to their appropriately posttranslationally
decorated state utilizing current drug technology is one approach in treatment and has
been explored with kinases as the target of many anticancer therapies. This suggests that it
would be useful to consider both specific OGT target proteins and OGT/OGA themselves
as reasonable targets for cancer drugs. Certainly, better understanding the role that OGT
and OGA play in altering transcriptional machinery and chromatin will yield a set of

tools to answer questions about the regulation of cancer by G-GIcNAc and potentially give
researchers a foothold for interpreting gene profiles in cancers.

Neurodegenerative Diseases Are Associated with Altered O-GIcNAc Status

Metabolic impairment and improper glucose processing are linked to many
neurodegenerative diseases including AD, Huntington’s disease, and Parkinson’s disease.
Indeed, an early hallmark of AD is impaired glucose metabolism (53), and this poor

glucose processing correlates with the severity of cognitive problems found in patients

(30, 89). OGA meningioma-expressed antigen 5 (MGEAS5) maps to chromosome 10924.1,

a locus associated with late-onset AD (26), whereas OGT maps to a locus on the X-
chromosome associated with Parkinson’s disease and X-linked Parkinson’s dystonia (human
Xq13.1) (118). Accumulating evidence links obesity, the dysfunction of insulin and glucose
metabolism in the brain, and AD. These correlations have led some researchers to suggest
that AD should be considered type 3 diabetes (71, 127). Interestingly, individuals with DMII
have a greater than twofold-increased risk of developing AD compared to matched control
individuals without DMII (5). Together, these findings suggest that nutritional conditions,
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appropriate processing of glucose, and correct O-GIcNAcylation are likely to be intimately
linked with neurodegenerative disease onset or development.

That appropriate glucose metabolism is closely linked with neurodegenerative diseases

also suggests a link with the nutrient-responsive modification G-GIcNAc. Proteins such

as APP and tau that are involved in neurodegenerative pathologies (i.e., the accumulation

of neurofibrillary tangles) are known to be O-GlcNAcylated. The consequence of APP

and tau O-GIcNAcylation remains to be further explored but there is some exciting new
evidence: APP is modified by O-GIcNAc at a position that likely affects its degradation. O-
GIcNAcylation of APP appears to correlate with its increased nonamyloidogenic a.-secretase
processing, a consequence of which is a decrease in pathological neurofibrillary tangles
(61). Likewise, the O-GIcNAcylation of tau in a glucose-dependent manner decreases tau
aggregation and subsequent neuronal cell loss in mouse models (144). Finally, the increased
O-GIcNAcylation of an additional protein, transforming growth factor B-activated kinase

1, was found to decrease its thermally induced aggregation, suggesting that O-GIcNAc

may play a basic biochemical role in preventing protein aggregation (144). We propose

that these data collectively imply that the disruption of glucose metabolism, and therefore
O-GlcNAcylation, will likely affect amyloid and tau pathology. In fact, an increase in
O-GIcNAcylation generally correlates with an improved neuronal outcome, suggesting that
inhibition of OGA (yielding increased O-GIcNACc) could be a promising therapeutic target
for hindering neurodegenerative disease progression.

Although it has been established that O-GIcNAcylation at a single site on an individual
protein can have significant biological consequences, it was unclear how, mechanistically,
such a small chemical modification contributes to critical neuronal functions and

thereby influences neurodegenerative diseases. Recently, using C. elegans mutants in
O-GIcNAc cycling, several distinct neurodegenerative human disease models including
Huntington’s disease, frontotemporal dementia with Parkinsonism-17 tauopathy, and AD
were shown to be dependent upon O-GIcNAc cycling (131). Moreover, the Hseih-Wilson
laboratory studied the implications of O-GIcNAc modification to CREB, a key brain
transcription factor (105). Researchers determined that Ser40 O-GlcNAcylation inhibits
basal- and activity-induced CREB-mediated transcription by impairing its interaction with
its transcriptional coactivator, CRTC2. Resulting changes from blocking glycosylation yield
activity-dependent gene transcriptional changes, axonal and dendritic growth increase, and
long-term memory consolidation enhancement. The implications of these findings for
memory and neurodegeneration are profound: If small changes in G-GIcNAc levels can
perturb complex, higher-order brain functions, it is likely that the nutritional load of the cell
can actively and functionally influence neurite outgrowth and long-term memory formation.

Stress response pathways have been shown to be responsive to O-GIcNAcylation. Indeed,
perturbation of protein degradation pathways in nutrient-replete or nutrient-rich conditions
may directly affect the ability of the proteasome to function properly and, in neurons,

could lead to protein aggregation. Likewise, changes in O-GIcNAcylation can influence

the structural shape of the protein backbone, affecting protein interactions as well as
oligomerization (12, 20, 121). Finally, O-GlcNAcylation on individual proteins can have
significant effects on transcription of memory-related genes. Together, these findings suggest
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that—in the context of neurons— O-GIcNAcylation likely influences not only memory
formation but also a cell’s ability to deal with proteotoxicity. Importantly, O-GIcNAc
likely acts on a continuum to influence fundamental biological processes, and profiling
O-GlcNAcylated proteins may yield insight into which protein(s) will most directly affect
neurological disease outcomes.

Glyco-Epigenetics: Can O-GlcNAc Influence the Epigenetics of Human Disease?

In model systems ranging from yeast to man, O-GIcNAc cycling has been shown to play
an important role in modulating developmental plasticity (48, 81). As mentioned previously,
O-GIcNAc may be involved in histone remodeling by modifying histones; O-GIcNAc is
also essential for polycomb repression, a key player in stem cell differentiation (34, 39,
46, 82, 113, 122). O-GlcNAcylation alters key cellular signaling pathways implicated in
morphogenesis including the insulin, fibroblast growth factor, and transforming growth
factor-p pathways and also modifies key morphogenic factors such as Snail, Notch,
[B-catenin, and p53 (9, 48, 81, 120). OGT is essential for stem cell viability and is

tightly regulated by X-inactivation (50, 77, 118). In addition, OGT physically interacts
with the methyltransferases MLL5, CARM1, and MMSET, each implicated in epigenetic
regulation (15, 37, 92). However, direct analysis of the transcriptional complexes involved
in the maintenance of stem cell pluripotency points to an even more direct role for
O-GIcNAcylation in stem cell biology. The OGT-binding partner host cell factor 1 also
combines with Ronin (Thap11), an essential factor for the self-renewal of ES cells (23,
24), and OGT physically interacts with Oct4, Nanog, Sox2, and Myc in the Oct4-centered
network, maintaining stem cell pluripotency (73, 95, 128). Moreover, the OGA gene is
present in the polycomb-regulated NK homeobox cluster, and its promoter is co-occupied
by Sox2, Oct4, and Nanog, allowing expression in ES cells (8, 70, 81). Excessive
O-GlcNAcylation suppresses ES cell differentiation into cardiomyocytes (65). Finally, O
GIcNACc is involved in mammalian polycomb repression in mouse embryonic stem cells
wherein a number of O-GIcNAcylation sites were mapped to pluripotency factors such as
SOX2 (91). The results suggest that OGT may regulate both the SOX2/0OCT4 and Nanog
pathways. Therefore, altered function of these pluripotency factors may contribute to the
nonviability of OGT mutant ES cell lines, demonstrating that the levels and activities of
OGT and OGA are critical for the maintenance of stem cell pluripotency and the modulation
of developmental plasticity.

Several lines of evidence suggest that O-GIcNAcylation plays a role in mammalian dosage
compensation. In mammals, including humans, OGT is present on the X-chromosome

at Xq13.1, quite close to the Xist locus and the X-inactivation center (50, 93, 118).

Indeed, the levels of OGT appear to be quite tightly regulated during the process of
X-inactivation in mice (77). This is of great interest because OGT has been found to be

a component of the dosage compensation complex (human MOF) in mammals (88). In
addition, growing evidence suggests that X-inactivation and cell differentiation are tightly
coupled, as blocking one process compromises the other, and dedifferentiation of somatic
cells to induced pluripotent stem cells is accompanied by X chromosome reactivation. Oct4
and CTCF play essential roles in the process of X-inactivation, and as mentioned above,
OGT is a component part of this pluripotency network (29, 73, 95, 128). The process
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of mammalian X-inactivation shares many characteristics with genomic imprinting, and
incomplete X-inactivation has been linked to human disorders such as autoimmunity (54, 55,
106).

The human OGA, encoded by MGEADS, is part of a highly conserved gene linkage region
containing one of the four NK homeobox clusters (137). The presence of MGEAS in

this cluster was observed for a variety of vertebrate species ranging from pufferfish to
human. The NK homeobox genes are important regulators of developmental processes
including those in muscle, heart, central nervous system, and sensory organ. Remarkably,
the Drosophila OGA gene is also present within the single NK cluster of homeotic genes
(also called the 93DE cluster) on chromosome 3 of the fly (81). Thus, despite the huge
evolutionary distance between fly and man, the OGA gene has remained associated with
this important cluster of homeobox genes involved in mesoderm development. It has been
suggested that this conserved linkage of genes likely reflects conserved features of the
chromatin landscape required for expression of such tightly linked genes (137). The NK
cluster is flanked by highly conserved noncoding regulatory elements, suggesting that shared
regulatory regions may have resulted in evolutionary pressure to maintain these linkages.
Consistent with this, these genes have largely overlapping expression patterns (137).

One interpretation of these findings is that the genes encoding the O-GIcNAc cycling
enzymes are subject to very tight regulation by higher-order chromatin structure.
Homeostatic mechanisms frequently use feedback loops to maintain the delicate balance
that must exist between expression of the enzymes catalyzing G-GIcNAc addition and
removal. Evidence suggests that deregulation of these pathways is associated with a
number of human disorders including those influenced by intergenerational epigenetic
phenomena. Establishment of the links between these epigenetic phenomena and human
disease susceptibility is one of the great challenges facing the O-GIcNAc field.

EVOLUTIONARILY CONSERVED O-GLCNAC HAS IMPLICATIONS FOR
DISEASE TREATMENT: CONCLUSIONS AND PERSPECTIVES

Metabolism and the O-GIcNAc PTM are undoubtedly linked. The many ways in which
O-GIcNAc influences cell physiology are summarized in Figure 2. Indeed, perturbed O-
GlcNAcylation is intimately connected to pathologies of chronic diseases that are associated
with changes in glucose consumption and processing. Considering the modification’s
involvement in diseases ranging from DMII and cancers to neurodegenerative disorders,
OGT and OGA have become attractive candidates for pharmacological targeting. In
addition, the proteins with which the O-GIcNAc cycling enzymes associate (including
transcription factors, signaling proteins, etc.) are also considered appealing for biological
manipulation. These interaction partners may, in fact, be better targets given the ubiquity

of O-GIcNAcylation in biological processes: If the global level of O-GIcNAcylation is
altered to ameliorate a single set of symptoms, another cellular process may unwittingly and
disastrously be perturbed.

The ubiquity of the O-GIcNAc modification, its conserved status evolutionarily, and its
function in integrating metabolic cues underscore the importance of the modification’s role

Annu Rev Nutr. Author manuscript; available in PMC 2023 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bond and Hanover

Page 15

in a nutritional context. With the current intense focus on diseases in which nutrient status
is directly affected, we expect some of the most important research linking nutrition and
O-GIcNACc to include:

1

Comprehensive profiling of OGIcNAcylated proteins under normal and
perturbed conditions. Despite the apparent simplicity of this research domain,
advances will require improvement in technologies and the integration of
chemistries with biology given the limitation of detecting O-GIcNAcylation

in large, complex biological samples. Restrictions in O-GIcNAc detection and
site definition lie not only in the chemistry of the modification but also in

the available bioinformatics power associated with current mass spectrometry
technology. The research of several groups is focused toward improving the
chemistries that can be used for O-GIcNAc sample isolation, and others
concentrate efforts on improving algorithms for accurately and robustly sorting
large mass spectra data sets. Data resulting from the improved comprehensive
profiling of O-GlcNAcylated proteins will not only yield information about the
ubiquity of the modification but will also reveal potential targets for downstream
research and pharmacological intervention. In addition, we hope the data will
suggest a specific subset of proteins that could be used as a disease state marker
or disease progression indicator.

Further elucidation of the key players(e.g., transcription factors) whose
O-GIcNAcylation status directly influences downstream gene expression
profile changes. Defining the proteins that are responsible for modulating

gene expression changes depending on nutritional load and disease state will
provide a key link between O-GIcNAc and potential therapeutic targets. With
critical changes in gene expression influencing not only disease onset but also
disease prognosis, it is vital to determine how O-GlcNAc modulates gene
expression changes. Once identified, the desired substrates of OGT that directly
influence the disease state could be targeted through pharmaceutical intervention.
Alternatively, a protein’s O-GIcNAcylation status could be directly perturbed
(by modulating the activity and/or availability of OGT and OGA) to influence
downstream gene expression changes.

Investigation of theimpact of dietary supplementation with glucosamine
on hexosamine signaling and chronic disease. Glucosamine is now widely
used as a supplement in food and some beverages (101). It has been argued to
have therapeutic value, particularly with respect to joint pain and inflammation
(53a). However, because glucosamine bypasses many of the regulatory steps in
hexosamine synthesis, there may be real concern for the dietary consequences
of long-term consumption of glucosamine. Reports to date are conflicting on
the dangers of glucosamine supplementation (1, 2, 6, 7, 100, 116). Whereas
some reports suggest there is no effect on glucose metabolism (1, 6, 7, 116),
more recent findings suggest that adults with poor insulin sensitivity may be at
risk upon glucosamine consumption (100). Knowledge of the biochemical and
epigenetic impact of O-GIcNAc cycling may provide a means of addressing how
long-term exposure to glucosamine may impact human health.
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I dentification of characteristics of nutritional load or nutrient processing
that contribute to the physical and pathological changes associated with
alterationsin O-GIcNAcylation. Certainly, fluctuation in nutritional levels is
expected regardless of the nutrient-consuming organism or the environment in
which it resides. However, dramatic changes in nutrient load (prolonged nutrient
excess or starvation) clearly link G-GIcNAc cycling to metabolic syndrome

and its associated complications (87). Defining how this occurs mechanistically
will be an important advance for our understanding of conditions including
obesity and DMII. We expect that advances here will require the increased

use of model organisms such as C. efegansand D. melanogaster (36, 39, 47,

81, 90, 117, 122). The use of the nematode, for example, allows for profiling
evolutionarily conserved processes as well as rapid data generation in fields
ranging from metabolic disease profiling to research in neurodegeneration and
innate immunity (36, 47, 81, 90, 102, 131). Answering mechanistic questions
will require genetically teasing apart the pathway components that are affected
during changes in nutrient availability on a reasonable time scale, and model
organisms will continue to facilitate this research.

Establishment of O-GIcNAc as a potential therapeutic target influencing
circadian rhythm and other factorslinked to the obesity epidemic. DMII,
cardiovascular complications, and dyslipidemia are among the obesity-associated
complications that have increased in penetrance and are a growing burden

on our healthcare system. Although the obesity epidemic likely has many
contributing factors, hypernutrition, poor nutrition, and abnormal sleeping
patterns are among the likely culprits. Indeed, it has been proposed that dietary
shifts, including increased food and sugar-sweetened beverage consumption,
correlate with the growing US waistline (85). Increased chronic flux through
the HBP due to hypernutrition generally correlates with an increase in target
O-GlcNAcylation and deleterious results (Figure 3). Moreover, epidemiological
studies demonstrate that shift workers have a higher incidence of obesity

and its comorbidities, which are generally attributed to abnormal sleeping

and eating patterns (41). Recent evidence links O-GIcNAc with the tightly
controlled circadian clock that mammalian cells use to run in synchrony with
environmental cues (32, 64, 74). The covalent O-GlcNAcylation of core clock
components directly couples glucose availability and the metabolic entrainment
of the circadian clock, suggesting that food-derived signals are critical for a
healthy circadian rhythm. Data support that OGT, OGA, or proteins modified
by these enzymes are likely good drug targets for treating disorders of nutrient
metabolism as well as circadian rhythm. A detailed understanding of obesity in
the current nutritional environment could lead to obesity prevention and health
complication interventions, yielding an improvement in this national public
health concern.

Definition of the way in which OGIcNAc and other epigenetic changes
work together to directly influence not only metabolism but also disease
susceptibility. We expect that, given its role as a nutrient sensor and given
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that it is known to directly affect gene expression, G-GIcNACc is poised to

act as an indicator of external environmental influences even at the level of
prenatal nutrient exposure. Data indicate that O-GIcNAc impacts polycomb
group function, likely early in development (81), and in utero nutrient exposure
clearly correlates with DMII (99) as evidenced by offspring of individuals
conceived during the Dutch Hunger Winter (52). Results from studies expanding
on the research outlined above will not only advance our understanding of -
GIcNACc as an epigenetic modulator but also yield information about preventing
and treating nutrient-related chronic diseases that may or may not have an
underlying epigenetic foundation.

The suggested research avenues described above are critical to broaden our basic scientific
understanding of the O-GIcNAc modification and to deepen understanding of the direct
mechanistic influence that the modification has on biological processes. Given that cells
must rapidly and robustly respond to changes in their environment, including changes

in nutrient status, O-GIcNAc is the requisite PTM poised to function as a regulator of
intracellular signaling cascades in response to nutrient flux. Developing therapeutics to
combat a broad range of chronic diseases that are influenced by O-GIcNAc will require a
careful identification of OGT’s target proteins as well as the resulting effects of the presence
or absence of the modification.
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Figurel.
O-linked N-acetylglucosamine (O-GIcNAC) is a ubiquitous nucleocytoplasmic modification

added to many protein targets. Two to five percent of total intracellular glucose enters the
hexosamine biosynthetic pathway (HBP), and the production of its ultimate product, uridine
diphospho (UDP)-GIcNAC, is governed by both enzyme and nutrient availability. O-GIcNAc
transferase (OGT) utilizes the activated sugar nucleotide to add O-GIcNACc to target proteins,
and O-GIcNAcase (OGA) removes the modification.
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O-GIcNACc acts to integrate signals and influences biological processes; its deregulation is
correlated with chronic disease. More than 1,000 proteins are known to be modified by O-
GIcNAc. O-GlIcNAcylation affects (&) protein phosphorylation status as well as downstream
cellular signaling and protein activity, (6) targeting to the proteasome as well as proteasome
activity, (c) protein stability, () transcription, (€) cell cycle and survival, and (# epigenetic
and genomic imprinting.
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Figure 3.

The O-GIcNAc modification acts as a rheostat on a continuum: Inappropriately high and low

levels can have deleterious effects, examples of which are discussed in more detail in the
text. Abbreviations: DMII, diabetes mellitus type 2; ROS, reactive oxygen species.
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