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Abstract

The vast array of cell types of multicellular organisms must individually fine-tune their internal 

metabolism. One important metabolic and stress regulatory mechanism is the dynamic attachment/

removal of glucose-derived sugar N-acetylglucosamine on proteins (O-GlcNAcylation). The 

number of proteins modified by O-GlcNAc is bewildering, with 7000+ sites in human cells. The 

outstanding challenge is determining how key O-GlcNAc sites regulate a target pathway amidst 

thousands of potential global sites. Innovative solutions are required to address this challenge in 

cell models and disease therapy. This Perspective shares critical suggestions for the O-GlcNAc 

field gleaned from the international O-GlcNAc community. Further, we summarize critical tools 

and tactics to enable newcomers to O-GlcNAc biology to drive innovation at the interface of 

metabolism and disease. The growing pace of O-GlcNAc research makes this a timely juncture to 

involve a wide array of scientists and new tool makers to selectively approach regulatory roles of 

O-GlcNAc in disease.

Graphical Abstract

*Correspondence: charlie.fehl@wayne.edu and john.hanover@nih.gov. 

Competing Interests:
The authors declare no competing interests.

Data Sharing Statement:
Data sharing not applicable to this article as no datasets were generated or analyzed during the current study.

HHS Public Access
Author manuscript
Nat Chem Biol. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Nat Chem Biol. 2022 January ; 18(1): 8–17. doi:10.1038/s41589-021-00903-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Cells continuously use protein modifications to fine-tune signaling and epigenetic activities 

to maintain homeostasis.1 Human and other eukaryotic cells use an elegant system for 

nutrient and stress signaling whereby metabolites generated during nutrient flux and 

stress are directly added to key regulatory proteins as the sugar O-GlcNAc (O-linked 

N-acetylglucosamine).2 Protein O-GlcNAc modifications are therefore a dynamic sensor 

of nutrient flux and stress pathways in human cells and tissues (Fig. 1). Diseases ranging 

from cancer3,4 to diabetes5 and neurodegeneration6,7 affect cellular nutrient flux and result 

in aberrant O-GlcNAcylation. Cellular stressors like reactive oxygen species, heat shock, 

DNA damage, or toxins also drive O-GlcNAc.8 An evolving hypothesis in the field is 

that any disease state with altered nutrient or stress levels has an O-GlcNAc component.9 

The complexity of unraveling key sites between diverse diseases is a central challenge 

for the field. Accordingly, our understanding of central unifying O-GlcNAc features 

between disease states remains incomplete.10 The goal of this Perspective is to provide 

actionable recommendations and focal points to expand the O-GlcNAc field and impact our 

understanding of how metabolism and stress sensing regulates physiology and disease at the 

molecular level.

A critical challenge for determining pathological O-GlcNAc-driven mechanisms is 

identifying which specific pathways and proteins are affected in each disease state. O-

GlcNAc addition events are widespread and modify over 7000 known protein sites.11,12 

Just two proteins cycle O-GlcNAc on and off from proteins in humans, O-GlcNAc 

transferase (OGT)13,14 and O-GlcNAcase/hydrolase (OGA).15 An open question is how 

these O-GlcNAc processing enzymes differentially recognize key substrates from others. 

One form of control over global cellular O-GlcNAcylation comes from nutrient flux 

through the hexosamine biosynthetic pathway (HBP), which incorporates carbohydrate, 

amino acid, and nucleotide metabolites into the OGT substrate UDP-GlcNAc.16 Differential 

levels of UDP-GlcNAc from HBP flux allows cellular control over metabolism, signaling, 

and transcriptional activities through O-GlcNAcylation (Fig 1a).1 Another form of control 

can come from cellular stressors that increase the overall O-GlcNAc level under harmful 

stimuli.17 Thus, O-GlcNAc is a functional regulator over nutrient metabolism and stress.

The extreme promiscuities of OGT and OGA, which both accept thousands of substrate 

O-GlcNAc glycosites on proteins, make detailed functional studies of individual glycosites 

challenging. The activities of OGT and OGA are dynamic, unevenly distributive rather than 

systematically processive,18 and can “cycle” O-GlcNAc onto and off of proteins as fast 

as minutes19 or over the course of days.20 Moreover, each individual O-GlcNAc site may 

have distinct roles on a protein, for instance affecting its stability, protein interactions, or 

active conformation (Fig 1b).21 A grand challenge for the field is to determine not only key 

O-GlcNAc sites for given cellular processes but also spatiotemporal aspects of O-GlcNAc 

that enable cells to regulate key O-GlcNAc events. Here, we will show how innovative 

chemical and biological tools have made key steps toward these goals.

Given the regulatory nature of protein O-GlcNAcylation at large, determining the biological 

functions of a given O-GlcNAc modification on a protein is often the key to unlocking 
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therapeutic insight. It is likely that, in a given disease state, multiple O-GlcNAc sites on 

multiple proteins synergistically or antagonistically impact pathological processes.9 Indeed, 

disease states with pathological hyper- or hypoglycemia all display aberrant O-GlcNAc 

levels (Fig 1c).10 Developing a precise understanding of O-GlcNAc roles is a critical step 

toward O-GlcNAc-focused disease interventions. We will discuss O-GlcNAc-focused tactics 

established for mechanistic studies in the model tissues as a platform for moving to detailed 

studies in disease.

The O-GlcNAc field is rapidly growing, with new labs and collaborations beginning each 

year. We end the Perspective by channeling input from the global O-GlcNAc community 

into 5 specific key recommendations that we have heard repeatedly. These are meant to serve 

as mere guidelines accelerate the potential of O-GlcNAc research for disease impact.

2. Chemical Biology Tools to Track O-GlcNAc

The size of an O-GlcNAc modification on a protein is small, just 212 Daltons, but it 

can have a major impact on protein conformation, interactions, and stability. Because 

individual O-GlcNAc modifications are too subtle to be detected without molecular-scale 

techniques or mass spectrometry, chemical tools and precision analytical strategies are 

essential.22 There are also very few commercial site-specific antibodies for O-GlcNAc sites

—fewer than 10 as of this writing, mostly for histones—making spatiotemporal studies 

of O-GlcNAc modifications on protein challenging.23 This is in contrast to antibodies for 

the related phosphorylated serine or threonine sites, which have enabled rigid dissection of 

phosphorylation events during cellular signaling.24 However, chemical tools are beginning to 

allow precision for key O-GlcNAc sites. To date, the field of O-GlcNAc-directed chemical 

tools has centered on pharmacological inhibitors of O-GlcNAc processing proteins, 

molecular imaging probes, proteomic developments (Fig 2), and, recently, biochemically-

directed tools to target specific O-GlcNAc features (Fig 3, below).23

Chemical tools to probe and identify global O-GlcNAc functions.

The development of selective pharmacological probes has unlocked the therapeutic potential 

of targeting O-GlcNAc processing enzymes.25 Depending on whether a disease states is 

fundamentally hypoglycemic like Alzheimer’s disease or hyperglycemic like cancer, either 

enhancing or blocking O-GlcNAc levels can be beneficial as a treatment strategy. Cellular 

O-GlcNAc transferase (OGT) inhibitors like the OSMI series26 (Fig 2a) or the unnatural 

sulfur heterocycle analog Ac45SGlcNAc27 block O-GlcNAcylation. OGT inhibitors reveal 

biological mechanisms dependent on O-GlcNAc mechanisms in disease and have been 

extensively reviewed.25,28 However, none has yet entered the clinic, suggesting challenges 

with safety and efficacy in vivo. An optimized analog of Ac45SGlcNAc, 5SGlcNHex, 

exchanges ester groups that are easily cleaved in serum with a cell-permeable lipid tail and 

has improved pharmacokinetics in mice, delivering a promising OGT inhibitor for in vivo 
studies.29

O-GlcNAcase (OGA) chemical probes, including thiamet-G (Fig 2a), are active compounds 

in both cellular as well as animal studies, as reviewed.30 OGA inhibitors have successfully 

passed through clinic evaluations with federal approval to treat the hypoglycemic 
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neurodegenerative disease progressive supranuclear palsy (PSP).31 PSP is a rare disease, 

but the first uses of O-GlcNAc cycling inhibitors in humans is a groundbreaking medical 

advance that will inevitably expand clinical therapeutic uses of O-GlcNAcase inhibitors in 

disease.

Imaging probes for O-GlcNAc cycling dynamics are another niche in which chemical 

tools are essential (Fig 2b). The variable timeframes of O-GlcNAcylation installation and 

persistence, from minutes to hours to days, begs for real-time tools for imaging global 

O-GlcNAc changes. The Mahal group built fluorescent intracellular O-GlcNAc-binding 

lectin domains to reveal nutrient-factor-driven changes in OGT activity on the order of 

minutes.32 Expanding the approach toward spatially-targeted variants highlighted different 

features and time frames of nutrient sensing between the nucleus, cytosol, and plasma 

membrane.33 OGA activity has also been imaged by relying on its hydrolase activity to 

unleash a fluorophore from a quencher.34 Real-time studies with OGA-directed fluorescent 

probes reveal fast kinetics of OGA in live cells, on the order of seconds to minutes.34 

These OGT and OGA imaging tools confirm the dynamic, nutrient/stress-sensing nature of 

global O-GlcNAcylation events and will be most useful when applied between healthy and 

disease tissue states, which is an ongoing area of study. PET ligands have been developed, 

allowing the direct detection of O-GlcNAcase levels in mice, primates and humans.35,36 

In addition, enzymatic labeling of O-GlcNAc proteins in fixed histology samples enables 

detailed spatial resolution.37 Though spatial imaging has not yet be done in live cells, this 

enzymatic O-GlcNAc labeling technique allows patient samples to be probed for subcellular 

O-GlcNAc distribution in frozen tissue.37

O-GlcNAc-directed proteomic strategies has also benefitted greatly from chemical 

tool development (Fig 2c). Improved separation technologies by weak lectin affinity 

chromatography carefully pick out O-GlcNAc from other glycosylation types, allowing 

tandem mass spectrometry (MS/MS) experiments to directly detect endogenous O-GlcNAc 

patterns from tissue samples.38–42 Chemical tagging using bioorthogonal chemical 

groups enable labeling with affinity enrichment handles. Chemical labeling has also 

increased the coverage of the “O-GlcNAcome.” Metabolic labeling (also called metabolic 

engineering or metabolic chemical reporters) hijack biochemical pathways toward UDP-

GlcNAc analogs bearing azide or alkyne handles, allowing chemical detection.43 With 

metabolic labeling, non-enzymatic “off-target” labeling can occur on cysteine residues as 

S-GlcNAcylation.44 Next-generation metabolic labeling tools can avoid S-GlcNAcylation by 

avoiding problematic chemical groups.45,46 On the other hand, chemoenzymatic labeling 

approaches in lysed tissue uses an engineered galactosyltransferase (GalT1 (Y298L)) to 

selectively label O-GlcNAcylated sites on proteins with click chemistry handles.47 The 

enzymatic selection also avoids the problem of S-GlcNAc off-target labeling. For both major 

types of O-GlcNAc chemical labeling, recent advances in isotope-coded bioorthogonal 

chemistry have improved the sensitivity of both the metabolic and chemoenzymatic labeling 

approaches, allowing the identification of hundreds or even thousands of O-GlcNAc sites in 

a single experiment.48,49
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O-GlcNAc tools for specific GlcNAc glycosites and proteins.

Most O-GlcNAc chemical tools are “global” tools that study pan-cellular O-GlcNAcylation. 

A ‘holy grail’ in the field is directed O-GlcNAc systems to target precise proteins, 

cellular structures, and genomic sites. The role of O-GlcNAc in protein stability has been 

revealed by global methods, but to unpick the functional role(s) of each O-GlcNAc site 

discrete glycoforms must by synthesized (Fig 1a).22 The Pratt group has undertaken the 

comprehensive synthesis of α-synuclein glycoforms,50 including unnatural sugar analogs 

like glucose and mannose to determine the biophysical mechanisms whereby O-GlcNAc 

stabilizes proteins.51 A similar approach has been developed by the Hackenberger group for 

tau.52

An approach to visualizing specific O-GlcNAc protein events is to fuse a fluorescent protein 

to the protein of interest, which can be recorded in cells using azide metabolic labeling 

and copper-free click chemistry (Fig 3c).53 The Chen group used this approach to follow 

β-catenin O-GlcNAcylation in cells.53 Intracellular click chemistry has also been used to 

determine O-GlcNAc effects on protein maturation.

Cellular studies to determine site-specific O-GlcNAc functions, however, must selectively 

modify endogenous proteins in living cells. Towards this goal, the Woo lab re-engineered 

the O-GlcNAc cycling enzymes OGT and OGA with fusions to nanobodies. This approach 

enables “nano-OGT” to install O-GlcNAc on a precise protein target,54 and “nano-OGA” 

to remove O-GlcNAc from a chosen target,55 respectively (Fig 3b). In separate type of 

directed approach, specific roles of O-GlcNAc in chromatin remodeling and transcription 

at defined genomic loci was probed using an RNA-guided system. The Boulard, Edwards, 

and Bestor groups fused a dead Cas9 nuclease (dCas9) to OGA, enabling genomic targeting 

with O-GlcNAc cycling tools using guide-RNA (Fig 3d).56 This dCas9-OGA system reveals 

that O-GlcNAcylation is a key regulator of viral gene transposon effects at specific genomic 

loci. This genome-targeted OGA tool, applied at sites of viral transposons, can in principle 

be targeted to other disease states to carefully pick out O-GlcNAc mechanisms during the 

epigenetic regulation of any desired genomic loci.

Genetic engineering advances, especially CRISPR (clustered regularly interspaced short 

palindromic repeats)-guided gene editing allows for rapid mutation of a specific O-GlcNAc 

serine or threonine site to alanine.57 Ser/Thr to Ala point mutations can selectively eliminate 

an O-GlcNAc site, allowing “deletion” studies. More recently, the van Aalten group hijacked 

OGT’s promiscuous thiol glycosylation catalytic activity to install S-linked GlcNAc through 

Ser/Thr to Cys mutation.58 S-linked GlcNAc is cleaved by OGA approximately 10-fold 

slower than O-GlcNAc,59 making Ser/Thr->Cys mutations guided by CRISPR gene editing 

a promising strategy for the “permanent” installation of stabilized GlcNAc residues on 

precise protein sites. CRISPR-based studies can probe specific glycosites and generate 

arrays to screen for key functions in phenotypic assays.

Chemical tools have expanded the coverage of O-GlcNAc sites, and now precision tools are 

catching up for directed O-GlcNAc studies. These tools are set to reveal specific functions of 

the O-GlcNAcylation of distinct target proteins and await application in real-time functional 

studies.
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3. Biological Tactics to Determine O-GlcNAc Function

Scaling cellular O-GlcNAc studies up to the tissue and organism level—where daily 

rhythms of feeding, activity, and other hallmarks of physiology add complexity60—requires 

certain tactical considerations. Foremost, O-GlcNAc glycosylation may be necessary to 

maintain cellular health. Knockout of OGT or OGA is embryonic or perinatally lethal,13,15 

so knockouts may have unintended consequences in developed organs. Viability may 

vary between the many cell types that comprise an organ. To overcome cellular needs 

for O-GlcNAc cycling, conditional knockout of OGT or OGA using Cre/Lox-dependent, 

promoter-specific ablation has been widely applicable.14,61 In general, OGT knockout has 

a more dramatic phenotypic outcome that knockout of OGA. This OGT effect knockout 

likely reflects a unique requirement for OGT-catalyzed O-GlcNAc addition, while redundant 

mechanisms may act in the degradation of O-GlcNAc targets. If knockout is not an option, 

pharmacological inhibitors can probe O-GlcNAc cycling enzymes in a reversible fashion. 

Glucose use also varies across tissue types, for instance reaching levels up to 10-fold higher 

in the brain than in certain tissues in the periphery.62 Owing to this, and the brain’s role 

in dictating behavior, we discuss tactics in the context of the brain vs. the periphery, but 

complementary strategies are often employed in each type of tissue.

O-GlcNAc tactics employed in the brain.

O-GlcNAc cycling is important in the brain, which primarily uses glucose for metabolism 

and has higher OGT expression than peripheral tissues.62 OGT is the most well-conserved 

glycosyltransferase in humans,63 making inherited mutants that lead to disease exceedingly 

rare. However, subtle point mutations in OGT’s substrate recognition domain are associated 

with a form of X-linked intellectual disability, directly demonstrating the importance of 

O-GlcNAc events in the brain.64,65

Adjusting global levels of OGT and OGA activity controls neurodegeneration6 and 

neuroprotection66 (Fig 4a). The recent FDA (United States Food and Drug Administration) 

designation and approval of the OGA inhibitor MK-8719 for tauopathy treatment31 

underscores the pharmaceutical potential of neuroprotective O-GlcNAc therapeutics. To 

overcome the systemic nature of pharmacological OGA inhibition, conditional knockout 

mice using floxed OGT (OGTf) were crossed with neuron-specific Cre animals to generate 

neuron-specific OGT cKO models (Fig 4b). Following development, mice bearing forebrain 

neuron OGTf rapidly underwent neurodegeneration within 7 weeks. Furthermore, the brain 

tissue isolated from OGTf mice mimicked reduced O-GlcNAc levels in severe human 

Alzheimer’s disease tissue samples.6

The brain also uses O-GlcNAc to fine-tune neurotransmission through the modification 

of GABA and glutaminergic receptors, modulating signals in response to local cellular 

environments (Fig 4c).67 Neuron-specific enhancement of O-GlcNAc regulates satiety in 

the paraventricular nucleus of the hypothalamus (PVN) and in neurons that express agouti-

related protein (AgRP)(Fig 4d). Loss of O-GlcNAc in PVN neurons reduced the homeostatic 

sensing of nutrients for feedback regulation of satiety and feeding responses, leading to 

elevated weight.68 Intriguingly, loss of OGT in AgRP neurons protects against diet-induced 

weight gain. In both cases, loss of OGT is generally deactivating to neurons at the global 
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cellular level. An open question is whether this is due to a loss of a specific O-GlcNAc site 

or multiple glycosides, which remains difficult to probe with genetic tools. Another question 

is the impact of hormones in different neurons, because O-GlcNAc regulates multiple, 

tissue-specific roles in insulin signaling.69

An alternative tactic to study the effects of specific O-GlcNAc sites on neuronal proteins 

is to use chemical tools. O-GlcNAc regulates proteostasis in axons, with disease mutations 

leading to neuropathies in a protein- and site-specific manner.70 Specific sites on tau52 

in Alzheimer’s disease and α-synuclein50,51 in Parkinson’s disease have been interrogated 

through protein semi-synthesis (Fig 3a, above). An area that has not yet been met with 

success is tracking the dynamic nature of O-GlcNAc in specific brain (or tissue) regions, 

especially during nutrient flux, stress, or signaling.

O-GlcNAc tactics employed in the periphery.

Beyond well-studied metabolic disease roles, current research is expanding into a diverse 

array of processes including developmental physiology, metabolic regulation, and cancer 

processes.10 O-GlcNAc research in stem cells reveal roles of OGT/OGA cycling in 

hemopoiesis71 as well as pancreatic islet cell differentiation.72 Immune cells also respond 

to nutrient flux, and O-GlcNAc studies suggest that a hyperglycemic diets affect T-cell 

maturation differently between individuals with obese or non-obese metabolism.73 O-

GlcNAc mechanisms do not act in isolation, and current research is also probing cross-talk 

between other signaling systems including phosphorylation74,75 and lipid signaling76 as 

emerging areas in O-GlcNAc-linked disease studies. Peripheral O-GlcNAc studies have 

identified critical metabolic roles for OGT in muscle,77 adipose,78 and the liver.1

An area of intense study is epigenetic regulation via direct transcription factor O-

GlcNAcylation including the core pluripotency factors Sox2, Oct4, and Klf4.79,80 

Modulation of transcription factors can direct differentiation, and loss of OGT or OGA 

in developing cells are each perinatally lethal.14,15 Less understood functions of O-GlcNAc 

include functional activity on chromatin remodeling during embryonic stem cell (ESC) 

and cancer stem cell (CSC) processes (Fig. 5).81 Current directions in this field focus on 

DNA methyltransferase (DNMT) proteins56 and demethylase enzymes including Ten-Eleven 

Translocation proteins (TET), which strongly bind OGT.82 Crosstalk of O-GlcNAcylation 

and phosphorylation on the RNA polymerase II C-terminal domain (RNA Pol II CTD) 

is thought to fine-tune transcriptional activity once recruited to a genetic locus.18 After 

transcription, splicing is regulated by extensive O-GlcNAc/phosphorylation crosstalk, 

toggling between productive or detained introns for rapid regulation of cellular protein levels 

that acts in under an hour.19 This altered splicing depending on O-GlcNAc levels is likely 

another key mechanism for nutrient and stress sensing to complement HBP flux (Fig 1a). 

Temporal splicing dynamics and epigenetic regulation will be a critical next frontier for 

O-GlcNAc mechanisms of cellular homeostasis.

Essential roles for proteostasis, signaling, and epigenetic regulation during development, 

cancer, and the brain reveal critical functions of O-GlcNAc sites, and we suggest that the 
surface has only been scratched. OGT and OGA activity is regulated by multiple factors 

including nutrient levels and cellular stress, enabling individual cells to use O-GlcNAc as 
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a sensor of local environments, including nutrient levels as well as oxidative, cytotoxic, 

osmotic, or cellular stressors.8 If your team studies a disease associated with stress or 

metabolic dysfunction, it is almost certain that O-GlcNAc is involved.

4. Recommendations for next-generation O-GlcNAc research

An active discussion in the O-GlcNAc community has led to a community-driven roadmap 

for rapid growth of O-GlcNAc glycobiology. Harnessing virtual meeting technology, 

over three hundred global experts including funding agency program officers met and 

recommended key areas that might fuel future research emerged from this community 

discussion. We summarize these here. Box 1 distills needs for innovative new technologies 

and recommendations for continued rapid growth of the O-GlcNAc field, as developed in the 

international community of O-GlcNAc researchers.

Recommendation 1: Develop a centralized database of curated O-GlcNAc sites linked to 
physiology/pathophysiology.

Technology has fueled a rapid increase in reported O-GlcNAc sites, now in the thousands.11 

However, there lacks a designated and curated repository of O-GlcNAc sites, which is 

currently a major limitation for informatic and comparative studies of O-GlcNAc pathways. 

When a site has been defined, there is little information about the abundance of the 

modification at that site. The highest priority recommendation of this Perspective is to 

provide support for a comprehensive database accepted by the field that encompasses what 

is currently known about O-GlcNAc sites in diseases. Several general databases for post-

translational modifications include O-GlcNAc, such as PhosphoSitePlus83 and GlyGen.84 

Two recent groups have completed comprehensive searches of all known O-GlcNAc sites. 

As of this writing, the “O-GlcNAcAtlas” database12 contains over 2800 human O-GlcNAc 

sites and the “O-GlcNAcome” database contains over 7000 human O-GlcNAc sites.11 These 

literature-spanning databases are a major step toward mapping confirmed O-GlcNAc sites 

in humans and other species. Their ongoing curation is critical as the pace of O-GlcNAc 

research increases.

Despite these advances, critical information about O-GlcNAcylation status is lacking. 

Almost nothing is known about the stoichiometry of most O-GlcNAc sites. Mass shift tools 

have been used to count the number of O-GlcNAc sites, but these tools have only been 

applied to a subset of proteins.85 Another challenge is a discrepancy in total numbers of high 

confidence O-GlcNAc assignments between databases, which underscores that a centralized, 

accepted depository is still lacking. In O-GlcNAc assignments, care must be taken to 

validate sites by careful scrutiny of MS/MS data, since metabolic labeling experiments are 

now suspected to be contaminated with a small but artificial population of S-linked GlcNAc 

sites.44 S-GlcNAc sites can be readily excluded by careful MS/MS annotation, chemical 

proteomic validation,86 or OGA overexpression controls. Bioinformatic prediction methods, 

including the YinOYang server87 and O-GlcNAc-PRED-II88 are limited by lack of access to 

such a curated database.89 Development of next-generation informatic tools to infer site and 

regulatory networks is a key corollary future goal.
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Recommendation 2: Support the development of genomic and evolutionary selection 
methods for O-GlcNAc tool development.

The lack of an apparent local consensus sequence for O-GlcNAcylation is a primary hurdle 

for understanding the diversity of O-GlcNAc-driven effects. The development of genomic 

tools, such as tiled CRISPR arrays to screen potential O-GlcNAc site effects, would be 

a tremendous boon to the field. Base editing is limited to a small set of mutations, but 

prime editing has the potential to expand this strategy by creating or eliminating O-GlcNAc 

glycosites on genome-wide scales.90

A related challenge is a lack of in vivo biosensors for specific O-GlcNAc sites. Few 

site-selective O-GlcNAc antibodies have been generated.23 Therefore, the wide variety of 

O-GlcNAc sites and effects begs for tools developed using highly combinatorial approaches 

such as directed evolution and phage display. In one potential strategy, though the authors 

did not develop tools for O-GlcNAc glycans, Cummings et al successfully used yeast surface 

display to generate site-specific anti-glycan antibodies.91 The use of targeting systems like 

bionanoparticles or RNA aptamers92 could bring new methods into O-GlcNAc research, 

including uses as intracellular sensors for specific O-GlcNAc glycosites or UDP-GlcNAc 

nucleotide levels. This type of O-GlcNAc site-selective detection approach would enable the 

characterization of critical O-GlcNAc sites as biomarkers to track glycobiological functions 

in disease.

Recommendation 3: Expand structural biology of O-GlcNAc cycling and reader proteins.

Despite OGT binding and activity on thousands of protein sites, few structures of OGT have 

been solved with substrates.93 Co-crystal structures of just one protein and several peptides 

are reported, which limits our knowledge of binding mechanisms beyond those particular 

glycosites. Biochemical experiments by Vocadlo et al suggest that human OGA binding to 

O-GlcNAc glycoproteins is primarily driven by sugar interactions with minimal regard to 

protein sequence, but OGT-substrate affinity is highly variable and suggestive that human 

OGT is responsible for differentially controlling substrate glycosylation patterns between 

cell environments.94 Particularly mysterious is the tetratricopeptide repeat (TPR) domain, 

with up to 13 TPR units that make a superhelix where substrates are thought to bind. 

Microarray studies over 6000 proteins determined that specific structural elements, including 

asparagine ladders, contribute to binding, but the dearth of co-crystal structures remains 

a barrier.95 As an alternative approach to direct binding studies, electrophilic probes were 

used to determine the effects of key TPR residues via mutation and trapping of a protein 

substrate.96 However, a “solved” mechanism of OGT substrate recognition remains far from 

reach as of this writing for thousands of potential OGT substrates. On the flipside, less is 

known about OGA’s substrate recognition preferences beyond kinetic studies.94

A few O-GlcNAc binding proteins, or “readers,” have been confirmed through biophysical 

and structural studies.97 Though these O-GlcNAc-driven interactions were observed to be 

weak (172-324 μM) and likely transient, O-GlcNAc readers represent a promising regulatory 

motif. We strongly encourage structural biologists with skill in cryo-electron microscopy 

and protein NMR techniques to intersect with O-GlcNAc research to enable faster, dynamic 

access to additional O-GlcNAc cycling and reader interaction characterization data. The 
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chemical synthesis of defined O-GlcNAc glycoforms and substrate mimics will facilitate this 

endeavor.22

Recommendation 4: Develop targeted ligands for O-GlcNAc readers and functions.

The pharmacological landscape of O-GlcNAc targeting remains limited. The OGA inhibitor 

MK-8719 was granted FDA Orphan drug designation to treat tau-driven neurodegenerative 

disease.31 However, O-GlcNAc regulatory pathways downstream of this “global” O-GlcNAc 

cycling enzyme have not been intentionally targeted for therapeutic development. The 

discovery and structural validation of O-GlcNAc reader proteins is an untapped area for 

drug design in human disease.97 Targeting O-GlcNAc signaling pathways downstream of 

OGT and OGA could provide higher specificity and avoid the toxic events associated with 

OGT loss-of-function.6 A key example is the key stem cell reprogramming factor Sox2, 

which has a single O-GlcNAc site that determines over 20 protein-protein interactions.98 

A challenge is relatively weak binding affinities for O-GlcNAc-driven interactions, 

reported to be in the high micromolar dissociation constants for 14-3-3, Ebp1, and α-

enolase.97 Photocrosslinking is an elegant solution to overcome weak binding,99 and further 

developments and technologies will no doubt expand our knowledge of O-GlcNAc reader 

proteins.

Recommendation 5: Validate spatiotemporal and synergistic O-GlcNAc mechanisms.

The diverse and ubiquitous nature of O-GlcNAc protein sites enable cells to fine-tune their 

response to environment using a wide variety of mechanisms. It is very likely that disease 

processes are mediated by multiple O-GlcNAc effects over different proteins and pathways 

and with varied spatiotemporal parameters. The O-GlcNAc community is open to the idea 

that discrete O-GlcNAc-driven effects may be synergistic or antagonistic to each other 

in cellular settings, and network-based modeling (or related informatics strategies) might 

be the key that unlocks complex regulatory relationships involving metabolic and stress 

pathways. A key example lies in enhancing overall O-GlcNAc levels in the treatment of 

neurodegenerative disease. Pratt et al have revealed complementary mechanisms to reduce 

toxic protein aggregation of α-synuclein, both by direct α-synuclein glycosylation50 and 

by the activities of chaperone proteins that are enhanced by O-GlcNAcylation.100 It is 

likely that other diseases, like Alzheimer’s, share similar synergistic O-GlcNAc effects on 

disease progression or treatment. At the global proteomics level, the Walker and Zachara 

groups revealed distinct protein expression functions of both catalytic and noncatalytic roles 

of OGT using mutants capable of only one or the other function.63 The resulting data 

revealed essential roles of for cell proliferation as well as disease pathways. Separating 

and confirming unique roles poses an active area of study for O-GlcNAc-implicated 

diseases. Finally, few tools exist for studying dynamic O-GlcNAc modifications on short 

timescales and within the complex intracellular space. Insulin stimulation causes noted 

movement of OGT between the plasma membrane, cytosol, and nucleus within minutes,76 

so spatiotemporal tools are needed to open a crucial next frontier in O-GlcNAc studies.

Regardless of the potential for multiple O-GlcNAc events, determining the specific sites and 

mechanisms of individual pathways is crucial for unpicking each arm of complementary 

or competing pathways. The O-GlcNAc community encourages reviewers and referees to 
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consider both site-specific in addition to multi-site roles for O-GlcNAc regulation as we 

approach a holistic understanding of this critical sugar for cellular adaptation to environment 

and disease.
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Box 1 |

Call for innovations to advance O-GlcNAc biology
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Implications/future directions:

In just the past 10 years, efforts to understand the biological roles for the O-GlcNAc 

modification have greatly expanded. These advances have been fueled by researchers 

from diverse fields recognizing the potential importance of O-GlcNAcylation in their 

area of research. The expansion has been linked to improved methods for perturbing 

O-GlcNAc addition and removal and the ability to sensitively detect O-GlcNAcylation 

sites on its diverse protein targets. The increasing pace of O-GlcNAc disease biology and 

chemical tool development reveals yet more areas that are unexplored. Focused efforts 

on technology and tactical development to solve challenges the O-GlcNAc glycobiology 

field currently faces will no doubt further our holistic understanding in mechanisms of 

cellular physiology and disease.
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Figure 1: 
Cells use O-GlcNAc modifications to sense metabolites resulting from altered nutrient or 

stress levels, a process that alters protein behaviors and can lead to disease. a) Nutrient flux 

through the through the hexosamine biosynthetic pathway creates UDP-GlcNAc, which is 

dynamically cycled onto proteins as O-GlcNAcylation by OGT and OGA. b) O-GlcNAc 

events regulate diverse cellular functions depending on the biological context and the type of 

protein that is modified. c) Aberrant O-GlcNAcylation is observed in numerous diseases that 

display altered hexosamine biosynthetic pathway flux.
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Figure 2: 
Chemical biology tools reveal a plethora of O-GlcNAc cellular features. a) Selective 

inhibitors for O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) allow enable O-

GlcNAc effects to be implicated and targeted in disease. b) Imaging tools enable global 

OGT and OGA activity to be observed in living cells. c) Proteomics developments for 

O-GlcNAc have revealed > 7000 unique human sites. OGT image generated from PDB ID: 

3pe4 and 1w3b; OGA image generated from PDB 2cbj.
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Figure 3: 
Site-specific chemical tools for O-GlcNAc studies. a) Total protein synthesis of tau and a-

synuclein specific O-GlcNAc glycoforms. b) Targeted OGT and OGA tools enable selective 

GlcNAc glycosylation (or de-glycosylation) of a desired protein. c) Metabolic labeling and 

intracellular installation of fluorescent sugar tags allows quantification of O-GlcNAcylation 

of a protein of interest fused to a fluorescent protein. d) O-GlcNAc roles at genomic loci are 

uncovered using dCas9 nuclease targeting.
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Figure 4: 
High glucose and GlcNAc utilization in the brain makes neurobiology a key area of study 

for the O-GlcNAc field. a) Pharmacological elevation of O-GlcNAcylation is protective 

against neurodegenerative disease. b) Loss of forebrain O-GlcNAcylation leads to neuron 

death, simulating neurodegeneration. c) O-GlcNAcylation regulates physiology and behavior 

by modulating neuron activity in specific neuron types. d) O-GlcNAc plays reciprocal roles 

in feeding behavior regulation between neuron type.
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Figure 5: 
O-GlcNAc dynamics play extensive roles in epigenetic regulation, development, and cancer. 

The Hexosamine Biosynthetic Pathway acts at the macronutrient level to produce UDP-

GlcNAc. Nucleocytoplasmic OGT modifies transcription factors, chromatin remodeling 

proteins, RNA polymerase II, and splicing factors for extensive nutrient/stress-responsive 

epigenetic events. In development, stem cells use these programs to differentiate. Numerous 

cancers harness enhanced HBP flux to activate growth, survival, and metastatic programs 

through balancing differentiation and de-differentiation to cancer stem cells.
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