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Editorial on the Research Topic
O-GlcNAcylation: Expanding the Frontiers

O-linked N-acetylglucosaminylation (O-GlcNAcylation) is a fascinating post-translational
modification (PTM) that controls numerous biological processes, including epigenetic regulations,
gene expression, proteostasis, energy metabolism, cell signaling, growth and proliferation (1).
Whereas it essentially remained confidential during the first decades following its discovery, the
importance of this protein modification in life sciences is now undisputed. In 2014, we celebrated
the 30 years anniversary of its discovery by editing a Research Topic in Frontiers in Endocrinology
(2). As everyone can notice, time is speeding up and this is particularly true in Science. Almost
5 years now after launching the publication of this Research Topic, it seems to us that significant
progresses and new discoveries have been made in the field that justify another issue on this subject.

Alike phosphorylation, O-GlcNAcylation is a reversible PTM that occurs on serine and
threonine residues of cytosolic, nuclear and mitochondrial proteins. Only two enzymes, OGT
(O-GlcNAc transferase) and OGA (O-GlcNAcase), control the O-GlcNAc dynamics on proteins.
OGT utilizes UDP-GIcNAg, provided by the hexosamine biosynthesis pathway (HBP), to add
GIcNAc on proteins, whereas OGA removes it. UDP-GIcNAc, which is at the cross-road of
several metabolic pathways, is considered as a sensor of the nutritional state of the cell.
Thus, O-GlcNAcylation regulates cellular homeostasis according to metabolic environment, but
also in response to signaling molecules (e.g., hormones and cytokines). Widespread in most
living organisms studied so far, O-GlcNAcylation is highly susceptible to stress and injuries,
and is involved in many human pathologies including diabetes, cancer and neurodegenerative
diseases (3-5).

This E-book, which comprises reviews and original articles, provides up-to date examples of the
implication of O-GlcNAcylation in diverse organisms and of its role in various physiological and
pathological processes.

A remarkable feature of O-GlcNAcylation is its capacity to modulate other PTMs, which confers
it the capability to interfere with various signaling and nutrient sensing pathways. AMP-activated
protein kinase and mTOR pathways, regulated by AMP/ATP ratio and amino-acid levels,
respectively, are major players in nutrient sensing. Reviews by Gélinas et al., Cork et al., and Very
et al. extensively discuss different aspects of the dialogues between HBP, OGT, AMPK, and mTOR
signaling at the cellular and molecular levels, as well as their dysregulation in pathophysiological
situations. In the same vein, Ong et al. speculate on O-GIcNAc as an integrator of signaling
pathways, emphasizing the necessity of maintaining what these authors called the “O-GlcNAc
meter” at an optimal level, between a lower limit necessary for maintenance of cell structural
integrity and critical functions, and a higher limit above which persistent O-GlcNAcylation leads to
aberrant signaling.
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Also, O-GlcNAcylation now appears as a major player in the
immune system, and its role in inflammation constitutes an
important area of investigation (6). In this Research Topic, two
original articles deal with these aspects. Krick et al. provided
data indicating that in human bronchial epithelial cells, FGF23,
an important endocrine pro-inflammatory mediator, induces IL6
production. This effect is mediated by a FGFR4/Phospholipase
Cy/Nuclear factor activated T-cells (NFAT) signaling pathway
and involves increased protein O-GlcNAcylation upon FGF23
stimulation. This work points out the potential role for
O-GlIcNAcylation in pathogenesis of chronic inflammatory
airways diseases.

Chronic inflammation is also a hallmark of metabolic
diseases such as diabetes and obesity. Hyperglycaemia is
considered to be an important player in the initiation and
persistence of inflammation associated with these pathologies
(7). In pancreatic p-cells, high glucose concentrations stimulate
the interaction of thioredoxin interacting protein (TxNIP)
with the inflammasome protein NLRP3 (NLR family, pyrin
domain containing 3), thereby promoting interleukin-1p (IL1p)
maturation and secretion. Filhoulaud et al. demonstrated that
TxNIP protein is modified by O-GlcNAcylation in rodent and
human pancreatic p-cells, resulting in increased association with
NLRP3, inflammasome activation, and production of mature
IL1B. These data provide a new link between O-GlcNAcylation,
inflammation, and glucotoxicity in pancreatic p-cells.

O-GlcNAcylation has largely been involved in diabetic
complications  associated with  glucotoxicity, including
cardiovascular dysfunctions (4). In the article by Mercier
et al,, a potential interplay between phosphorylation and O-
GlcNAcylation of sarcomeric proteins in ischemic heart failure
was examined, and the authors paid a particular attention
to the intermediate filament structure essential component
desmin. In addition, whereas the review by Ducheix et al
focused on the cellular and molecular mechanisms by which
chronic O-GlcNAcylation affects cardiac function in diabetic
cardiomyopathy, Ferron et al. evaluated the potential impact
of modulating O-GIcNAc levels in acute cardiovascular
pathologies, including haemorrhagic shock and myocardial
ischemia-reperfusion injury.

The beneficial effects of physical exercise for prevention and
treatment of human chronic diseases, including diabetes, cancer,
and neurodegenerative diseases, are now largely documented.
Skeletal muscle is quantitatively the most important glucose
consumer tissue of the organism, and as such a crucial
determinant of whole-body insulin sensitivity. It is also a
major site of lipid oxidation and protein turn-over. In this
Research Topic, Lambert et al. reviewed the involvement of O-
GlcNAcylation in skeletal muscle chronic and acute exercise, as
well as in pathophysiological situations, such as muscular atrophy
or insulin resistance.

O-GlcNAcylation has also been involved in the control of cell
cycle (8). One of the functions of the cell cycle is to replicate
the DNA so that each daughter cell resulting from the division
can inherit a copy conforming to the mother cell. But when
the cell cycle is upset, errors in DNA replication can arise. O-
GlcNAcylation intervenes both in the fine-tune control of cell

cycle and in the maintenance of genome integrity by controlling
DDR (DNA damage response). This field of particular interest is
the topic of the review by Liu and Li who gave a comprehensive
overview of the issue.

Cyclins are master regulators of the cell cycle. Cyclin D1
interacts with CDK4/6 to control cell cycle entry and progression
in G1 phase. Masclef et al. showed that the fate of cyclin D1
depends upon O-GlcNAc status. Mechanistically, these authors
demonstrated that cyclin D1 interacts with OGT; this leads to
its O-GlcNAcylation which thwarts its ubiquitination and its
subsequent targeting to the proteasome.

In this special issue, the role of O-GlcNAcylation in stemness
was also investigated. Fuentes-Garcia et al. showed that inhibition
of OGT in colon cell lines interferes with the expression of the
two stem cell markers CD44 and CD133, and coincides with
an increased clonogenicity and spheroid formation capabilities.
Of particular interest, the authors suggest that O-GIcNAc serves
as a sensor giving the cancer cells the ability to face nutrient
stressful conditions.

Dysregulation of O-GlcNAcylation is also associated with
neurodegenerative disorders including Alzheimer’s disease as
previously documented (9). While a reciprocal relationship
between O-GlcNAcylation and phosphorylation on Tau protein
has been reported (10, 11), molecular details of this interaction
remain largely unknown. Bourré et al. used NMR spectroscopy
approach to map O-GlcNAc sites on the longest isoform of Tau
and to gain insight into the crosstalk between O-GlcNAcylation
and phosphorylation. They propose that both PTMs can affect
Tau in a more intricate relationship than a single direct reciprocal
manner. This interesting paper reinforces a little more the
complexity of protein regulation by PTMs.

O-GlcNAcylation is now recognized as an important player
in epigenetic regulations (12). In a mini-review, Decourcelle
et al. compared the structure of the human and drosophila
Polycomb Repressor Complexes and discuss their regulation by
O-GlcNAcylation in drosophila embryonic development and in
human cancer cells. Moreover, original work by Krause et al.
evaluated the link between O-GlcNAcylation, nutritional status
and epigenetic regulation of gene expression by studying genome
wide RNA Polymerase II binding in response to starvation
and feeding, in C. elegans mutants lacking either OGT or
OGA. Interestingly, they observed that in wild-type animals, O-
GlcNAc marks on promoters were surprisingly very similar in
fed and starved conditions, but responded aberrantly to nutrient
flux when O-GlcNAc cycling was blocked by OGA knock out.
They suggested that in wild-type animals, the dynamic cycling
of O-GlcNAc is required to maintain buffered levels of O-
GlcNAcylation at gene promoters, reminiscent of the optimal
intracellular O-GlcNAcylation level proposed by Ong et al..

O-GlcNAcylation is nearly universal in the living kingdom.
This was further demonstrated in parasites by two original
studies, in which O-GlcNAcylated proteins were identified in
Toxoplasma gondii (Aquino-Gil et al.) and Trypanosoma cruzi
(Torres-Gutiérrez et al.). Identification of O-GlcNAc on proteins
involved in invasion, such as rhoptries in T. gondii, or in
microtubules formation in T. cruzi, may suggest new therapeutic
strategies against infections by these parasites.
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A little on the fringes of what could be considered today as
the classical O-GlcNAcylation pathway, that is modification of
nucleocytoplasmic proteins, Nagnan-Le Meillour et al. focused
on odorant-binding proteins (OBP) secreted in the nasal mucus.
By a set of different approaches including mass spectrometry,
they managed to identify several sites of O-GlcNAcylation
and phosphorylation on OBP. Interestingly, they showed that
phosphorylated isoforms of OBP only slightly modify interaction
with lipid ligands, whereas O-GlcNAcylation of OBP favors
binding. These data reveal a new regulatory mechanism by which
PTMs and specifically extracellular O-GlcNAcylation, managed
by EOGT (the endoplasmic reticulum-resident form of OGT), can
modulate recognition of odorant molecules by OBP, enlarging the
panel of odors discrimination.

Finally, an interesting technical contribution to this Research
Topic is dedicated to the development of a novel O-GlcNAcomics
workflow based on GalNAz labeling of cells and quantitative
proteomics analysis Cox et al. As a proof of concept Cox
et al. identified O-GlcNAcylation of COPly (a component of
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O-GlIcNAc: A Sweetheart of the Cell
Cycle and DNA Damage Response

Caifei Liu and Jing Li*

Beijjing Key Laboratory of DNA Damage Response and College of Life Sciences, Capital Normal University, Bejjing, China

The addition and removal of O-linked N-acetylglucosamine (O-GIcNAc) to and from the
Ser and Thr residues of proteins is an emerging post-translational modification. Unlike
phosphorylation, which requires a legion of kinases and phosphatases, O-GIcNAc is
catalyzed by the sole enzyme in mammals, O-GIcNAc transferase (OGT), and reversed
by the sole enzyme, O-GIcNAcase (OGA). With the advent of new technologies,
identification of O-GIcNAcylated proteins, followed by pinpointing the modified residues
and understanding the underlying molecular function of the modification has become
the very heart of the O-GIcNAc biology. O-GIcNAc plays a multifaceted role during the
unperturbed cell cycle, including regulating DNA replication, mitosis, and cytokinesis.
When the cell cycle is challenged by DNA damage stresses, O-GIcNAc also protects
genome integrity via modifying an array of histones, kinases as well as scaffold proteins.
Here we will focus on both cell cycle progression and the DNA damage response,
summarize what we have learned about the role of O-GIcNAc in these processes and
envision a sweeter research future.

Keywords: O-GIcNAc, mitosis, replication, cytokinesis, DNA damage response

INTRODUCTION

The study of O-linked N-acetylglucosamine (O-GlcNAc), O-GlcNAc transferase (OGT), and O-
GlcNAcase (OGA) was pioneer by Dr. Hart in 1984 (1). OGT modifies the substrate protein at
Ser/Thr residues with the O-GlcNAc group, while OGA reverses it. Since then, both biologists and
chemists have been working hand in hand to solve the sweet mystery. In this review, we will first
cover the laboratory routine to study protein O-GlcNAcylation, and then venture onto the recently
identified function of O-GlcNAc in regulating cell cycle and the DNA damage response (DDR). For
the versatile role of O-GlcNAc in other biological processes, please refer to other comprehensive
and exhaustive reviews (2-5).

AN OVERVIEW OF O-GLCNAC

Of all the glucose that we consume every day, ~2—5% enters the hexosamine biosynthetic pathway
(HBP), which provides UDP-N-acetyl-D-glucosamine (UDP-GIcNAc) (6), the donor substrate for
OGT. UDP-GIcNAc is highly responsive to cellular nutrient variations, as its synthesis relies heavily
on the metabolism of glucose, amino acids, fatty acids, and nucleotides (7). Hence, O-GlcNAc
may serve as a reporter for the functional status of multiple pathways and is considered an ideal
metabolic sensor (8), and defunct O-GlcNAc signaling underscores many metabolic diseases (3, 5).

O-GIcNAc Is Implicated in Various Human Diseases

O-GlcNAcylation is most abundant in the pancreas, followed by the brain (3). Thus it has been
intimately linked with a plethora of human diseases, especially diabetes, and Alzheimer’s disease
(AD).
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In diabetes, hyperglycemia leads to chronic hyper-O-
GlcNAcylation, which brings mayhem to cellular signaling
networks. And inhibiting O-GIcNAc was found to blockade
arrhythmias in diabetic animals (9). Recent investigations show
that OGT in pancreatic B cells regulates the B cell mass. And OGT
disruption results in diabetes via the endoplasmic reticulum (ER)
stress and the Akt pathway (10). The vital player in AD, Tau, is O-
GlcNAcylated in normal brains, but hyperphosphorylated in AD
brains (3). Interestingly, increasing O-GIcNAc in mice decreases
neuronal losses (11).

O-GlcNAc in Cancer Metabolism

One characteristic of cancer cells is the Warburg effect,
namely, elevated glycolytic flux, including glycolysis, the pentose
phosphate pathway (PPP), and the HBP. Moreover, enhanced O-
GlcNAcylation levels have been pinpointed as a common cancer
feature (12). Many studies have impinged O-GIcNAc as a sweet
accomplice of cancer.

Upon entering the cell, glucose is phosphorylated by
hexokinase to become glucose-6-phosphate (G6P). G6P then
either undergoes glycolysis and the tricarboxylic acid (TCA) cycle
to generate ATP, NADPH, and pyruvate, or produce ribose-5-
phosphate and NADPH through PPP (13). PPP maintains redox
homoeostasis in rapidly dividing cells, especially in cancer cells.
In the glycolytic pathway, phosphofructokinase 1 (PFK1) is O-
GlcNAcylated at S529 upon hypoxia, inhibiting PFK1 activity and
directing the glucose metabolism to the PPP (14). Concomitantly,
the rate-limiting enzyme of the PPP, G6P dehydrogenase (G6PD),
is also O-GlcNAcylated during hypoxia, thus being activated to
increase glucose flux via PPP (15). Taken together, O-GIcNAc
activates the PPP to promote cancer proliferation.

In the TCA cycle, fumarase both reversibly catalyzes fumarate
to malate in the mitochondria, and regulates amino acid
and fumarate metabolism in the cytoplasm. Fumarase is O-
GlcNAcylated at S75, which antagonizes phosphorylation by
AMPK at the exact same residue when glucose is scarce (16). pS75
mediates fumarase-ATF2 interaction, blocks KDM2A activity,
stabilizes H3K36me2 and thus redirecting the cell proliferation to
growth arrest (16). Hence in cancer cells, where OGT activity is
particularly high, pS75 levels are relatively low, conferring growth
advantage to cancer cells.

Equally important, OGT also regulates lipid metabolism in
cancer. To sustain growth, cancer cells usually utilize de novo
lipogenesis, which encompass activation of key enzymes, such as
fatty acid synthase (FAS), and master transcription factors, such
as the sterol regulatory element binding protein (SREBP-1). OGT
suppression leads to lipogenic defects, which could be rescued by
SREBP-1 overproduction (17). OGT regulates SREBP-1 protein
abundance, probably via AMPK (17). On the other hand, FAS

Abbreviations: (O-GIcNAc), O-linked N-acetylglucosamine; (OGT), O-GIcNAc
transferase; OGA, O-GlcNAcase; DDR, DNA damage response; TLS, DNA
translesion synthesis; ETD, electron transfer dissociation; MS, mass spectrometry;
HCD, higher energy collisional dissociation; PTM, post-translational modification;
IP, immunoprecipitate; IB, immunoblot; UV, ultraviolet; MEF, mouse embryonic
fibroblast; DSB, double-strand break; ATM, ataxia telangiectasia mutated; ATR,
ATM and Rad3 related; DNA-PK, and DNA-dependent protein kinase; MDCI,
mediator of DNA damage checkpoint protein 1.

binds with OGA, and the interaction increases during oxidative
stress (18). FAS inhibits OGA activity, so the O-GlcNAc levels
elevate under oxidative stress in mammalian cells (18).

In conclusion, O-GlcNAc integrates various nutrient signaling
with growth signaling and may provide new venues for
therapeutic purposes.

Crosstalks Between O-GlcNAc and Other

Post-translational Modifications (PTMs)
Then how does O-GIcNAc weave its magic wand? The answer
lies largely in crosstalk with other PTMs. Due to the large size
of the O-GlcNAc moiety, steric hindrance is imposed upon
the O-GlcNAcylated protein, thus impeding other PTMs at the
same or adjoining sites. For instance, when a mixture of two
OGA inhibitors, PUGNAc and NAG-thiazoline, was utilized to
analyze the ~700 phosphopeptides, phosphorylation levels of 131
peptides (18.4%) escalated and 234 (32.9%) peptides dampened
(19). In a quantitative phosphoproteomics study using OGT
wild-type and null cells, 232 phosphosites increased and 133
decreased out of the 5,529 sites in the null cells (20). Thus, a yin-
yang relationship has been proposed between O-GlcNAcylation
and phosphorylation (3).

Discordant results against the “yin-yang” model have also
been recorded. In a 2008 study, researchers closely monitored
phosphorylation sites when O-GlcNAcylation was elevated (19).
As a result, 280 phosphorylation sites decreased, while 148
sites increased (19). In a recent quantitative phosphoproteomics
study, a great many DDR proteins were identified to be O-
GlcNAcylated, among which was checkpoint kinase 1 (Chkl)
(20). When OGT is deleted, pT113 of Chk1 increases, consistent
with the “yin-yang” model, but pS151 decreases, against the
model (20). Another case in hand is the intermediate filament
protein, vimentin. Vimentin filament severing is a key step for
completion of cytokinesis, and many phosphorylation events
intricately mediate this process. In particular, cyclin-dependent
kinase 1 (CDK1) phosphorylates vimentin at S55 (21) to prime
vimentin for subsequent phosphorylation by polo-like kinase 1
(PIk1) at S82 (22), thus inhibiting vimentin filament assembly.
Other kinases, such as Aurora B and the Rho kinase, also
phosphorylate vimentin at S72 and S71, respectively, thus
localizing vimentin to the cleavage furrow (23-25). When cells
were depleted of OGT by siRNA, pS71 levels were hampered;
vimentin filament thus could not be severed during cytokinesis,
leading to cytokinesis failure (26). In sum, the relationship
between phosphorylation and O-GlcNAcylation needs to be
analyzed case by case, and there might not be a clear-cut rule.

The  relationship  between  O-GlcNAcylation  and
ubiquitination and hence protein stability was tested recently.
Using a newly developed quantitative time-resolved O-linked
GIcNAc proteomics (qTOP), 533 O-GlcNAcylated proteins
were examined for stability, and 14% were identified to be
hyper-stably O-GlcNAcylated (27). Of this pool of ~75 proteins,
O-GlcNAcylation has a significant impact on the protein
stability, and O-GlcNAcylation mainly promotes protein stability
27).
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Congruent with this study, O-GlcNAcylation has been
identified to augment protein abundance in an array of studies.
O-GlcNAcylation of the circadian clock proteins, BMAL1 and
CLOCK, inhibits their ubiquitination and stabilizes protein
levels (28). During gluconeogenesis, the master regulator PGC-
la is O-GlcNAcylated to bind the deubiquitinase BAPI, thus
dampening ubiquitination, and enhancing protein abundance
(29). The mixed lineage leukemia 5 (MLL5) protein forms a stable
complex with OGT and ubiquitin specific protease 7 (USP7),
and OGT suppresses MLL5 ubiquitination and increases its
stability (30). The histone methyltransferase enhancer of zeste
homolog 2 (EZH2) is O-GlcNAcylated at S75, which maintains its
protein stability (31). Besides proteasome-mediated degradation,
ubiquitination also plays other roles in signal transduction.
And crosstalks have also been identified in these scenarios. For
instance, O-GlcNAcylation of DNA polymerase Poln promotes
its polyubiquitination and subsequent removal from replication
forks (32).

With more people joining in the O-GlcNAc venture,
communication among O-GIcNAc and more PTMs, such as
methylation, SUMOylation, acetylation, ADP-ribosylation is
bound to be unveiled.

THE TOOLBOX OF O-GLCNAC RESEARCH

As the Chinese saying goes, “Nice craftsmanship entails
utilization of nice tools.” The toolbox of O-GlcNAc has been
limited, compared to other PTMs, e. g., phosphorylation
and ubiquitination. The common practice to identify O-
GlcNAcylated proteins is by immunoprecipitating (IP) proteins
of interest, then immunoblotting (IB) with O-GlcNAc antibodies.
Below we will briefly delineate the lab routine to identify and
study protein O-GlcNAcylation.

Antibodies

O-GIcNAc antibodies encompass RL2 and CTD110.6, among
others (33). CTD110.6, an IgM, recognizes YSPTS(O-
GIcNAc)PSK  and also non-specifically binds terminal

pB-linked-GlcNAc (B-GlcNAc) and other N-glycan cores (34).
RL2, on the contrary, is an IgG, and its antigen is pore complex-
lamina fraction purified from rat liver nuclear envelopes
(34). The RL2 and CTD110.6 are considered pan-O-GlcNAc
antibodies, and might be promiscuous. They have overlapping,
yet somewhat distinct ranges of protein targets. Hence it has
been recommended to adopt both antibodies to conclude the
O-GIcNAc modification. Alternatively, GlcNAc could be added
during antibody blotting to compete against antibody binding,
so that signals from O-GlcNAcylated proteins could be validated
(35).

Another method is to perform in vitro O-GlcNAcylation
assays. Using tritiated UDP-Galactose (UDP-[>H]-Galactose) as
a donor, the addition of “hot” O-GIcNAc onto proteins can be
traced. However, this is not a trivial experiment. First, the OGT
enzyme is sensitive to salt and reducing agents, thus the purified
proteins need to be desalted (36). Second, tritium has a long
half-life of 12.3 years, so the storage of residue materials is a
valid concern. Third, tritium is not as sensitive as 3P, hence

autoradiography might take an extended period of time to be
detected. Alternatively, RL2 and CTD110.6 could be used in IB
experiments on the in vitro reaction products (37), thus avoiding
the tritium issue.

Inhibitors

The aforementioned identification of O-GlcNAcylated proteins
could be facilitated by using OGA inhibitors, thus enhancing
O-GlcNAc signals (36). Two most commonly utilized OGA
inhibitors are O-(2-acetamido-2-deoxy-D-glucopyranosylidene)
amino N-phenylcarbamate (PUGNAc) and Thiamet-G (TMG).
PUGNAc is a 1,5-hydroximolactone. It is a non-selective
inhibitor of OGA and inhibits glycosyl hydrolases in general,
in particular lysosomal hexosaminidases (38). Treating 3T3-L1
adipocytes with PUGNACc increased globular O-GlcNAc levels
and resulted in insulin resistance, the hallmark of diabetes (39),
consistent with the current view that elevated O-GlcNAcylation
correlates with diabetes. However, such effects could not be
repeated by treating cells or animals with TMG (40). Since TMG
is more specific for OGA compared to PUGNAc, the results
above suggest that the effect of PUGNAc was non-specific. It is
more promising in treating AD, as treating AD mice with TMG
increased Tau O-GlcNAcylation, attenuated Tau phosphorylation
and hence aggregation, thus opening new venues for AD therapy
(11).

Unlike OGA inhibitors, OGT inhibitors have been difficult
to come along (38). Alloxan is the first reported inhibitor for
OGT (41). As a uracil analog, it inhibits OGT, but its toxicity
affects many cellular processes (41). Other inhibitors have been
used anecdotally. 6-diazo-5-oxo-L-norleucine (DON), which
is an inhibitor of glutamine-utilizing enzymes, such as the
CTP synthase (CTPS) and NAD synthase, has been shown to
inhibit O-GlcNAcylation (35). Two OGT inhibitors have been
reported recently. One is a naturally produced OGT inhibitor,
LO1 (42), whose effects are yet to be tested. The other is uridine
diphospho-5-thio-N-acetylglucosamine (UDP-5SGIcNAc), a
substrate analog of O-GlcNAc that might be a competitive
inhibitor of OGT (43). When the inhibitor per-O-acetylated
2-acetamido-2-deoxy-5-thioglucopyranose (Ac-5SGIcNAc) is
added into cells, it is coverted to UDP-5S-GlcNAc, which is the
most frequently used OGT inhibitor today (44-46).

Mass Spectrometry (MS)

Last three decades have witnessed significant strides in
developing MS instruments, especially electron transfer
dissociation (ETD) MS (47, 48) and higher energy collisional
dissociation (HCD) MS (49). These two apparatuses differ greatly
from each other: HCD cannot specify the amino acid that is
modified, while ETD is only efficient toward peptides. For more
details about identification of O-GlcNAc sites by MS, please refer
to a more in-depth review (33).

Mutagenesis Studies

Following MS, the potential sites will be mutagenized to confirm
whether they are indeed the modification sites. O-GlcNAc-
deficient mutations are normally Ser/Thr to Ala, but O-GlcNAc-
mimicking mutations are not well defined. Wang et al. (50)
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mutated the O-GlcNAc sites of the Ser/Thr kinase AKT1, T305,
and T312, to Tyr, to mimic the bulky steric hindrance imposed by
the O-GIcNAc moiety. But it has not been commonly adopted.

The mutant proteins will subsequently be IBed against the O-
GIcNAc antibodies, RL2 and CTD110.6. Site-specific O-GlcNAc
antibodies are yet to be developed, unlike site-specific phospho-
antibodies, which have been a standard practice to study protein
phosphorylation.

Most of the time, MS identifies more than one O-GlcNAc
site (32, 51, 52). It has been noted that in this scenario,
single mutants will sometimes display elevated O-GlcNAcylation,
while the double/triple/quadruple mutants will down-regulate
O-GlcNAcylation (32, 51, 52). The single residue might be a
preferred modification site, the abolishing of which might result
in prolonged interaction between OGT and the target protein.
But the exact molecular details are lacking.

O-GLCNAC REGULATES CELL CYCLE
PROGRESSION

The cell cycle, comprising G1, S, G2, and M phases, has entranced
biologists from the earliest times. How is the genomic DNA
faithfully replicated? How is the chromosome segregation process
synchronized? How do the two daughter cells part from each
other? These are just a few questions that have baffled biologists
and the answers are still much sought after.

As has long been appreciated, the faithful execution and
success completion of cell cycle is governed by a multitude of
master kinases, phosphatases, ubiquitin E3 ligases and a network
of protein machineries. Recent years have witnessed a surge of
reports on the role of OGT in the cell cycle. Henthforth, we will
first have a bird’s eye view on the role of OGT, and then delve
into the substrates of O-GIcNAc in cell cycle (Tables 1, 2). Of
note, these tables are by no means comprehensive. Table 2 only
contains proteins whose molecular mechanism is well studied.
Many other proteins have been identified in many proteomic
screens, but their functional significance is not well understood.

An Overall Role of OGT/OGA in the Cell
Cycle

Although a late comer to the cell cycle arena, there has been
mounting evidence that OGT underscores cellular proliferation
(67).0-GlcNACc levels fluctuate during distinct phases of the cell
cycle. Upon entering the S phase, the OGA activity increases and
the global O-GIcNAc levels decrease (53). During G2/M, reports
have been incongruous. In X. laevis oocytes, global increase of O-
GIcNAc is discernable during G2/M transition (55). In cultured
mammalian cells, however, increased O-GlcNAc delays G2/M
transition (54), and OGA disruption hinders G2/M transition
(56). The discrepancy could be partly due to different species.
During mitosis, O-GIcNAc levels decrease (54, 57). OGA
disruption results in lagging chromosomes and micronuclei
(60), and stable OGA knockdown HeLa cell lines manifest
aberrant spindles and mitotic exit effects (61). Meanwhile, OGT
overproduction leads to chromosome bridges and delays mitosis
(50). The mitotic spindle is an important apparatus to ensure

accurate chromosome segregation (68), and its integrity impinges
on the appropriate level of O-GlcNAcylation, as either OGT or
OGA overproduction leads to aberrant mitotic spindles (69).

During cytokinesis, both OGA disruption and OGT
overexpression lead to polyploidy and cytokinesis failure
(26, 54, 60). Studies from our lab show that Chkl phosphorylates
OGT at S20 specifically during cytokinesis (26). This
modification stabilizes OGT abundance and ensures a sufficient
level of pS71 of vimentin (26). Thus OGT knockdown leads
to vimentin bridges (26). In sum it is suffice to say that an
appropriate O-GlcNAc level is pivotal for all phases. If chemical
interrogation or genetic ablation renders O-GlcNAc above or
below that level, cellular reproduction will be seriously affected.

Cytologically, OGT localizes to the spindle during M phase
(54, 58). And it localizes to the midbody during cytokinesis
(26, 54, 57). The localization pattern of OGA is quite different.
At mitosis, OGA is ubiquitous, but absent from the newly
formed nuclear membranes of the two daughter cells (54).
During cytokinesis, OGA is diffused, without a distinct midbody
localization (57).

O-GlcNAc and the Mitotic Master Kinases

Are Intertwined

A link between O-GIcNAc and the mitotic master kinases have
also been identified. The cell cycle is regulated by a concerted
choreography of cyclins and CDKs (70). Investigations show that
O-GlcNAc modulates cyclin stability. To begin with, cyclin D
abundance increases during G1 and declines in S and M phases.
OGA overproduction delays the increase of cyclin D (54), while
OGT overproduction constitutively decreases cyclin D levels,
partly due to delayed mitosis (54). Another example is cyclins
A and B. Cyclin B peaks during prophase and decreases during
metaphase, and cyclin A peaks in G2. In cells that overproduce
OGT or OGA, protein abundance of cyclins A and B fails to
decline, probably due to mitotic exit defects (54).

O-GIcNAc regulates two key mitotic kinases, CDK1 and Plk1
(Figure 1). CDK1 regulates Plkl through Myosin phosphatase
targeting protein 1 (MYPT1), which is a targeting subunit of
protein phosphatase 1cf(PP1cf) (72). During mitosis, Cdkl
phosphorylates MYPT1 at S473, creating a binding pocket
between MYPT1 and Plkl. Thus MYPT1 recruits PP1cf to
dephosphorylate Plk1 at pT210, the activation phosphorylation
site (71). Intriguingly, MYPT1 is also a targeting subunit of OGT
in neuroblastoma cells (73), raising the tantalizing possibilty that
MYPT1 targets both PP1f and OGT to the same substrate, so
that the substrate protein could be dephosphorylated and O-
GlcNAcylated simultaneously. Indeed, Plkl is identified to be
O-GlcNAcylated in an in vitro OGT assay (74), but whether this
occurs in vivo, or O-GlcNAcylation interplays with pT210 of Plk1
is elusive. To add yet another layer of complexity, MYPT1 itself
is O-GlcNAcylated (73). We are yet to find out the exact function
of this PTM.

Overproduction of OGT decreases mRNA levels of Plkl
and therefore Plkl protein levels, which further decreases
the abundance of Membrane Associated Tyrosine and
Threonine cdc2 inhibitory Kinase (MYT1) and increases
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TABLE 1 | Effects of OGT and OGA on cell cycle progression.

Cell cycle 0O-GicNAcylation levels OGT localization patterns, OGA localization patterns,
phase overproduction/deletion studies overproduction/deletion studies
S phase O-GIcNAc decreases (53) OGA activity increases (53)
G2/M Increased O-GIcNAc delays G2/M in OGA inhibition hampered G2/M transition (56)
cultured cells (54).
Increased O-GIcNAc is observed in G2/M
entry in X. laevis (55).
M phase O-GIcNAc levels decrease (54, 57) OGT localizes to the spindle (58). OGA is ubiquitous, but absent from the newly
formed nuclear membranes of the two
daughter cells (54).
OGT protein amounts decrease (58). OGA disruption results in lagging
OGT mRNA levels decrease (59) chromosomes and micronuclei (60);
OGT overproduction leads to chromosome bridges, OGA knockdown Hela cell lines manifested
inhibits CDK1 activity (50), reduces both mRNA and spindle defects and mitotic exit effects (61)
protein levels of Polo-like kinase 1 (PLK1) (50).
Cytokinesis OGT localizes to the midbody (26, 57). OGA is diffuse, not at the midbody (57).

OGT deletion results in vimentin bridges (26).

OGA disruption leads to cytokinesis failure (60)

OGT overexpression results in polypoidy (26, 54).

TABLE 2 | O-GlIcNAcylated proteins during the unperturbed cell cycle*.

Cell cycle phase Protein name Molecular details References
G1 phase Retinoblastoma (Rb) Rb is O-GIcNAcylated in vitro and in vivo. And this modification increases in G1. (62)
Minichromosome maintenance protein Mcm3,6,7 are O-GlcNAcylated. (53)
(MCM)
M phase Histone 3 (H3) H3 is O-GIcNAcylated at T32, and antagonizes phosphorylation at S10 of H3. (56)
Increasing UDP-GIcNAc suppresses phosphorylation at S10 of H3. (63)
Cdh1 Cdh1 is O-GlcNAcylated in both cultured cells and mouse brain extracts. O-GIcNAc (51)
antagonizes its phosphorylation, promotes its interaction with Anaphase Promoting
Complex/Cyclosome (APC/C) and enhances the activity of APC/C.
NuMA1 O-GlcNAcylated NUMAT interacts with Galectin-3, localizes to the spindle pole, (64)
essential for mitotic spindle cohesion
Ewing Sarcoma Breakpoint Region 1 EWS is O-GlcNAcyated to promote its nuclear localization. (65)
(EWS) O-GlcNAc of EWS increases in OGA KO cells, resulting in uneven distribution of the 61)
spindle mizdone
Cytokinesis Vimentin Vimentin is O-GIcNAcylated. During cytokinesis, O-GlcNAcylation promotes (57)
phosphorylation of S71 of vimentin, results in vimentin filament disassembly and (26, 66)

ensures a complete cytokinesis.

“This table only contains proteins whose molecular mechanism is well studied. Many other proteins have been identified in many proteomic screens, but their functional significance is

not well understood.

the activity of MYT1. As MYT1 phosphorylates CDK1 in an
inhibitory manner, thus OGT overexpression increases the
inhibitory phosphorylation of CDKI1 (50). Another branch
of the network concerns Cdc25, the activating phosphatase
of CDK1. On one hand, Plkl phosphorylates Cdc25, which
in turn dephosphorylates and activates CDKI. On the other
hand, OGT overproduction curbs mRNA levels of Cdc25 and
subsequent protein levels, thus inactivating CDK1 (50). In
sum, O-GIcNAc exerts its role through protein abundance
at the transcriptional level. OGT overproduction increases
the inhibitory phosphorylation of CDKI, and decreases
phosphorylation levels of its substrates (50).

A third key kinase, Aurora B, is also extensively studied (75).
Aurora B is a component of the chromosomal passenger complex
(CPC) that also comprises INCENP, Survivin, and Borealin. CPC

is an essential driver of the late mitotic events, including assembly
and disassembly of the mitotic spindle, activation of the spindle
assembly checkpoint and cytokinesis (75). Both OGT and OGA
are in a complex with Aurora B and protein phosphatase 1
(PP1) during M phase by coIP studies (57). Moreover, chemical
inhibition of Aurora B enhances OGT protein abundance and
therefore cellular O-GlcNAcylation levels during M phase (57).
Importantly, the spindle localization of OGT is derailed by
Aurora B inhibition (57). It will be of particular interest to
investigate whether Aurora B phosphorylates OGT or OGA in
due course.

O-GlIcNAcylated Proteins in the S Phase

The retinoblastoma protein (RB) is a classical tumor suppressor
that is key for the replication process (76). In the G1 phase,
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| MYPT1 I

FIGURE 1 | The interlinked network between O-GIcNAc and mitotic kinases.
Our current understandings comprise three branches. During mitosis, CDK1
phosphorylates MYPT1 to promote its interaction with Plk1. MYPT1 recruits
PP1cp to dephosphorylate and inactivate Plk1 (71). In the second branch,
OGT decreases Plk1 protein levels, which further increases MYT1 levels and
decreases MYT1 phosphorylation. As MYT1 inhibits CDK1 by
phosphorylation, OGT thus promotes inhibitory phosphorylation of CDK1. In
the third branch, OGT inactivates CDK1, via down-regulating the mRNA levels
of Cdc25-the activating phosphatase of CDK1 (50). Whether OGT is
enmeshed in the MYPT1 branch is not understood. Kinases are in circles,
phosphatases are in triangles, MYPT1 is in a square and OGT is in a hexagon.
Lines in black denote direct effects (phosphorylation or dephosphorylation),
and lines in red demarcate indirect effects (MRNA or protein levels).

Rb is hypophosphorylated and binds the transcription factor
E2F-1, an essential transcription factor for many S phase
genes. In the late Gl phase, Rb is hyperphosphorylated
by CDKs, thus releasing E2F-1 to transcribe downstream
S phase genes (76). Consequently, cells will enter S phase.
Both in vitro and in vivo experiments show that Rb is O-
GlcNAcylated, with the highest O-GIcNAc levels in the Gl
phase, suggesting that O-GlcNAcylation of Rb antagonizes CDK-
dependent phosphorylation and inactivates the transcriptional
activities of E2F1 (62). It will be of further interest to pinpoint
the modification residues and study its effects on cell cycle.

Conversely, the transcription levels of OGT and OGA are also
regulated by Rb/E2F1 (77). OGT and OGA expression is reduced
by overproduction of E2F1 in HEK293 cells and is increased
in E2F17/~ mouse fibroblasts and Rb™/~mouse embryonic
fibroblasts (MEFs). E2F1 overproduction does not change OGT
or OGA expression levels in Rb~/~MEFs, suggesting that E2F1
negatively regulates OGT and OGA expression in an Rb-
dependent manner (77). Mechanistically, consensus E2F binding
sequences were identified on OGT and OGA and confirmed
by reporter-based assays and in silico modeling (77). Therefore,
expression of OGT or OGA is not constant, but subject to
multiple layers of regulations.

The minichromosome maintenance (MCM) replicative
helicase, comprising Mcm2-7, is loaded onto the DNA in the
G1 phase, thus restricting one round of DNA replication per
cell cycle (78). The Mcm2-7 is activated in S phase to unwind
DNA. Investigations have shown that loading and activation
never occur concomitantly, and not all MCMs loaded are
activated in one cell cycle (79). Based on the recent cryoelectron
microscopy (cryo-EM) data, an elaborate Acrobat Model has

been proposed to elucidate how the MCMs are loaded to form
a double hexamer (80). Phosphorylation (79), SUMOylation
(81), and ubiquitination (82, 83) have been identified to distinct
subunits of MCMs to regulate their recruitment, activation and
disassembly. Interestingly, MCM3, 6, 7 are O-GlcNAcylated,
with the alteration pattern of Mcm?7 different from Mcm3 and 6
(53). The significance of this modification is still up in the air.

O-GilcNAcylated Proteins in Mitosis

All four core histones, H2A, H2B, H3, and H4 are found
to be O-GlcNAcylated (63). By centrifugal elutriation, histone
O-GlcNAcylation is found to be high in the G1 phase,
decreases during the S phase and elevates during S/G2
transition (63). Glycosylated H3, specifically, is higher in
interphase than mitosis (56). Histone H3 Ser10 phosphorylation
(H3pS10), a landmark of mitosis, is interconnected with O-
GlcNAcylation. Mechanistically, H3 is O-GlcNAcylated at T32,
and O-GlIcNAcylated H3 reduces H3pS10 (56). In general,
overproduction of OGT increases H3K9Ac and H3K27me3 levels
in mitosis, decreases H3pS10 levels in mitosis and decreases
H3R17me2 levels in both asynchronous and mitotic cells (58).

Besides histones, our study about Fizzy-related protein
homolog (Cdhl) provides another example of the yin-yang
paradigm of O-GlcNAc. Cdhl is the coactivator of the E3 ligase,
anaphase promoting complex (APC), and is phosphorylated at
multiple sites (84), with four significant phosphorylation residues
at S40, T121, S151, and S163 suppressing the activity of APC
(85). O-GlcNAc of Cdhl has been identified in vitro (86). Our
assays reveal that O-GlcNAcylation occurs at a peptide harboring
$40, and O-GIcNAcylation antagonizes phosphorylation, thus
activating APC (51).

The proto-oncoprotein Ewing Sarcoma Breakpoint Region
1 (EWS) binds with both RNA and DNA and localizes to the
nucleus, cytosol and cell membranes. Upon adipogenic stimuli
EWS is O-GlcNAcylated, which partly promotes its nuclear
localization (65). In mitosis, EWS recruits Aurora B and CPC
to the spindle midzone (87). In OGA-knockdown cells, O-
GlcNAcylation of EWS elevates significantly, resulting in uneven
distribution of the spindle mizdone (61).

In an extensive glycoproteomic and phosphoproteomics
screen, 141 new O-GlcNAc sites were pinpointed on proteins
involved in the spindle apparatus and cytokinesis (50). Many
proteins involved in mitosis have also been identified to be O-
GlcNAcylated, including the nuclear mitotic apparatus protein
1 (NuMA1), nuclear pore protein 153 (Nupl153) and BRCA2-
interacting transcriptional repressor EMSY (50). Follow-up
investigations reveal that NuMA1 interacts with Galectin-3 in
an O-GlcNAcylation-dependent manner (64). Galectin-3 is a
small soluble lectin of the Galectin family that localizes to
the centrosomes. The newly identified Galectin-3-O-GlcNAc-
NuMA1 complex not only localizes NuMAL to spindle poles, but
also is essential for mitotic spindle cohesion (64).

Paradoxically, OGT itself is subject to O-GlcNAcylation
(58, 88), which is completely abolished during mitosis, and
reappears in G1 (58). It will be an intriguing possibility that O-
GlcNAcylation of OGT itself promotes its own stability, so that its
abundance declines when the modification drops. Further studies
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will surely provide more mechanistic insights of O-GIcNAc in
mitosis.

O-GilcNAclated Proteins in Cytokinesis
Vimentin is an intermediate filament protein, and there
have been a few reports on its O-GlcNAcylation. Vimentin
is O-GlcNAcylated during M phase, and is also subject to
phosphorylation by Cdk1, Plk1, Aurora B, and Rho kinase (21—
25, 57). In vitro studies suggest that vimentin interacts with
GlcNAc-bearing polymers, which promotes phosphorylation of
vimentin S71 (66). Cellular assays suggest that vimentin pS71
levels increase when either OGT or OGA is overexpressed (57).
Our studies show that when cells are synchronized in cytokinesis,
O-GlcNAcylation of vimentin promotes pS71 (26). OGT
knockdown by siRNA significantly attenuates vimentin pS71,
thus forming elongated vimentin bridges during cytokinesis,
and impeding daughter cell separation (26). Moreover, Chkl,
a kinase pivotal for both DDR and cytokinesis, phosphorylates
OGT at S20 specifically during cytokinesis. This phosphorylation
is vital for OGT to localize to midbodies and maintain cellular O-
GlcNAcylation levels (26). Thus, OGT-S20A mutant cells display
vimentin bridge defects due to compromised O-GlcNAcylation
levels and consequently quench pS71 of vimentin (26). It will
be of keen interest to explore more O-GlcNAcylated proteins in
cytokinesis.

O-GLCNAC IN THE DDR: A GUARDIAN OF
THE GENOME

Our discussion on cell cycle events will not be complete without
DDR. The genomic DNA is subject to many intrinsic or
extrinsic lesions, such as double-strand breaks (DSBs), DNA
crosslinking damage or DNA alkylation damage. Failure to repair
these damages will lead to not only chromosomal abnormalities
on the cellular level, but also fatal diseases such as cancer
(89). Facing these genomic insults, organisms develop elaborate
surveillance mechanisms-DNA damage checkpoints-to ensure
genome integrity (90). The term “checkpoint” was coined by
the Nobel Laureate, Dr. Leland Hartwell, almost three decades
ago to describe the series of concerted responses to deleterious
signals, including cell cycle arrest, transcription activation or
suppression, and DNA repair. If the damage is beyond repair,
then cells might undergo senescence or apoptosis (91).

In-depth investigations have identified an extensive network
of proteins as guardians of our genomes to sense, mediate,
and repair the damages (92). And these proteins are subject to
phosphorylation, mono- or polyubiquitination, or SUMOylation.
The very first step in the DDR pathway is the phosphorylation
of H2AX (yH2AX) by a group of phosphatidylinositide-3 (PI-
3)-like kinases, including ataxia telangiectasia mutated (ATM),
ATM, and Rad3 related (ATR) and DNA-dependent protein
kinase (DNA-PK) (92). Then yH2AX is recognized by checkpoint
mediator proteins, such as mediator of DNA damage checkpoint
protein 1 (MDC1). MDC1, along with other mediators, is
phosphorylated by ATM, and the DDR signal is propagated
downstream to transducer kinases, such as Chkl and checkpoint

kinase 2 (Chk2) (92), to execute homologous recombination
(HR) or non-homologous end joining (93) and other repair
pathways (92) (Figure 2).

As O-GlcNAcylation is deemed as a stress signal, its effects
on DNA damage have been of intense interest. As early as
2004, global O-GlcNAcylation levels were investigated after cells
were irradiated by the ultraviolet (UV)-B light for 90s, then
recovered for 8h. It was discovered that O-GIcNAc increased
dose-dependently on the UV radiation durations (95). Then in
2015, a comprehensive proteomic study using OGT-null MEFs
demonstrated that 232 phosphosites were upregulated compared
with OGT wild-type cells (20), among which were ATM pS1987
and Chk1 pS317. Recently, O-GlcNAc was caught at the scene of
crime. DNA damages increase O-GIcNAc levels at the damage
sites, where both OGT and OGA are recruited (96). OGT
abrogation reduces cell viability during DDR (96).

DNA damages: e.g. Double-strand breaks
(DSBs), DNA crosslinking damage or DNA
alkylation damage

!

Sensor proteins: yH2AX, MRE11/RADS0/NBS1

|

Scaffold proteins,
eg., MDC1

Regulatory proteins,
eg., ps3

!

Downstream
kinases

Effector proteins

R

Cell cycle arrest DNA repair Apoptosis

FIGURE 2 | A simplified diagram of the DDR network adapted from Furgason
and Bahassi (94). When genomic DNA is faced with various DNA damages,
such as but not limited to DSBs, DNA crosslinking damage or alkylation
damage, sensor proteins such as yH2AX and the MRE11/RAD50/NBS1
(MRN) complex will then recruit and activate the PIKK kinases, including ATM,
ATR and DNA-PK. These PIKK kinases will then phosphorylate downstream
targets, including scaffold proteins, regulatory proteins and downstream
kinases. Upon activation, these proteins will subsequently phosphorylate
effector proteins to undergo cell cycle arrest, DNA repair or apoptosis. For a
detailed mechanistic analysis of the DDR, please refer to Ciccia and Elledge
(92).
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TABLE 3 | O-GlcNAcylated proteins during the DNA damage response.

Protein name Molecular mechanisms References
Histone H2AX (H2AX) H2A is O-GlcNAcylated at T101 at basal levels, and at S139 upon DDR. (96)
Histone 2B (H2B) DSBs induce O-GIcNAcylation at S112 of H2B, leading to its binding with Nijmegen breakage syndrome 1 97)
(NBS1), mediating focus formation of NBS1 and subsequent homologous recombination (HR) and
nonhomologous end-joining (NHEJ)
Histone 2A (H2A) Camptothecin (CPT) or Etoposide (ETP) induces O-GlcNAcylation at S40 of H2A, which colPs with acetylated (98, 99)
H2AZ and yH2AX. O-GlcNAcylated H2AS40 localizes to DNA damage sites. Its aberration prevents
recruitment of DNA-PKcs and Rad51.
Ataxia-telangiectasia mutated (ATM)  In Hela and primary neuron cells, ATM interacts with OGT and is O-GlcNAcylated. O-GlcNAcylation (100)
enhances X-ray induced ATM activation at S1981.
In mouse embryonic fibroblasts (MEFs), OGT deletion upregulates ATM activation at S1987. (20)
DNA-dependent protein kinase DNA-PK is O-GlcNAcylated, and this modification increases upon (101)
(DNA-PK) ER stress, but not upon oxidative stress, osmotic stress, or double-strand breaks (DSBs).
Mediator of DNA damage checkpoint  O-GIcNAcylation of H2AX suppresses its expansion on chromatin during DDR. (96)
protein 1 (MDC1), MDC1 is O-GlcNAcylated upon DDR, which antagonizes its phosphorylation.
Poln O-GlcNAcylation at T457 of Poly promotes CRL4CPT2-dependent Poln polyubiquitination at K462 and (32)

subsequent p97-dependent removal from replication forks, ensuring translesion DNA synthesis (TLS)

In spite of the significance of DDR, a search of “O-
GIcNAc, DNA damage response” in the PubMed only yielded
12 publications. The 2015 quantitative phosphoproteomics study
(20) thus provides us a timely route map to explore this
uncharted territory. Herein we will review the O-GlcNAcylated
DDR proteins, and more importantly, its underlying molecular
underpinnings (Table 3).

O-GicNAcylation of Histones

Histone modification is integral to epigenetics, and OGT has
been central to epigenetics (102). Here we will only cover histones
involved in DDR, including H2AX, H2AS40, and H2B.

Histone H2A has many variants (103) and YH2AX is vital to
DDR. H2AX is O-GlcNAcylated at T101 at basal levels and at
$139 upon DDR, which restricts the expansion of damage signals,
thus limiting DDR (96).

Viviparous animals have either Ser40 (S40) or Ala40 (A40)
types of H2A, while non-mammals only have A40 (98, 99).
Specific to viviparous organisms, Camptothecin (CPT) or
Etoposide (ETP) (both inhibitors for Topoisomerase) induce O-
GlcNAcylation at S40 of H2A (98, 99). This modification interacts
with yH2AX, recruits DNA-PK and the recombinase Rad51 to
the damage sites, and facilitates DDR (98, 99).

Besides H2AX and H2AS40, H2B is O-GlcNAcylated at S112
upon DSBs (97). Then the O-GlcNAcylated H2B binds with the
Nijmegen breakage syndrome 1 (NBS1) protein, promoting its
recruitment to DSBs and the following repairing events.

O-GlIcNAc of Kinases and Scaffolds
Among the DDR proteins, the ATM, DNA-PK kinases, and
the scaffold protein MDCI have been reported to be O-
GlcNAcylated. O-GlcNAc of DNA-PK is elevated upon ER stress,
but not during oxidative, osmotic or DSB stresses (101). The
mediator MDCI1 is also O-GlcNAcylated, which counteracts
ATM-dependent phosphorylation (96).

Reports about ATM have been controversial. Miura et al.
(100) reported that in HeLa cells and primary cultured neurons

ATM is O-GlcNAcylated (with CTD110.6) and endogenous ATM
colPs with OGT. O-GlcNAc of ATM enhances ATM activation
at S1981 upon X-ray (100), thus O-GlcNAc plays a positive
role. Meanwhile, Zhong et al. (20) failed to detect O-GlcNAc
of ATM in MEFs. OGT deletion upregulates the activation
phosphorylation of ATM at S1987 (the mouse equivalent of
human S1981) (20), thus OGT plays a negative role. The
discrepancy might lie in different species. Phosphorylation of
S1981 has been a hallmark of ATM activation in humans, but
mutation of S1987 to Ala does not impede ATM function in mice
(104, 105). More in-depth studies are needed to solve the mystery.

The exact modification sites of these proteins were not
investigated, probably because ATM, DNA-PK, and MDCI1
are all large proteins. Fragmentation studies and precise
site. mapping will be needed in the future. And whether
there are other distinctions between mice and humans,
as far as O-GIcNAc is concerned, is at anyones wild
guess.

OGT in DNA Translesion Synthesis (TLS)

TLS utilizes a flurry of distinct and specialized DNA polymerases
to replicate damaged regions of DNA (106). Poln is specifically
involved in replicative bypass of cyclobutane pyrimidine dimers
(CPDs) induced by UV, as well as damages induced by cisplatin
(107). It is error prone, with an error rate of 1072-1073, thus it is
vital to timely remove Poln after DDR.

A peptide of Poln was O-GlcNAcylated in vitro (86) and T457
was identified to be O-GlcNAcylated upon DDR in cultured cells
(32). This modification promotes polyubiquitination at K462 and
subsequent removal of Poln from replication forks. Moreover,
O-GlcNAcylated Poln is essential for cisplatin-induced
DDR. The deficient T457A mutant enhances UV-induced
mutagenesis and also increases cellular sensitivity to cisplatin
(32).

Collectively, the reports of OGT in DDR are emerging. From
the current few investigations, O-GlcNAc seems to play an overall
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positive role: OGT is recruited to damaged sites, where it helps
recruit NBS1; it antagonizes phosphorylated H2AX and MDCl1
to restrict damage signal expansion; it promotes error-prone
Poln to dissociate from chromatin after TLS to bypass UV-
induced CPDs. Considering that DDR utilizes distinct pathways
in response to each and every DNA damage type, we need more
time and energy to elucidate how O-GlcNAc fine-tunes the DDR
process.

CONCLUSIONS

In less than two score years, great strides have been made in
the field of O-GlcNAcylation. We have witnessed really exciting
things in glycobiology, and its utilization in medicine and
clinical practice. As we have realized, most bedside applications
will depend on our understandings of underlying molecular
mechanisms to the ultimate level of resolution. Achieving that
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Apart From Rhoptries, Identification
of Toxoplasma gondii’s
O-GlcNAcylated Proteins Reinforces
the Universality of the O-GlcNAcome

Moyira Osny Aquino-Gil >3, Mattis Kupferschmid*, Hosam Shams-Eldin*, J6rg Schmidt?,
Nao Yamakawa', Marléne Mortuaire’, Frédéric Krzewinski', Stéphan Hardivillé',

Edgar Zenteno®, Christian Rolando®, Fabrice Bray®, Eduardo Pérez Campos 23,
Jean-Francois Dubremetz’, Yobana Perez-Cervera®®, Ralph T. Schwarz"* and
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"Univ. Lille, CNRS, UMR 8576, UGSF, Unité de Glycobiologie Structurale et Fonctionnelle, Lille, France, 2 Instituto
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Normales et Pathologiques, Université Montpellier, Montpellier, France

O-linked  B-N-acetylglucosaminylation or O-GlcNAcylation is a widespread
post-translational modification that belongs to the large and heterogeneous group
of glycosylations. The functions managed by O-GlcNAcylation are diverse and include
regulation of transcription, replication, protein’s fate, trafficking, and signaling. More and
more evidences tend to show that deregulations in the homeostasis of O-GIcNAcylation
are involved in the etiology of metabolic diseases, cancers and neuropathologies.
O-GIcNAc transferase or OGT is the enzyme that transfers the N-acetylglucosamine
residue onto target proteins confined within the cytosolic and nuclear compartments.
A form of OGT was predicted for Toxoplasma and recently we were the first to show
evidence of O-GlcNAcylation in the apicomplexans Toxoplasma gondii and Plasmodium
falciparum. Numerous studies have explored the O-GIcNAcome in a wide variety of
biological models but very few focus on protists. In the present work, we used enrichment
on sWGA-beads and immunopurification to identify putative O-GlcNAcylated proteins
in Toxoplasma gondii. Many of the proteins found to be O-GlcNAcylated were originally
described in higher eukaryotes and participate in cell shape organization, response to
stress, protein synthesis and metabolism. In a more original way, our proteomic analyses,
confirmed by sWGA-enrichment and click-chemistry, revealed that rhoptries, proteins
necessary for invasion, are glycosylated. Together, these data show that regardless of
proteins strictly specific to organisms, O-GlcNAcylated proteins are rather similar among
living beings.

Keywords: T. gondii, O-GlcNAcome, O-GlcNAcylation, proteomics, toxoplasmosis, rhoptries
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Aquino-Gil et al.

Exploring 7. gondii’s O-GIcNAcome

INTRODUCTION

Most of the proteins are subjected to covalent chemical
modifications that occur co- or post-translationally. Post-
translational modifications (PTMs) are very diverse and consist
in the addition—usually enzymatically—of simple or complex
(e.g., peptides, proteins, glycosylphosphatidylinositol) groups,
or in the proteolytic cleavage to enlarge the complexity of
the proteome (1). To date, many hundreds of PTMs have been
described among which are found a wide variety of glycosylations
including the O-linked P-N-acetylglucosaminylation (O-
GlcNAcylation). O-GlcNAcylation is a modification of cytosolic,
nuclear and mitochondrial proteins by a single residue of
N-acetylglucosamine transferred from UDP-GIcNAc which
is provided by the hexosamine biosynthetic pathway (HBP).
O-GlcNAcylation cycles on and off targeted proteins, and the
addition and hydrolysis of the GIcNAc moiety is respectively
controlled by OGT (O-GlcNAc transferase) and OGA (O-
GlcNAcase) (2, 3). The functions managed by O-GlcNAcylation
abound as testified by the non-exhaustive list of processes in

which the PTM is involved: cell signaling, adaptation to stress,
epigenetics, gene expression, protein synthesis and degradation,
glycolysis, glucose sensing, enzymatic activity, circadian clock,
immune response [for recent reviews see (3-6)]. Regulation
of protein-to-protein interactions by O-GlcNAcylation (1, 7)
directly or in close cooperation with other PTMs (1) seems to
be at the nexus of such diversity of functions. Surprisingly, it
was found that beyond protein O-GlcNAcylation, OGT also
proteolytically processes the cell cycle regulator HCF-1 (Host cell
factor-1) into a mature form through a glutamate glycosylation
dependent manner (8, 9). Deregulations in O-GlcNAcylation
cycling were reported in different human pathologies: cancers,
type-2 diabetes, cardiovascular and neuronal disorders (10).
While extensively studied in cultured cell lines and animal
models, few investigations have been reported regarding O-
GlcNAcylation in intracellular parasites. In the early nineties,
Dieckman-Schuppert and collaborators documented, for the very
first time, O-GlcNAcylation in apicomplexans (11). Analyses of
erythrocytes infected with Plasmodium falciparum indicated that
parasite’s O-glycans exhibiting terminal GIcNAc were O-GlcNAc.
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FIGURE 1 | (A) Parasites were produced either in Vero cells or HFF. After homogenization, proteins were resolved by SDS-PAGE and electroblotted onto nitrocellulose
and probed with anti-alpha-tubulin antibody or with RL2 anti-O-GIcNAc antibody alone or in conjunction with free GICNAc to analyse their purity and their
O-GlIcNAcylation content respectively. (B) Parasites were stained with anti-O-GIcNAc antibody as primary antibody and FITC-labeled anti-mouse as secondary
antibody and imaged by fluorescent microscopy. Controls were done by co-incubation of anti-O-GlcNAc antibody with free GIcNAc and by staining with secondary
antibodies alone.*, unspecific bands. HFF, human foreskin fibroblast; T.g., Toxoplasma gondii; FITC, Fluorescein isothiocyanate.
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Ten years were necessary to identify MSP1 (Merozoite Surface
Protein-1) expressed and GPI-anchored at the cell surface of
P. falciparum to bear O-GlcNAc moieties (12). Nevertheless,
due to its extracellular localization, MSP1 O-glycosylation
is likely related to the extracellular glycosylation and not
to the nucleocytoplasmic O-GlcNAcylation. But, in the late
2000, OGTs expressed by Cryptosporidium parvum, that is
phylogenetically close to Plasmodium and Toxoplasma gondii,
and by the minimalist protist Giardia lamblia were characterized
(13). Later, our team revealed that T. gondii unambiguously
expresses the nuclear and cytoplasmic modification and strongly
suggested its occurrence in P. falciparum (14). Very recently, we
identified 13 O-GlcNAcylated proteins expressed in P. falciparum
among which Hsp70, alpha-tubulin, actin and glycolytic enzymes
(15). In the present report, we used similar approaches and
revealed part of Toxoplasma gondii’s O-GlcNAcome which,
except rhoptry proteins, is very close to those found not only in
Plasmodium falciparum but also in higher eukaryotes. Together,
these findings tend to demonstrate that a large part of the O-
GlcNAcome is universal, that is conserved through species.

MATERIALS AND METHODS

Culture and Preparation of the Parasites

T. gondii grown in African green monkey kidney cells (Vero cells,
ATCC CCL-81) or in human foreskin fibroblast (HFE, ATCC
SCRC-1041), were cultured in DMEM (Dulbecco’s Modified
Eagle Medium, Gibco BRL), and supplemented with 10% (v/v)
fetal calf serum (FCS, Gibco), 2mM glutamine, 100 units/mL

penicillin, and 0.1 mg/mL streptomycin. Parasites (5 x 107)
were added to confluent monolayer of cells (175 cm?), harvested
after being cultivated for 72h, and liberated from their host
cells using a Mixer Mill homogenizer (Retsch). The suspension
was run through a 20 mL glass-wool column to remove cellular
debris. The purity of the tachyzoite suspension was monitored
microscopically. Cell lines and parasites were routinely tested
for Mycoplasma contamination. To control the efficiency of
parasite purification, T. gondii cells liberated from their host cells
were mixed with homogenized Vero cells, and the mixture was
purified using glass-wool columns as described previously (16).

Protein Extraction

The parasites were lysed on ice in the following buffer: 10 mM
Tris/HCI, 150 mM NaCl, 1mM EDTA, 1% (v/v) Triton X-
100, 0.5% (w/v) sodium desoxycholate, 0.1% (w/v) SDS, pH
7,4. After vigorous mixing, the lysate was centrifuged at
20,000¢ for 10min at 4°C. The pellet was discarded and the
supernatant saved for further analyses. For sWGA (succinylated-
Wheat Germ Agglutinin)-beads enrichment, parasites were lysed
in homogenization buffer containing 10 mM Tris/HCl, 1 mM
EDTA, 1 mM EGTA, 0.5% (v/v) Triton X-100, pH 7.5. A cocktail
of proteases inhibitors was added freshly to buffers before use.

SDS-PAGE and Western Blot

Proteins were resolved on 8 or 10% SDS-PAGE and either silver
stained or electroblotted onto nitrocellulose membrane. Equal
loading and transfer efficiency were checked using Ponceau
red staining. Membranes were saturated in 5% (w/v) non-
fatty milk in Tris buffered Saline (TBS)-Tween (15mM Tris,

sWGA-

input bound

T. gondii

l Vero
l Vero
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170
130
100

70

55|

35-

red. Alpha-crystallin was used to control labeling efficiency.

FIGURE 2 | (A) O-GlcNAc-bearing proteins from Vero cells (host cells) and T. gondii were enriched by SWGA-beads. Gels were brilliant blue stained. (B) T. gondii
proteins were analyzed after labeling of the O-GlcNAc-bearing proteins by GalNAz and biotin alkyne using the Click-it™ O-GIcNAc enzymatic labeling system and the
Click-it™ Glycoprotein detection kit as described in the Material and methods section. After labeling, T. gondii samples were separated by SDS-PAGE and Western
blot was performed using HRP-labeled avidin to assess presence of the labeled O-GIcNAc-proteins. Equal loading was controlled by staining proteins with Ponceau
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140 mM NaCl, 0.05% (v/v) Tween) for 1 h or in 5% (w/v) bovine
serum albumin (BSA) in TBS-Tween overnight. The primary
antibodies anti-O-GIcNAc, anti-tubulin and anti-rhoptries were
incubated overnight at 4°C. Then nitrocellulose membranes were
washed three times for 10 min each in TBS-Tween and incubated
with horseradish peroxidase-labeled secondary antibodies for
1h or with avidin-HRP for 45min. HRP-rPVL was used as
previously described (17). Finally, three washes of 10 min each
were performed with TBS-Tween and detection was carried out
with enhanced chemiluminescence (GE Healthcare).

Succinylated-WGA Protein Enrichment

Prior to sWGA-beads enrichment, 500 g of proteins
were incubated with sWGA beads overnight in a buffer
containing 10 mM Tris/HCI, 100 mM NaCl, 0.4% (w/v) sodium

deoxycholate, 0.3% (w/v) SDS and 0.2% (w/v) Nonidet P-40.
Beads were washed four times using the same buffer without and
then with free GlcNAc. After boiling in Laemmli buffer, proteins
were resolved by SDS-PAGE.

Labelling of O-GlcNAcylated Proteins by

Click-Chemistry

Labelling of O-GlcNAc-bearing proteins by GalNAz and biotin
alkyne was done using the Click-it O-GlcNAc enzymatic labeling
system and the Click-it Glycoprotein detection kit (Biotin
alkyne) according to the manufacturer’s instructions (Fischer
Scientific) (18). Bovine a-crystallin was used as a positive
control. After labeling, proteins were precipitated using the
methanol/chloroform protocol and resuspended in 50 wL of
Tris/HCl pH 8.0 containing 0.1% (w/v) SDS. 700 pL of

A sWGA-beads

+ 05MGIcNAC

Rhoptries 1

| Rhoptry 2-4

| Rhoptry 5
7
Rhoptry 7
SAG 1
sWGA beads
- + 0,5MGIcNAc

PVL-HRP

FIGURE 3 | (A) After enrichment on sWGA-beads as described in the materials and methods section, bound proteins were submitted to SDS-PAGE and Western
blot. Membranes were probed with different anti-rhoptries antibodies, anti-SAG 1 antibody or with the lectin PVL-HRP. Specificity of PVL-HRP was confirmed by
incubation in presence of free GIcNAc. (B) T. gondii proteins were enzymatically labeled with GaINAz and then chemically with avidin. Proteins were enriched by
avidin-beads and samples were resolved by SDS-PAGE and western blotted. Membranes were probed with indicated anti-rhoptries antibodies. Control was
performed by staining clicked-proteins with avidin-HRP. Alpha-crystallin was used as a control of labeling.
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enrichment buffer (1% (v/v) Triton X-100 and 0.1% (w/v)
SDS in PBS) was added to the sample before incubating
with 50 pL of avidin-coupled beads (1h, 4°C). Avidin-bound
proteins were collected, washed three times with enrichment
buffer, resuspended in Laemmli buffer and boiled. Controls
of labeling and enrichment followed the same procedure
except that the chemical labeling with UDP-GalNAz was
omitted.

Mass Spectrometry

Proteins from T. gondii were enriched using either sWGA
as specifed above or using the anti-O-GlcNAc antibody RL2
as described in Dehennaut et al. (18). Bound-proteins were
resolved by SDS-PAGE and silver stained or Coomassie blue
stained. Specific bands were excised from the gels. The pieces
of gel were dehydrated using a 50:50 dilution of 50 mM

Ammonium Bicarbonate (Bic) (HPLC Grade, Prolabo) and
Acetonitrile (ACN) (Sigma A) followed by 100% ACN. They
were then reduced in 20mM DTT (Sigma) in 50 mM Bic and
alkylated in 100 mM iodoacetamide (Bio-Rad) in 50 mM Bic.
After washes with ACN/Bic, the bands were digested with 100
200 ng Trypsin Gold (Promega) in 25mM Bic. Extraction
was done using 45% (v/v) ACN and 10% (v/v) formic acid
(Sigma). Extracted peptides were purified using Cg-Zip-Tip
cones using 0.1% (v/v) Formic Acid for washes and 50:50
ACN/0.1% (v/v) Formic Acid for elution. The nano-LC MS/MS
analysis was performed on a HPLC system with two LC-
20AD nano-flow LC pumps, an SIL-20 AC auto-sampler and
an LC-20AB micro-flow LC pump (Shimadzu, Kyoto, Japan)
connected to an ion-trap mass spectrometer (amaZon ETD,
Bruker Daltonics, Bremen, Germany) equipped with a Captive
Spray ion source. Hystar (Version 3.2, Bruker Daltonics, Bremen,
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Germany) was used to couple and control Shimadzu CBM-20A
module (Shimadzu, Kyoto, Japan) for MS acquisition for all
experiments.

Trapping and desalting of the peptides was carried out
on nano trapping column (Zorbax 300SB-C18, 5um, 0.3 x
5 mm, Agilent) using 0.05% (v/v) trifluoroacetic acid solution for
10min at a flow rate of 10 wL/min. After back-flushing from
the trapping column, peptides were separated on a reversed-
phase column, ACQUITY UPLC® M-Class Peptide BEH C18
Column (1.7 wm, 130 A, 100 x 0.75mm i.d., Waters) using an
acetonitrile/0.1% (v/v) formic acid gradient from 15 to 50% (v/v)
acetonitrile within 30 min. Fine tuning was achieved using the
smart parameter setting (SPS) option for m/z 800, compound
stability and trap drive level were set at 100%. Optimization
of the Captive Spray source resulted in dry gas temperature,
150°C, dry gas, 3.0 L/min, capillary voltage, —1,200V, end plate
offset, 0 V. The MSI and MS2 ion detection windows were set
at m/z 100-1,700. The five highest no singly charged peaks
in each MSI spectrum were automatically fragmented through
collision-induced dissociation (CID).

Data Processing

The LC-MS/MS data was analyzed using DataAnalysis 4.1
software (Bruker Daltonics) and the function Compound-
sAutoMS(n) was used to generate 1,200 compound spectra.
Generated data were exported as a mascot generic file. Protein
identification through primary sequence database searching was
performed using the MASCOT search algorithm (MASCOT
free version; Matrix Science, London, UK). The following
MASCOT settings were used: taxonomy: Toxoplasma gondii;
database: SwissProt; enzyme: trypsin; fixed modifications:
carbamidomethyl (C); variable modifications: oxidation
(M, HW), deamidation (NQ), phosphorylation (ST), pyro-Glu
(N-term E), and HexNAc (ST); maximum missed cleavages: 1;
MS1 peptide tolerance: 0.6 Da; MS/MS tolerance: 0.6 Da.

Immunofluorescence Microscopy

Immuno-labeling of parasites was done in tube (solution) and
then were observed on glass slides. Purified T. gondii were fixed
in 3% (m/v) of paraformaldehyde in cold PBS for 15min and
subsequently washed with PBS. Unreacted aldehyde groups were
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FIGURE 5 | Classification of the O-GIcNAcylated proteins found in this study according to their function.
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quenched with a solution of 50 mM ammonium chloride for
10 min. After several washes with PBS, cells were permeabilized
with 0.1% (v/v) Triton-X100 for 5min. Nonspecific sites were
blocked with goat serum. T. gondii were then incubated for
30 min with a dilution of 1:100 in a 10% (v/v) goat serum solution
(in PBS) of anti-O-GlcNAc antibodies (RL2), complemented or
not with free GIcNAc. After 3 washes with PBS, parasites were
incubated with fluorescein isothiocyanate (FITC) antibodies
(dilution 1:50). T. gondii were visualized using an Axioplan 2
imaging microscope (Zeiss, Jena, Germany) and an Axio Cam
HRc camera (AxioVision; Zeiss).

RESULTS

Visualization of the Toxoplasma gondii
O-GIlcNAcome

T. gondii used in this study were prepared by infecting either
Vero cells or HFF (human foreskin fibroblasts). The absence
of contamination of parasite preparations by host cells was
unequivocally attested by microscopy examination and anti-o-
tubulin staining (Figure 1A). a-tubulin is expressed in Vero
cells, HFF and T. gondii but the difference of molecular weight
observed between the two cell types and the parasite asserts that
there was no contamination during T. gondii purification. Host
cells and T. gondii proteins were also Coomassie brilliant blue
stained and the different protein profiles compared (data not
shown).

Distinct approaches based on antibodies, click-chemistry and
lectin-beads enrichment were used to visualize the occurrence
of O-GlcNAcylation in T. gondii. First, protein extracts prepared
from parasites grown either in Vero or in HFF cells and
resolved by SDS-PAGE and electrotransferred onto nitrocellulose
membranes were stained with the anti-O-GlcNAc antibody
RL2—originally raised against nuclear pore proteins (19)
(Figure 1A). We found that the parasites display distinct O-
GlcNAcylated proteins profiles, which differ from those of
Vero or HFF cells indicating further absence of any cross-
contamination by host cells. Incubation of the anti-O-GlcNAc
antibody with 0.5M of free N-acetylglucosamine abolished
most of the signal, asserting the specificity of the reaction.
O-GlcNAcylation was also detected by immunofluorescent
microscopy by incubating the purified parasites with the RL2
antibodies alone or in conjunction with free GIcNAc, or with the
secondary antibodies alone (Figure 1B).

Parasite protein extracts were enriched on sWGA-coupled
beads (Figure2A) or processed through a Click-chemistry
procedure (Figure2B). sWGA is the plant lectin WGA
chemically modified with a succinyl group to prevent the lectin
to bind to sialic acids. Therefore, when compared to unmodified
WGA, sWGA interacts only with GIcNAc residues (20). sWGA
was immobilized on beads and incubated with T. gondii extracts.
After intensive washes (not shown), bound fractions were eluted,
resolved by SDS-PAGE and brilliant blue stained as described in
Kupferschmid et al. (15). Vero cells were processed according to
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FIGURE 6 | The classical O-GIcNAgcylation cycling is managed by OGT that transfers the GIcNAc group from the donor UDP-GIcNAC to the target proteins, and OGA
that removes the residue by hydrolysis. Nevertheless, we do not rule out that some of the proteins identified in this study are substrates of eOGT. eOGT is located in
the endoplasmic reticulum where it glycosylates secreted and membrane proteins, and is suggested to modify proteins confined within intracellular compartments. In
contrast to O-GIcNAcylation driven by OGT/OGA, it is unlikely that eOGT-catalyzed O-GIcNAcylation is versatile.
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the same procedure and compared to parasites: distinct profiles of
sWGA-bound proteins can be observed (Figure 2A). Regarding
the Click-chemistry approach, we used the Click-iT TM system
to biotin-label O-GlcNAcylated proteins. Clicked proteins were
detected with avidin-labeled HRP (Figure 2B). This technique
is highly sensitive as attested by the strong signal observed
after staining the clicked-proteins with peroxidase-labeled avidin.
A negative control, in which UDP-GalNAz has been omitted,
was used to differentiate endogenous biotinylation from biotin-
labeling. Nevertheless, GalNAz can be grafted to any terminal
GIcNAc, therefore this approach alone is not sufficient to
discriminate strictly O-GlcNAcylation. It is why it was necessary
to combine distinct tools (anti-O-GlcNAc antibody, sWGA and
click-chemistry) to confirm that T. gondii’s proteome is largely
O-GlcNAcylated, and thus, like many other species, possesses its
own O-GlcNAcome (Figures 1, 2) in accordance with previous
reports (14, 21) RL2.

Exploration of T. gondii’s O-GlcNAcome by
Two Independent Approaches

To increase the chance to identify O-GlcNAcylated proteins
expressed in T. gondii, we conducted experiments through
two distinct approaches. First, the anti-O-GIcNAc antibody

RL2 was used to enrich O-GlcNAcylated proteins, control
experiment was done with non-immune immunoglobulin. The
chemically modified plant lectin sSWGA was used as a second
approach. Bands of the proteins enriched using either the anti-
O-GlcNAc antibody or sWGA were excised from the gels.
Proteins were digested with trypsin and analyzed by tandem
mass spectrometry as detailed in the materials and methods
section. The protein identification was performed using the
Mascot search engine against the SwissProt database restricted to
T. gondii taxonomy. This allowed the identification of numerous
proteins (Supplementary Data Table 1): 65.5% using sWGA
and 34.5% using the anti-O-GlcNAc antibody, fifty proteins
being identified by both approaches. Identified proteins can be
classified according to their functions and take part in ribosome
biogenesis, RNA binding and processing, intracellular transport,
signal transduction, lipids metabolism, glycolysis, tricarboxylic
acids cycle, organization of cytoskeleton, as well as many other
cellular functions.

Surprisingly, several proteins involved in the infection
process of T. gondii, called rhoptries, were identified by both
approaches (sSWGA and anti-O-GlcNAc antibodies). To confirm
that rhoptries are indeed O-GlcNAcylated proteins, we tested
antibodies specifically directed against this group of proteins
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FIGURE 7 | O-GlcNAcylated rhoptries in Toxoplasma gondli and their putative involvement in infection.

Frontiers in Endocrinology | www.frontiersin.org

26

August 2018 | Volume 9 | Article 450


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Aquino-Gil et al.

Exploring T. gondii’s O-GlcNAcome

(Figure 3). Lysates from T. gondii were either enriched using
sWGA-beads or processed through the click-chemistry approach
followed by enrichment on avidin-beads, resolved by SDS-PAGE
and analyzed by Western blot. Rhoptries 1, 2, 5, and 7, and
rhoptries 2, 4, and 5 were recovered by sWGA (Figure 3A) or
click-chemistry (Figure 3B) enrichment respectively. SAG 1 was
used as a negative control since it is known that its glycans exhibit
terminal mannose (22). These two methods associated to our
proteomic analyses revealed the O-GlcNAcylation of rhoptries.

DISCUSSION

Since its discovery in the eighties (23, 24), O-GlcNAcylation has
not ceased to arouse the interest of the scientific community.
First due to its ubiquitous feature since it is widespread in
a large panel of living beings, and secondly because it affects
countless proteins, confined within the cytosolic, nuclear and
mitochondrial compartments, involved in the regulation of many
fundamental biological processes (3, 25). In a recent review, we
came back on the different living organisms expressing their own
OGT or hijacking the O-GlcNAcylation machinery of host cells
(2), and stated that OGT emerged as a master regulator of cell
homeostasis.

During the last years, O-GlcNAcomes of diverse biological
models (cell lines, tissues, whole organisms) were explored (1, 15,
18, 25-29). However, very few studies have described T. gondii’s
glycome and virtually none have investigated its O-GlcNAcome.
T. gondii is an obligate intracellular parasite identified in 1908 in
the North African rodent gundi (Ctenodactylus gundi) by Nicolle
and Manceaux (30). Like other apicomplexans (Plasmodium and
Theileria), T. gondii is responsible for debilitating diseases in
humans and warm-blooded animals. The worldwide zoonosis
toxoplasmosis is one of these major infectious diseases. In France,
its seroprevalence in pregnant women is near 54% (31) and it is
estimated that a third of human population is infected worldwide.
In the majority of the cases, the infection has no serious
consequences for immunocompetent patients; nevertheless, a
reactivation of the latent parasite in immune compromised
individuals may cause encephalitis. It is also noteworthy that
cerebral toxoplasmosis is a major cause of morbidity and
mortality among AIDS patients. Therefore, fighting the infection
by T. gondii remains a major challenge to public health, and
anything that can contribute to increase the current knowledge
on the biology of the parasite can be considered as breakthroughs
and opportunities to open novel therapeutic solutions.

Our proteomic analyses revealed the O-GlcNAcylation of
many proteins involved in a large panel of biological functions
(heat shock proteins, glycolytic enzymes, ribosomal proteins,
actors of protein synthesis and lipid metabolism) (Figures 4, 5).
Most of the O-GlcNAcylated proteins identified in this study were
previously reported to be O-GIcNAc proteins in other models
reinforcing the ubiquitous role of O-GlcNAcomes found in
diverse species. More originally, we highlighted proteins involved
in the infection process: rhoptries, microneme proteins and dense
granules, all part of secretory organelles and characteristic of
the motility of apicomplexans (Figure 4). The two former are

part of a specific apical complex that also includes a conoid
that consists of tubulin fibers (32). Microneme proteins are
synthesized by micronemes, specialized organelles involved in
secretion, which support several key cellular processes such
as invasion, motility and migration through host cells (33).
Microneme proteins are first released during infection followed,
thereafter, by a second wave of secretion that involves rhoptry
proteins. Rhoptry proteins are trafficked from the endoplasmic
reticulum to the Golgi apparatus, and then are addressed to
secretory organelles. Therefore, it cannot be rule out that O-
GlcNAcylation of rhoptries is performed by EOGT-for EGF
(Epidermal Growth Factor) domain-specific OGT (34)-that
controls a second form of O-GlcNAcylation affecting proteins of
the secretory pathway (extracellular matrix proteins, extracellular
region of transmembrane proteins) such as Notch receptors
(Figure 6). A default in the activity of EOGT is responsible
for the rare congenital disorder Adams-Oliver syndrome (35).
Previously, two independent studies have reported glycosylation
of rhoptries (21, 36) by conducting different strategies. Luo and
collaborators used a combination of lectins (ConA, WGA and
Jacalin) to identify 132 glycoproteins among which rhoptries
and microneme proteins (36). Later, T. gondii’s glycoproteome
has been investigated by the use of unnatural sugars through
a bioorthogonal chemical reporter strategy (21). The function
of the glycosylation of rhoptries (Figure 7) and micronemes in
the infection remains unknown, but it should be of interest
to determine whether interfering with their O-GlcNAcylation
reduces motility and invasion of T. gondii.

O-GlcNAcylation levels correlate with nutrients status of the
cell. UDP-GIcNAg, the substrate of OGT, is at the crossroad of
many metabolic pathways (2). Diet may then affect the ability of
T. gondii to infect host cells and further investigation on whether
infectious process of the parasite depends on O-GlcNAcylation
and/or nutrient is of great interest. It remains also to determine
in a near future whether O-GlcNAcylation cycling regulates the
fate of rhoptry proteins at the expression and degradation levels.
Also, it is now well recognized that O-GlcNAcylation, like other
PTMs, controls protein-protein interactions (1, 7) and the impact
of O-GlcNAcylation dynamics on biogenesis of rhoptry organelle
remains to be investigated.

This paper provides a large-scale analysis of putative
T. gondii’'s O-GlcNAcome. Understanding the role of the
glycosylation of these proteins may help to elucidate mechanisms
involved in invasion and cell life cycle (Figure 7), which would
lead to improve drug therapy as well as to identify glycoproteins
that may prove to be useful as therapeutic targets.
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O-linked N-acetylglucosamine, better known as O-GIcNAc, is a sugar post-translational
modification participating in a diverse range of cell functions. Disruptions in the cycling
of O-GIcNAc mediated by O-GlcNAc transferase (OGT) and O-GIlcNAcase (OGA),
respectively, is a driving force for aberrant cell signaling in disease pathologies, such
as diabetes, obesity, Alzheimer’s disease, and cancer. Production of UDP-GIcNAc,
the metabolic substrate for OGT, by the Hexosamine Biosynthetic Pathway (HBP) is
controlled by the input of amino acids, fats, and nucleic acids, making O-GIcNAc a
key nutrient-sensor for fluctuations in these macromolecules. The mammalian target of
rapamycin (MTOR) and AMP-activated protein kinase (AMPK) pathways also participate
in nutrient-sensing as a means of controlling cell activity and are significant factors
in a variety of pathologies. Research into the individual nutrient-sensitivities of the
HBP, AMPK, and mTOR pathways has revealed a complex regulatory dynamic, where
their unique responses to macromolecule levels coordinate cell behavior. Importantly,
cross-talk between these pathways fine-tunes the cellular response to nutrients.
Strong evidence demonstrates that AMPK negatively regulates the mTOR pathway, but
O-GlcNAcylation of AMPK lowers enzymatic activity and promotes growth. On the other
hand, AMPK can phosphorylate OGT leading to changes in OGT function. Complex sets
of interactions between the HBP, AMPK, and mTOR pathways integrate nutritional signals
to respond to changes in the environment. In particular, examining these relationships
using systems biology approaches might prove a useful method of exploring the complex
nature of cell signaling. Overall, understanding the complex interactions of these nutrient
pathways will provide novel mechanistic information into how nutrients influence health
and disease.

Keywords: O-GIcNAc, OGT, OGA, mTOR (mammalian target of rapamycin), AMPK 5’ AMP-activated protein kinase

INTRODUCTION

At its core, pathology is largely a matter of cell signaling gone awry. Think of it as a game of
“Rumors,” where a group of players are passing a message down the line by whispering it to each
other, but when it reaches the last person and they announce it, the message is entirely different
from the original. Now, imagine the people as proteins, and when each one receives the message,
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they perform some function that will then signal the next protein
in the pathway to perform a function until the endgame target is
reached. If one of the components in a signaling pathway deviates
from typical behavior or conditions, the resulting “message”
can be exceedingly different from the original signal, altering
cell behavior. Diseases like cancer, diabetes, and Alzheimer’s
are often rooted in aberrant signal transduction and abnormal
pathway regulation. Nutrient-sensitivity is one of several key
factors that impact a pathway’s activity. Over- or under-nutrition
can heighten or inhibit activity through alterations in post-
translational modifications (PTM); any miscommunication in
these modifications can push a cell toward pathology. A PTM
can propagate a signal cascade to change the function of a final
target, act as a sensor for regulators of a pathway, or alter the
interactions of specific proteins in the pathway. To understand
why these changes are occurring, a greater understanding of the
complexity and fine-tuning of a pathway by a PTM is needed.

Along with phosphorylation, acetylation, and methylation;
glycosylation is one of the most important protein modifications.
O-linked N-Acetylglucosamine (O-GlcNAc) is one of the many
kinds of glycosidic PTMs found in eukaryotic cells, but what
makes it different from other sugar additions is that it exists
purely as an intracellular molecule and does form oligomers (1).
The addition and removal of O-GlcNAc is facilitated solely by
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) (2), so
the coordinated activity of these two enzymes creates a versatile
signaling dynamic that can quickly alter signaling pathways (3).
Therefore, a wide scope of cellular processes is controlled and
fine-tuned by O-GlcNAc, including apoptosis, mitochondrial
function, proliferation, and gene transcription (4-9). Because O-
GIcNAc plays such a crucial and diverse role in eukaryotic cells,
atypical O-GlcNAcylation can be a driving force in a variety of
pathologies. Alzheimer’s disease (10), diabetes, and several types
of cancers have been linked to abnormal levels or behavior of O-
GIcNAc, OGT, and OGA (5, 9-16). Research into the underlying
reasons behind these physiological aberrations has yielded a
plethora of new insights into cell signaling mechanisms and
the role of O-GlcNAc in overall cellular function, particularly
nutrient-sensing. As a nutrient-sensor, O-GIcNAc reacts to
fluctuations in specific macromolecule levels in order to direct
cellular response in an appropriate manner. However, nutrient-
sensing is a vital aspect of many different pathways, including
the mammalian target of rapamycin (mTOR) and AMP-activated
protein kinase pathways (AMPK). By understanding how these
pathways react to nutrient levels and how that impacts their
interactions between one another, we can begin to ascertain how
nutrient sensing impacts overall cell activity (12).

THE HEXOSAMINE BIOSYNTHETIC
PATHWAY, mTOR PATHWAY, AND AMPK
PATHWAY PARTICIPATE IN NUTRIENT
SENSING

The Hexosamine Biosynthetic Pathway
The Hexosamine Biosynthetic Pathway (HBP) utilizes
approximately 3-5% of cellular glucose as well as glutamine,

acetyl-Coenzyme A (CoA), and uridine, to generate the OGT
substrate, UDP-GIcNAc (12, 17). This process begins with
the conversion of a single glucose molecule to glucose-6-
phosphate, which is then converted to fructose-6-phosphate.
Glutamine:fructose-6-phosphate  amidotransferase ~ (GFAT),
the rate-limiting enzyme in the HBP, utilizes a glutamine
amino acid and fructose-6-phosphate to create glucosamine-6-
phosphate (14, 17). Acetyltransferase EMEG2 then generates
N-acetylglucosamine-6-phosphate using acetyl-Coenzyme A
(CoA) before it is finally converted to uridine 5'-diphospho- N-
acetylglucosamine (UDP-GlcNAc) using uridine-5'-triphosphate
(17). While glucose is the initial input, HBP’s sensitivities extend
to fats, amino acids, and nucleotides, as well (Figure 1).

Fluctuations in the levels of the macromolecules that feed into
the HBP alter the output of this pathway, making it a diverse and
responsive nutrient sensor (12). For instance, over-expression
of the glucose transporter, GLUTI, in the skeletal muscle of
transgenic mice resulted in a 2-to-3-fold increase in UDP-
GIcNAc concentration (14). However, GLUT1 over-expression
did not increase expression of the rate-limiting enzyme in the
HBP, glutamine: fructose-6-phosphate amidotransferase (GFAT),
suggesting that glucose intake, as opposed to GFAT levels, could
account for the rise in UDP-GIcNAc (14).

While nutrient concentrations in vivo can alter the output
of the HBP, OGT activity also plays a role in nutrient-sensing.
Transgenic mice with skeletal muscle overexpression of OGT
demonstrated increased levels of serum insulin, indicating
hyperinsulinemia, which is characteristic in type II diabetes
(16). Furthermore, in glucose-deprived HepG2 cells, OGA
transcription was suppressed and OGT expression was up-
regulated coinciding with a dramatic amplification in global
O-GlcNAcylation (12) and decreased activity for glycogen
synthase (GS), the enzyme responsible for constructing glycogen
from individual glucose molecules (12). These data suggest
that OGT plays an active role in energy conservation during
starvation by inhibiting pathways that store glucose (12).
However, there is a dark side to this mechanism. Overfeeding
of cells with glucose or glucosamine resulted in significant
impairment of insulin activation of glycogen synthase (13). In
normal cell physiology, insulin signaling results in activation
of glycogen synthase via dephosphorylation by phosphatases
and inactivation of glycogen synthase kinase-3 (13). However,
the heightened nutrient conditions increased overall O-GlcNAc
levels, including O-GlcNAcylation of phosphorylation sites
on glycogen synthase resulting in reduced glycogen synthase
activity. Since the phosphorylation-dephosphorylation dynamic
of glycogen synthase renders it sensitive to insulin signaling,
O-GlcNAcylation disturbs this process and instigates insulin
resistance (13).

HBP flux regulates multiple steps of the insulin signaling
pathway (18). Skeletal muscle of mice containing an OGT-KO
showed heightened glucose uptake in response to insulin as
opposed to wild type counterparts, suggesting a link between
insulin sensitivity and O-GIcNAc levels (19). When looking
into the molecular mechanism behind this phenomenon, insulin
receptor substrate 1 (IRS-1), a protein phosphorylated by the
insulin receptor (IR) tyrosine kinase after it binds extracellular
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FIGURE 1 | The shared components between the HBP, AMPK, and mTOR pathways allow them to work in a synchronized manner to direct cell activity, but
perturbations in these interactions can also drive pathology. O-GlcNAcylation of AMPK inhibits its ability to phosphorylate TSC1/2 and repress mTORC1 activation.
This, in turn, can lead to unchecked cell proliferation, a hallmark of cancer and other diseases. The balance of nutrient intake also plays a pivotal role in guiding the
interactions between these pathways. Increased glucose levels can bolster ATP production, both of which are necessary components for the HBP. Along with
heightened UDP-GIcNAC levels, the ATP:AMP ratio shifts, thus hindering AMPK activation. Increasing amino acid intake contributes to AMPK suppression and
direct/indirect mTORC1 activation, though the exact mechanisms behind these phenomenon are not entirely understood.
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insulin, has multiple O-GlcNAcylation sites (20). Moreover
O-GlcNAcylation of IRS-1 also correlates with a dramatic
decrease in phosphorylation of this protein (18), which is
a necessary step in activating downstream pathways such as
AKT signaling and vesicular trafficking of GLUT4 transporters.
Importantly, insulin signaling sees the redistribution of OGT to
the plasma membrane within 20-30 min post-insulin induction
and suggests that OGT then phosphorylates IRS and IRS2 leading
to decreased signaling (21, 22). Overall, increased O-GIcNAc
appears to foster insulin insensitivity and hinder cellular glucose
uptake making the HBP a novel therapeutic target in type II
diabetes research.

The mTOR Pathway

While the HBP is a nutrient-sensor for several major
macromolecules (12-14, 16, 17, 23-25), the mTOR pathway also
shares several of these sensitivities. The mTOR pathway is a well-
characterized signal transduction pathway that is a focal point
in studies for diseases like cancer, diabetes, and Alzheimer’s.

The mTOR protein is a serine/threonine protein kinase
that functions as a component in two unique multi-protein
complexes, mTORC1 and mTORC2, directing cell activities
distinct from one another (26, 27). While mTORC2 regulates
cell survival and cytoskeletal organization (26, 27), mTORC1
participates in directing proliferation and biosynthetic pathways
(26, 28, 29). Regulation of mTORC2 remains underdeveloped
when compared to mTORCI1, whose sensitivities to cellular
energy levels and amino acids direct its activity (26).

Activation of the mTOR pathway occurs when RAS homolog
enriched in brain (Rheb) binds GTP to activate mTORC1 (30-
32). Amino acid withdrawal will decrease phosphorylation of
the p70S6 kinase, a key mTORCI target, but overexpression of
Rheb rescues p70S6K activation (31), drawing a clear connection
between mTORCI activity and Rheb. However, a protein
complex referred to as the Ragulator must first recruit Rheb and
mTORCI to the surface of a lysosome in order for activation
of mTORCI to occur; for cells lacking Ragulator components,
mTORCI activity was undetected, indicating that lysosomal
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localization was a necessary step in the mTOR pathway (32).
Tuberous sclerosis 1 (TSC1) and TSC2 are upstream inhibitors of
mTORCI that act as GTPase-activating proteins (GAPs) for Rheb
(26). Active Rheb (GTP-Rheb) facilitates mTORCI activation
once localized to the surface of a lysosome, while TSC1/2
stimulates Rheb to hydrolyze GTP to GDP, mTORCI activation
becomes repressed (26) (Figure 1).

Like the HBP, the mTOR pathway also participates in insulin
signaling. Inhibition of TSC1/2 occurs via phosphorylation by
AKT (33). First, the IRS proteins gather the components for a
class IIT phosphatidylinositol 3-kinase (PI3K), which converts
phosphatidylinositol 2-phosphate (PIP,) to PIP3; the increase
in PIP3 signals AKT to localize to the plasma membrane
for activation (34). Interestingly, the PI3K protein, Vps34,
has demonstrated amino acid-sensitive regulation of mTORC1
activation (34). Cells cultured in high levels of amino acids
demonstrated increased Ca** uptake, which is necessary for
calmodulin to bind to Vps34 and facilitate activation (34).
In turn, Vps34 generates higher levels of PIP3, which has
been speculated to recruit protein domains necessary for the
conformational changes in the mTORCI signalsome that lead to
mTORCI activation (34).

However, amino acids also have the capacity to activate
mTORCI in a TSC1/2 independent manner. For TSC2-null cells
that underwent amino acid starvation, phosphorylation of the
mTORCI target, S6K1, was not rescued, indicating the necessity
of amino acids for mTORCI activation (35). Further examination
of this phenomenon revealed that amino acid withdrawal
prevented mTORCI1 localization to the lysosome, a crucial step
in mTORC1 activation (32). However, evidence suggests that
amino acids alone are not responsible for mTORC1 localization,
but are instead mediated by the trimeric Ragulator complex,
which localizes to lysosomes in high amino acid conditions (32).
For cells lacking Ragulator components, amino acid treatment
could not stimulate mTORCI1 activation while control cells
demonstrated an increase in phosphorylated mTORCI targets
(32). While the exact mechanism is not entirely understood, there
has been speculation that amino acids signal Ragulator to bind to
the surface of a lysosome and act as a docking scaffold to facilitate
mTORCI1 activation (32, 36).

Nutrient-sensing in the mTOR pathway also extends to ATP,
allowing it to direct cell activity according to energy levels.
This sensitivity is evident in mTORCI regulation of superoxide
dismutase 1 (SOD1) (37), which converts reactive oxygen species
(ROS) into H,O;. Several cell lines treated with a major mTORC1
inhibitor, Rapamycin, demonstrated amplifications in SOD1
activity and decreased phosphorylated SOD1, which was similar
to the outcome for glucose starved cells (37). Because glucose
starvation halts cytosolic ATP production by glycolysis and
mTORCI is dependent upon these specific ATP reserves (38),
mTORCI inhibition of SOD1 is hinged by ATP availability.
This sensitivity even extends to fluctuations in nucleic acids,
as demonstrated by mTORCI suppression in tissue culture
cells treated purine synthesis inhibitors, lometrexol (LTX), and
methotrexate (MTX). However, when exposed to exogenous
nucleosides, only adenosine was able to revive mTORCI activity,
indicating that derivatives of ATP can regulate mTORCI.

The AMPK Pathway

AMP-activated protein kinase (AMPK), another nutrient sensing
pathway, senses shifts in the AMP: ATP dynamic and responds
inversely to energy levels in relation to mTORC1 (39, 40).
While there is not a completed structure for AMPK as
of yet, current data suggests that it is a heterotrimeric
complex with a catalytic kinase domain and two regulatory
regions (40). When energy intake falls and ATP consumption
produces large amounts of cytosolic AMP, and in turn, Liver
Kinase Bl (LKB1) facilitates the activation of AMPK by
utilizing AMP to phosphorylate AMPK (41). For MEFs treated
with the AMPK stimulator, 5-aminoimidazole-4-carboxylamine
ribonucleotide (AICAR), LKB1-null cells failed to produce
AMPK phosphorylated at Thr-172, while wild-type MEES
demonstrated a dramatic surge in phosphorylated AMPK levels
when compared with non-treated cells (41) (Figure 1).

Once activated, AMPK participates in a wide scope of
pathways and cellular processes, including lipid metabolism
(42). Acetyl-Coenzyme A carboxylase (ACC), the enzyme
responsible for catalyzing the conversion of acetyl-CoA to
malonyl-CoA, a precursor in fatty acid synthesis, is a known
target of AMPK inhibition (42, 43). While there are three
phosphorylation sites on ACC2 and it is a target for
three different kinases, AMPK modification of this enzyme
most potently decreased the Vyax (43), which is significant
when we consider the spectrum of acuteness in regulating
enzyme activity. AMPK phosphorylates Ser79 for ACC1 and
Ser212 for ACC2, so a double alanine knock-in of both
sites in mice revealed a decline in fatty acid oxidation and
increased lipogenesis (44), demonstrating that AMPK plays
a critical role in fatty acid metabolism. Muscle cells treated
with Compound C, an AMPK inhibitor, demonstrated a
marked decrease in phosphorylated AMPK in conjunction
with heightened triglyceride levels (45). Combining these data,
there appears to be a clear role for AMPK in repressing lipid
production.

Another AMPK target is the mTORC1 pathway, which
accounts for the inverse response of both pathways in respect
to AMP:ATP ratios. In poor nutrient conditions, ATP depletion
causes the ratio to shift toward AMP bolstering AMPK activation
in turn, AMPK phosphorylates TSC1/2 in order to stimulate GAP
activity toward Rheb, thus suppressing mTORC1. However, it was
also revealed that AMPK inhibits mTORCI1 by phosphorylating
its scaffold protein, raptor (39). Therefore, AMPK has the
capacity to both directly and indirectly regulate mTORCI.

While energy levels drive the dynamic between AMPK
and mTORCI, amino acid concentrations also influence this
relationship (46). For instance, pancreatic B-cells treated with
high doses of glucose, leucine, and glutamine experienced a
significant increase in mTORCI activity, while phosphorylated
AMPK diminished (46), indicating a contrasting reaction for
AMPK and mTORCI in terms of amino acid exposure.

Nutrient-sensing is a complex activity that directs the behavior
of individual pathways, so when we consider pathways affected
by similar macromolecules, we must explore how fluctuations
in nutrient concentrations can impact the way these pathways
interact and coordinate in cell signaling. For the HBP, mTOR,
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and AMPK pathways, there is a complex inter-play in regards to
their responses to nutrient levels (Figure 1). However, in order to
truly understand how O-GlcNAc impacts cell signaling in specific
pathologies, we must further analyze the interactions of the HBP
with AMPK and mTORC]1, respectively.

THE CROSS-TALK BETWEEN THE HBP
AND AMPK PATHWAYS

In cell signaling, cross-talk between pathways is a relationship
based on a mutual capacity to regulate one another, so
the discovery of a cross-talk relationship between OGT and
AMPK opened a whole new avenue for exploring inter-pathway
dynamics and their impact on cell function (21). The potential
for crosstalk between O-GlcNAc and AMPK was first suggested
with studies using glucosamine (GlcN) as a supplement. Mice
treated with high concentrations of GIcN quickly increase O-
GlcNAc levels since GIcN supplementation by-passes GFAT
regulation of the HBP (24, 25, 47), but GIcN treatment negatively
impaired insulin signaling quickly leading to elevated blood
glucose levels. Compounding with the loss of insulin sensitivity,
high levels of GIcN treatment rapidly lowers ATP levels due to the
actions of hexokinase phosphorylating GIcN (23). Hence, rapid
unregulated flux through the HBP increases AMP levels and
could activate AMPK (48). Furthermore, low levels of sustained
GIcN treatment transiently activates AMPK activity, lowers
oxidative phosphorylation, and increases lifespan in C. elegans
and mice (49). The effect of the GIcN treatment is mediated
by changes in O-GlcNAcylation since sustained treatment with
OGA inhibitor Thiamet-G (TMG) in mice and cell lines also
reduces oxidative phosphorylation, lowers ATP production, and
reprograms the transcriptome (7). Together, these data would
argue that changes in HBP flux influence AMPK activation via
increased cellular O-GlcNAcylation. Of note, AMPK activity is
higher in OGT KO mice skeletal muscle cells suggesting loss of
OGT activates AMPK (50).

Finally, studies on glucose deprivation revealed (50, 51)
distinct, tissue-dependent relationships between O-GlcNAc
and AMPK. HepG2 and Neuro-2a cells treated with AMPK
inhibitors and subjected to glucose starvation experienced
significantly lower global O-GlcNAcylation when compared
to cells that were only glucose starved (51), inferring an
AMPK-dependent mechanism for heightened O-GlcNAcylation
in glucose starvation. However, A459 carcinoma lung cells
responded differently than the previously observation; while
glucose starvation did result in dramatic increases in O-
GlcNAcylation, it did not coincide with any major changes in
AMPK activation (50). Treatment with Compound C, an AMPK
inhibitor, in conjunction with glucose starvation still resulted in
an increase in global O-GlcNAcylation, though the effects were
somewhat less pronounced than cells only undergoing glucose
starvation (50). AMPK inhibition also resulted in a significant
decrease in glycogen synthase, a key enzyme in the process of
converting glucose molecules into glycogen, but did not impact
the expression of glycogen phosphorylase (GP), an enzyme
responsible for catalyzing glycogen degradation (50). Further

investigation revealed that inhibition of GP in conjunction with
glucose starvation dramatically repressed the starvation-induced
increase in global O-GlcNAcylation (50), suggesting that AMPK
and GP are responsible for coordinating a shift in glycogen
metabolism under starvation periods, possibly to generate large
pools of glucose for input into the HBP. Overall, while the impact
of AMPK activity on starvation-induced O-GlcNAcylation
appears to vary between tissue types, the observed evidence
indicates a clear niche for AMPK in regulating metabolism in
response to nutrient deprivation stress. However, complicating
these conclusions is that glucose starvation induced increases in
O-GlcNAcylation is dependent on AMPK activity (51). Hence,
these data suggest manipulation of O-GlcNAcylation through
HBP flux alters cellular energy usage and could influence AMPK
activity although these changes could be tissue specific.

Recently, a study demonstrated that AMPK and OGT
are substrates for each other and regulate each other’s
activity (4). In HEK293T kidney cells treated with OGA
inhibitors GIcNAc Thiazoline (GT) or TMG, several AMPK
subunits were O-GlcNAcylated leading to decreased AMPK
activating phosphorylation. These data clearly demonstrate a
regulatory role for OGT in AMPK activity (21). On the other
hand, AMPK phosphorylation of Thr44 on OGT increases
OGT nuclear localization, increases nuclear O-GlcNAcylation,
increases histone H3K9 acetylation (4), while O-GlcNAcylation
of the H2B histone is lower (22), revealing AMPK as a regulator
of O-GlcNAc mediated epigenetic modifications. Furthermore,
AMPK regulation of the HBP is not limited to interactions with
OGT. GFAT is an AMPK target for phosphorylation at Ser243
(23), and cardiomyocytes treated with the AMPK activator,
A769662, have demonstrated a marked decrease in overall O-
GlcNAcylation of proteins as well as increased phosphorylation
of GFAT (24), hence UDP-GIcNAc production can be directed by
AMPK.

OGT appears to be a clear regulator of AMPK activity in
cancer development. In several breast cancer cell lines, either
knockdown of OGT expression by shRNA or pharmacological
inhibition led to increased LKB1 phosphorylation and activation
of AMPK (52). In turn, loss of OGT activity and increased
AMPK activity reduced cancer cell growth, impaired HIF-1a
activation, and increased SIRT1 activity (52, 53). In LoVo colon
cancer cells treated with TMG a marked increase in growth
and proliferation occurred (5). Interestingly, TMG-treated cells
also demonstrated increased levels of O-GIlcNAcylated AMPK,
as well as a decrease in phosphorylated AMPK (5) coupled
with an increase in phosphorylated p70S6K (Ribosomal Protein
S6 Kinase), an mTORCI target. In these experiments, total
cellular levels of O-GIcNAc regulated AMPK activity, with
high levels of O-GIcNAc reducing activation while low levels
increased activation. These data agree with the previous data
showing AMPK O-GlcNAcylation inhibits kinase function (4).
Overall, sustained O-GlcNAcylation is linked to suppression of
AMPK activation, which could increase mTORCI activity and
heightened cell proliferation rates. Hence, O-GlcNAcylation can
influence mTORCL1 activity indirectly through AMPK, but is
there crosstalk between mTOR and OGT that would influence
activity of each pathway?
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SUSTAINED O-GLCNACYLATION
CORRELATES WITH INCREASED
PHOSPHORYLATION OF mTOR TARGETS

Interactions between the HBP and AMPK appear to result in
inverse responses between the two, not unlike the opposing
dynamic between the AMPK and mTOR pathways. The HBP and
mTOR pathway share sensitivities for specific macromolecules
and similar responses to fluctuations in nutrition, (12-14, 16, 17,
23-25, 32, 36, 37), leaving a wide door for exploring possible
interactions. Recent evidence has suggested that mTOR and
O-GIcNAc coordinate together to direct autophagy (54, 55).
Autophagy is the process of degrading and recycling organelles,
as well as other cellular components, which is significant
in maintaining cellular function (54). Treatment with mTOR
inhibitors Torinl and PP242 resulted in induced autophagy
and a drop in global O-GlcNAcylation, which occurred with
increased OGA and decreased OGT protein expression (54).
While it appears that mTOR inhibition couples with active
autophagy, another study (55) demonstrated that the acuity
of mTOR suppression impacts this dynamic; moderate mTOR
suppression resulted in a significant increase in autophagy, but
was attenuated with severe mTOR inhibition. What's more, an
inter-play between phosphorylation and O-GlcNAcylation of
the autophagy regulator, Beclinl, demonstrated that moderate
mTOR suppression promoted the former modification, while
severe inhibition increased the latter (55). While the exact
synergy between O-GlcNAc and mTOR has not been detected in
autophagy, there appears to be a clear dynamic that is hinged on
the spectrum of mTOR repression.

Obesity is another area of research that has revealed a dynamic
between mTOR and O-GIcNAc. When analyzing normal mice
and Ob/Ob type mice, there were increased levels of OGT
expression and mTOR phosphorylation (56). A corresponding
in vitro experiment using colon cancer cells also demonstrated
higher OGT expression and phosphorylated mTOR, as well
as higher levels of O-GlcNAcylation. Treatment of these cell
lines with an mTOR activator (MHY1485) showed a slight
increase in phosphorylated mTOR, OGT, and O-GlcNAcylation
and a significant amplification in phosphorylated p70S6K
(56). On the other hand, treatment with an mTOR inhibitor,
rapamycin, caused distinct decreases in phosphorylated mTOR,
OGT, O-GlcNAcylation and complete inhibition of p70S6K
phosphorylation (56).

Interestingly, downstream targets in the mTOR pathway
also appear to respond to O-GlcNAcylation. Ribosomal protein
S6 (RPS6) is a phosphorylation target of p70S6K, but is
also one of many ribosomal components that can be O-
GlcNAcylated. Of note, the O-GlcNAc modification on S6 does
not appear to be influenced by glucose starvation (57). While
the purpose of this is not yet known, it was hypothesized
(57) that this phenomenon might play a role regulating
translation of proteins associated with glucose metabolism.
What's more, O-GIcNAc also impacts mRNA selectivity and
translation rates in diabetes via another mTORCI target,
4E-binding protein 1 (4E-BP1). Hypophosphorylated 4E-BP1

binds to eIF4E, a ribosomal component that binds to the
5 cap of mRNA, which blocks selective translation and
alters the normal pattern of mRNA translation. Examination
of the liver tissue of diabetic mice revealed that 4E-BP1
binding of eIF4E was not only dramatically increased, but O-
GlcNAcylation of 4E-BP1 was elevated almost 2-fold while 4E-
BP1 phosphorylation declined significantly (58), suggesting that
O-GIcNAc plays a role in cap-independent translation in diabetes
signaling.

While there is not a large amount of literature detailing
the interactions between mTORC1 and the HBP, current
documentation does reveal an intricate, fine-tuned dynamic
between the two pathways. With diabetes in particular,
this relationship appears to play a substantial role, which
makes it a prime focal point for future research into these
diseases. However, when considering the web of interactions
occurring between the HBP and the mTOR pathway, as
well as their relationships with the AMPK pathway, it is
important to understand the complexity of cell behavior
and sheer amount of variables required for signaling events.
Therefore, exploring the dynamics between these pathways
using a systems biology approach, alongside conventional
laboratory techniques might be the best approach for future
investigations.

SYSTEMS BIOLOGY APPROACHES WILL
IMPROVE UNDERSTANDING OF
SIGNALING CROSS-TALK BY NUTRIENT
SENSING

While the evidence discussed provides a possible framework of
interactions between the HBP, mTOR, and AMPK pathways,
the intrinsic complexity of cellular function must be considered
when formulating our understanding of these relationships.
Ultimately, the true story of nutrient sensing and cellular
response cannot be reduced to simple interactions, such as
the repression of mTORC1 by AMPK. The maintenance of
cellular homeostasis is a vital process, which must be finely
tuned. Therefore, a more accurate picture would be like the
mixing board used in a recording studio or a concert, rather
than the volume knob on the radio in a car. There are many
inputs, which interact in complex and dynamic ways. Nutritional
sensing pathways, such as AMPK, mTORCI1, and O-GIcNAc are
replete with feedback loops (59, 60), which allow them to self-
regulate and accomplish a fine degree of control. Unfortunately,
this has substantially complicated efforts to understand these
pathways, because they exercise a robust control over many
perturbations.

An additional challenge in understanding the complexities
of nutrient sensing is biological “noise” in a cell. Biological
pathways are frequently represented as an orderly set of
protein-protein interactions (PPIs), frequently in the form of
a directed graph (61). Naturally, this is an oversimplification
of reality. In fact, for any given interaction, an individual
protein may have a large number of competitors for its
receptor. However, these alternate ligands may not induce
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the same effect (e.g. conformational change) in the receptor.
From one perspective, this “promiscuity” of proteins involved
in PPIs is a major contributor of biological noise in a
pathway, but it is important to note that noise is a matter
of perspective. In some cases, it would be more accurate
to consider these proteins as competing signals. Partly, this
arrangement is likely the byproduct of evolution, and the
mechanism through which new functions can be introduced
(i.e., evolution works with what is already there, so new
proteins will have similar binding domains to previous
domains, especially early on) (62, 63). Thus, a more specific
protein may have to compete with a large number of
less specific alternatives. This has contributed to a view
that signal transduction, such as that involved in nutrient
sensing, is sometimes more probabilistic than deterministic
(64, 65).

Nevertheless, a cell must have some method for fine-
tuning signals to maintain homeostasis in a noisy environment,
which is where we see PTMs come into play (64). One such
way that O-GlcNAcylation functions to polish these signaling
mechanism is to impede protein degradation (66-68), thus
increasing the probability of signal transduction, increase or
decrease binding affinity for a particular interaction (69-71),
or competetion against other PTMs that might change a
protein’s function in different ways (72). The rapid cycling
of O-GIcNAc may allow for much more granular control
of nutrient response (73), so taking a probabilistic view of
nutrient sensing, O-GlcNAcylation might be understood as
one way a cell has of weighting the dice toward a required
response.

The complex and dynamic nature of maintaining glucose
homeostasis suggests the need for the more holistic view that
can be provided by genomic or even multi-omic methods.
However, due to the reactive nature of these pathways,
this view requires more than a simple “snapshot” of the
cell. Rather, approaches that can paint a picture of cellular
dynamics are called for. Such studies are not only expensive,
but they require new methods to understand the collected
data. Nevertheless, early attempts to tackle this problem
show promise (73, 74). A recent computational method was
developed after collecting transcriptional data over time, while
introducing a change in nitrogen sources for Saccharomyces
cerevisiae (65) in order to study the effect of metabolic signals
on transcriptome perturbations mediated by TORC1. A key
requirement in unraveling these complexities is to demonstrate
a causal relationship between a change in metabolites and
transcription, by ensuring that the metabolite change proceeds
the transcriptional change temporally, so a quality dataset is
required. Using these data, a probabilistic model was built,
which provided evidence that glutamine availability is a regulator
of TORCI and through TORCI is able to drive changes
in other metabolites, such as Inosine monophosphate (IMP)
and adenosine (the latter of which may suggest another
feedback mechanism for TORC1). The accumulation of IMP,
downstream of TORCI activation is interesting, and may point
to one mechanism through which the inverse relationship of

TORC1 and AMPK is maintained. AMP is deaminated to
IMP by Amdl, which may be regulated by TORCI. Further
work was built on this approach, demonstrating that TORC1
target Sch9 may be the kinase responsible phosphorylating
Amdl (75), pointing to yet another regulatory loop that
may tie TORCI and AMPK together. Naturally, these results
are in yeast, but Sch9 functions similarly to S6K1 (76),
which is a known target of mTORCI. Such insights would
not be possible without a closely linked computational and
experimental approach, such as those used in these studies.
Future work could extend these concepts to mammalian
organisms and incorporate a more robust range of PTMs,
such as O-GlcNAc, to construct a more accurate picture
of cell signaling and the fine-tuning that regulates these
mechanisms.

SUMMARY

The HBP, AMPK, and mTOR pathways all present a unique
niche in cellular function, with respect to nutrient-sensing.
However, it is the crosstalk between these pathways that
fosters a particularly interesting but unexplored spotlight in
cell signaling. While reduced energy levels trigger AMPK
inhibition of mTORCI, these conditions can also trigger
conservation of energy via increased global O-GlcNAcylation.
However, increased glucose and glucosamine uptake bolsters
cytosolic ATP production and triggers deviations in cellular
behavior, such as insulin resistance, while repressing AMPK
and allowing the mTOR pathway to encourage proliferation.
Amino acid uptake facilitates mTORCI activation and can up-
regulate the HBP in a fine-tuned manner, while diminishing
AMPK activity. Cross-talk between OGT and AMPK presents
a mutually inhibitory relationship between the two enzymes
based on nutrient availability and stimulation, while the mTOR
pathway and O-GlcNAc coordinate with one another to direct
autophagy.

Overall, there appears to be an intricate dynamic between the
three pathways, where deviations in their communication lend
to various pathologies. Future research should elucidate more
connections between these pathways using both computational
methods and traditional bench work, with the hopes that we’ll
understand this “real talk” and how to counteract it when it leads
to disease-related miscommunication.
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Nutrient-Driven O-GicNAcylation at
Promoters Impacts Genome-Wide
RNA Pol Il Distribution

Michael W. Krause', Dona C. Love?, Salil K. Ghosh?, Peng Wang?, Sijung Yun',
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" Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of
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Nutrient-driven O-GIcNAcylation has been linked to epigenetic regulation of gene
expression in metazoans. In C. elegans, O-GIcNAc marks the promoters of over 800
developmental, metabolic, and stress-related genes; these O-GIcNAc marked genes
show a strong &', promoter-proximal bias in the distribution of RNA Polymerase Il (Pol
Il). In response to starvation or feeding, the steady state distribution of O-GIcNAc at
promoters remain nearly constant presumably due to dynamic cycling mediated by the
transferase OGT-1 and the O-GlcNAcase OGA-1. However, in viable mutants lacking
either of these enzymes of O-GIcNAc metabolism, the nutrient-responsive GIcNAcylation
of promoters is dramatically altered. Blocked O-GIcNAc cycling leads to a striking
nutrient-dependent accumulation of O-GIcNAc on RNA Pol . O-GIcNAc cycling mutants
also show an exaggerated, nutrient-responsive redistribution of promoter-proximal RNA
Pol Il isoforms and extensive transcriptional deregulation. Our findings suggest a complex
interplay between the O-GIcNAc modification at promoters, the kinase-dependent
“CTD-code,” and co-factors regulating RNA Pol Il dynamics. Nutrient-responsive
O-GlIcNAc cycling may buffer the transcriptional apparatus from dramatic swings in
nutrient availability by modulating promoter activity to meet metabolic and developmental
needs.

Keywords: O-GIcNAc, RNA-polymerase I, CTD, transcription, genetic, nutrients, polymerase dynamics,
glycobiology

INTRODUCTION

Animals have evolved under conditions of fluctuating nutrient availability, requiring them to adapt
in order to balance growth and survival. Thus, mechanisms exist to sustain essential cellular
functions during prolonged starvation conditions while permitting a rapid metabolic response
when conditions become replete. Transcriptional regulation is one such mechanism, controlling
a subset of genes that are required for the acute catabolic or anabolic response to nutrient flux or
changes in environmental stimuli.

Transcriptional regulation can occur at many different levels, including recruitment of RNA
Polymerase II (Pol II) to the promoter and the transcription events of initiation, elongation,
splicing, and termination. All of these activities are influenced by the differential phosphorylation of
the C-terminal domain (CTD) of Pol II (1) and its associated factors. This “CTD-code” is subject to
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elaborate regulation by CTD-kinases (2, 3) and, together with
other factors that stably or transiently associate with the
polymerase complex, regulate gene expression (4-6).

Although recruitment of Pol II to the relevant promoters has
long been thought to be the primary molecular control point for
transcriptional responses, recent studies demonstrate that many
stress and developmental genes have a pool of Pol II engaged
at the promoter that is poised for rapid activation. This mode
of control, referred to as Pol II promoter-proximal pausing,
has emerged as a common means of transcriptional regulation
among many, but not all, animals (7-13). From a biological
perspective, this pool of promoter-associated polymerase has
been suggested to serve a memory function, which may anticipate
the need for rapid mobilization in response to environmental or
developmental cues (14).

For the nematode Caenorhabditis elegans, life in the soil has
subjected the animal to constant cycles of feast and famine
throughout its evolution. C. elegans has adopted a number of
developmental strategies to adapt to nutrient flux, including
larval stage 1 (L1) arrest, dauer diapause, adult reproductive
diapause and life extension in response to starvation (15-18).
Many of these developmental decisions are under transcriptional
control. In fact, it has been shown that starvation-induced L1
arrest in C. elegans is accompanied by enhanced Pol II promoter-
proximal pausing, particularly at promoters for metabolic genes
important for growth and stress responses (19, 20). However,
unlike Drosophila and mammals, Pol II pausing does not
appear to be a major mechanism of transcriptional regulation
in C. elegans (21). Moreover, worms lack a NELF homolog
(22), which is a major regulator of Pol II pausing found in
other animals, raising the possibility that additional inputs might
regulate Pol I dynamics in this organism.

Many different nutrient sensing pathways feed into
transcriptional control and developmental decisions. We have
previously demonstrated in C. elegans that dauer formation, the
stress response, and adult longevity, are all strongly influenced
by the Hexosamine Signaling Pathway (HSP) (23-25). For
many key cellular targets, the HSP provides a dynamic, nutrient
driven mechanism to influence protein function in response
to the metabolic status of the cell (26, 27). The terminal step
of the HSP is the transfer of O-linked N-acetylglucosamine
(O-GlcNAc) to Ser and Thr amino acids in target substrates
catalyzed by the enzyme O-GIcNAc transferase (OGT). The
O-GlcNAc modification is reversed by the action of an O-
GlcNAcase (OGA). This dynamic, post-translational, single
sugar modification of nuclear and cytoplasmic proteins is
reminiscent of phosphorylation and dephosphorylation of
Ser/Thr residues by kinases and phosphatases. Thus, nutrient-
driven O-GlcNAcylation is capable of producing extensive
crosstalk with kinase-dependent, and other, signaling pathways
influencing numerous aspects of cell physiology (26-29).

O-GlcNAc cycling has been genetically linked directly to
the regulation of gene expression. We, and others, have
shown that GlcNAcylation of chromatin-associated substrates
is an evolutionarily conserved modification that is localized
predominantly to the promoter regions of many genes, raising
the possibility that promoter-proximal Pol II dynamics could be

directly influenced by nutrient flux (30-33). RNA Pol I has been
shown to be GlcNAcylated on the CTD (34-36), including on Ser-
2 and Ser-5 residues of the CTD heptad repeat (37-39), and the
O-GlcNAcase (OGA) shown to be part of the Pol II elongation
complex interacting with Pol II pausing factors (40). Much of this
previous work has been performed in vitro using recombinant
OGT and OGA and examining the impact of these activities on
template-driven transcription of model reporter constructs. The
results of these studies suggest a model in which O-GIcNAc plays
arole in preinitiation complex formation and interplays with the
“CTD code” of phosphorylation on RNA Pol IT (34-39).

In efforts to determine the function O-GIcNAc on
transcription in an intact organism, we have analyzed deletion
alleles encoding these enzymes in the mouse and in Drosophila.
In mouse, OGT is essential (41-43), but OGA null alleles
survive until the perinatal period, directly demonstrating that
O-GlcNAcase is not essential for transcription and development
(44). Loss of OGA in Drosophila is also non-essential, but impacts
the epigenetic machinery allowing O-GlcNAc accumulation on
RNA Polymerase II and numerous chromatin factors including
TRX, ASH1, and SET (33). Here, we have extended the analysis
to viable knockout alleles in C. elegans of the genes encoding
OGT and OGA to explore the role of O-GlcNAcylation on Pol I
distribution and transcription in a whole organism.

Chromatin immunoprecipitation (ChIP) of starved or fed
samples with multiple antibodies specific for either the O-GlcNAc
modification itself or Pol II CTD phosphorylated isoforms
revealed a near constant distribution of Pol II across most
genes in wild type animals regardless of growth conditions. In
contrast, loss of OGT-1 activity resulted in dramatic changes
to Pol II distribution in response to nutrient flux, particularly
for genes associated with high levels of GIcNAcylated chromatin
at their promoters; a similar, but less dramatic effect was seen
with loss of OGA-1 activity. We also find that animals lacking
OGT, and to a lesser extent OGA, activity have substantially
altered gene expression responses in starved and fed conditions
compared to wild type animals. Our results demonstrate that
dynamic GlcNAcylation of Pol IT and other chromatin associated
substrates, predominantly localized at promoters, is part of a
homeostatic mechanism that ensures a constant steady state
Pol II distribution for most genes during fluctuating nutritional
conditions. The post-translational modification of chromatin-
associated substrates by nutrient responsive GlcNAcylation
provides a direct link between the cellular metabolic state and Pol
IT promoter-proximal dynamics with epigenetic implications for
the organism.

RESULTS

Promoter-Associated O-GIcNAc Levels Are
Maintained by O-GilcNAc Cycling in
Conditions of Both Starvation and Nutrient

Excess

Previously, we showed that O-GlcNAcylated substrates reside
at the promoter regions of many genes, microRNAs, and
non-coding RNAs in C. elegans (32). Transcriptional changes
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resulting from the disruption of O-GlcNAc cycling described
previously (32) suggested that GlcNAcylation might directly
impact transcription by modifying one or more chromatin-
associated substrates in response to nutrient flux. To extend
these findings, we have used the viable null alleles of O-
GIcNAc to determine the impact of loss of O-GlcNAc cycling
on RNA polymerase behavior in response to changes in nutrient
availability.

Antibodies that specifically recognize the O-GlcNAc
epitope were used in chromatin immunoprecipitation (ChIP)
experiments with synchronous, first larval stage (L1) wild
type animals under starved and fed conditions [Experimental
Procedures; (32)]. Chromatin derived probes were used for
whole genome tiling array hybridization (ChIP-chip) and the
data normalized to a common input chromatin sample. We
have found that our ChIP-chip data provided a less biased,
hybridization-based signal across genes compared with new
technology, such as ChIP-seq, and allows direct comparisons
with previous work, including our own studies in Drosophila
melanogaster (33) and C. elegans (32). To allow visualization
of the ChIP-chip data from multiple genes simultaneously, a
common gene model (metagene) of uniform length was defined
that extended from the translational start to stop codons based
on genome version WS195 to match the arrays that were used
(Experimental Procedures); our analyses also included 3kb
upstream of the start site corresponding to hightened O-GIcNAc
signal intensity.

To wvalidate our ChIP-chip data, multiple chromatin
preparations and immunoprecipitations with many different
antibodies to O-GIcNAc and Pol II were used in various
combinations to demonstrate consistency and reproducibility
of the results (Experimental Procedures). As previously
reported, almost all Pol II antibodies gave similar patterns
across the genome regardless of their advertised specificity
or preference for different Pol II CTD phosphorylated
isoforms  (19)(Supplemental Figure 1). These results are
consistent with our own assays of specificity using both peptide
dot blots and in vivo antibody staining in early embryos
(Supplemental Figures 1, 2). Our data sets also replicated and
confirmed a previous study that identified a set of genes with a
high level of promoter-proximal Pol II compared to the gene
bodies (19)(data not shown). Therefore, we had high confidence
that this data could be used to examine chromatin distributions
among various gene classes and multiple genetic mutants to
explore possible correlations that would inform the functions of
chromatin O-GlcNAcylation, if any.

We first examined the list of 827 genes previously identified
as being associated with elevated promoter O-GlcNAc marks in
C. elegans (32); note that one gene model on the original list
is no longer valid, resulting in 826 genes, but we have retained
the original naming convention for clarity. Comparison of wild
type starved vs. fed data for these “marked” genes revealed nearly
identical profiles of O-GIcNAc signal relative to the common
gene model with a strong promoter region bias in distribution
(Figure 1A); this was true for each of two independent anti-
O-GIcNAc antibodies (RL2 and HGACS85) assayed by whole
genome ChIP (data not shown). The constant distribution of

O-GlcNAc in response to nutrient flux was surprising since
total O-GIcNAc on cellular proteins increases in response to
nutritional flux in worms (45). An analysis of the genomic
sequence associated with the O-GIcNAc promoter intervals
revealed an enrichment of two repetitive sequence motifs:
GAGAGAGA, ACACACAC, and their inverse complements
(Supplemental Figure 3). These simple repeats have also been
noted in promoter regions in other transcription factor ChIP
studies (46, 47) suggesting their presence may simply reflect
a general property of promoters rather than a binding site
preference for GlcNAcylated chromatin-associated proteins per
se. The constant O-GlcNAcylation at promoters in response to
nutrient flux suggested that O-GIcNAc levels might be actively
regulated at these sites in wild type animals.

Promoter GicNAcylation Responds
Aberrantly to Nutrient Flux When
O-GlcNAc Cycling Is Blocked

To determine if disruption of active O-GlcNAc cycling had an
effect on the distribution of chromatin GlcNAcylation in starved
vs. fed animals, we assayed the same 827 marked genes in
mutants in which either OGT-1 or OGA-1 activity had been
eliminated by genomic deletions. We have previously shown that
the ogt-1(0k430) mutants lack O-GlcNAc transferase activity (23)
and we used this enzymatic null allele to threshold ChIP-chip
experiments in starved animals to define the list of 827 O-GIcNAc
marked genes (32). As expected, the O-GlcNAc ChIP signals in
fed or starved ogt-1(0k430) mutants is quite low and similar
to that observed and defined as background [Figure 1A; (32)].
The observed over representation of promoter regions in this
mutant, which lacks the enzymatic activity needed to generate the
epitope being ChIPed, likely reflects the relative open chromatin
associated with promoters that is commonly observed in ChIP
studies (48-50).

We have also characterized a viable null mutant in the O-
GlcNAcase gene in C. elegans (oga-1(0k1207)) (24). ChIP data
from oga-1(ok1207) mutants that cannot reverse the O-GlcNAc
modifications on substrates revealed changes in response to the
nutrient status of the organism (Figure 1A). Promoter regions of
the 827 O-GIcNAc marked genes showed a large and statistically
different (p = 0.0002) increase in O-GlcNAcylation signals in
response to feeding, an effect that could also be easily visualized
on representative individual gene promoters (Figure 1B). The
oga-1(0k1207) results demonstrated that chromatin-associated,
GlcNAcylated substrates are rendered nutrient-sensitive when
O-GlcNAc cycling is disrupted. Taken together, these findings
suggest that in wild type animals the dynamic cycling of O-
GlcNAc is required to maintain the near constant, or buffered,
levels of O-GlcNAcylation observed at gene promoters.

As described above, the constant distribution of promoter-
associated O-GIcNAc in response to nutrient flux was surprising
because total protein O-GlcNAcylation increased in C. elegans
in response to nutritional flux in the form of excessive glucose
(45). We re-examined total protein O-GlcNAcylation in L1
populations for wild type, ogt-1(0k430), ogt-1(ok1474), oga-
1(0k1207) mutant animals by Western blots, comparing starved
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FIGURE 1 | Levels of promoter region O-GIcNAcylation are actively regulated in wild type animals. (A) Chromatin-associated O-GIcNAc signals, as determined by
ChlIP-chip, are shown relative to a unitary, metagene model (bold arrow) along with 3 kb flanking sequence upstream of the gene model. Fold enrichment over the
mean chip value is shown on the y-axis; the x-axis indicates the bin number for consolidated data. Data shown is averaged from 827 previously identified O-GlcNAc
“marked” genes in wild type or O-GIcNAc cycling mutants (ogt-7(ok430) and oga-1(ok1207)) (32) for both starved (red) and fed (green) conditions; standard error is
indicated for each point on the plots. There was little to no change in promoter region O-GlcNAcylation in wild type worms in response to changes in nutrient
conditions. Comparing the ratio of the promoter region peak to gene body nadir values (Starved = 2.30 £ 0.09; Fed = 2.20 + 0.08) showed no statistical difference
(p = 0.397) for wild type animals. The promoter region enrichment observed for ogt-1 mutant animals represents background as these animals lack the ability to
O-GlcNAcylate substrates, providing a useful genetic control for ChIP. The dramatic up-regulation of promoter region O-GlcNAcylation in response to feeding in oga-1
mutants reflects disruption of the dynamic cycling of O-GIcNAc on chromatin-associated substrates. Comparison of the ratios for promoter region peak to gene body
nadir values (Starved = 2.11 & 0.08; Fed = 2.62 £ 0.11) is significantly different (p = 0.0002) in fed vs. starved conditions in oga-7 mutants. (B) The oga-1(0k1207)
O-GlcNAc ChIP-chip profiles for several individual genes, as indicated, in both starved (red) and fed (green) conditions are shown. In each case, the promoter region
O-GlIcNAcylation appears to be nutrient responsive, rising dramatically for fed conditions in the oga-7 mutant background. Thick black arrows indicate the transcribed
region with the exon/intron gene structure for one or more previously defined gene products illustrated below.

vs. fed conditions that mimicked those used for our ChIP studies.  residues of the canonical heptad repeat sequences (YSPTSPS) and
Although O-GIcNAc signals were either not detected (ogt-1  closely related variants (34, 35, 51). The C. elegans large subunit of
mutants) or too low (wild type) to conclude any effect in these ~ Pol II, encoded by the ama-1 gene, has 37 heptad repeats within
experiments, the oga-1(0k1207) animals clearly demonstrated  its CTD of which 10 match the canonical sequence exactly.

dramatically elevated levels of protein O-GlcNAcylation that We immunoprecipitated Pol II from starved and fed wild
were further increased in fed conditions when compared to  type and mutant L1 stage animal extracts using a Pol II
starved (Supplemental Figure 4). Thus, nutritional status can  antibody (8WG16) that recognizes phosphorylated and non-
drive excessive levels of protein O-GlcNAcylation with the  phosphorylated isoforms (19, 48) (Experimental Procedures).

potential to affect promoter-associated substrates. Immunoprecipitation was followed by detection of O-GlcNAc

. by two independent methods. Using antibodies specific for O-
RNA P°|ymerase ills Dynamlca"y GlcNAc, we were able to detect Pol II in the oga-1 (0k1207)
O-GlcNAcylated in vivo mutant where O-GIcNAc removal is blocked; little or no

The C-terminal domain (CTD) of mammalian RNA Polymerase ~ GlcNAcylated Pol II was detected in wild type extracts and none
II (Pol II) has been reported to be GlcNAcylated on Ser and Thr ~ was ever detected in the ogt-1(0k430) mutant (Figure 2A). We
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as described previously (25).

FIGURE 2 | C. elegans RNA Polymerase Il is O-GlcNAcylated. (A) RNA Polymerase Il (Pol Il) was immunopurified from extracts prepared from starved (S) and fed (F)
L1 larvae using wild type or O-GIcNAc cycling mutant strains. Western blots were probed with an anti-O-GIcNAc antibody (RL2) or anti-Pol Il antibody that recognizes
isoforms independent of CTD phosphoepitopes (8WG16), as indicated. The position of the major Pol Il band is indicated by arrows in the blots. This band was
quantified in each lane using ImagedJ and the relative ratio of RL2 to 8WG16 signal intensity plotted in the graph above. The oga-7 mutant strain has dramatically
increased levels of O-GlcNAcylated Pol Il that is further increased upon feeding. (B) RNA Pol Il was immunopurified from extracts prepared from starved (S) and fed (F)
animals as in (A). A modified recombinant galactosyltransferase was used to introduce a GalNAZz label to O-GlcNAc modified proteins (52). The GalNAz label was
reacted with an alkyne-TAMRA probe using “Click” chemistry (53). The top row of Western blot images shows the anti-TAMRA antibody detection results. As a
positive control, a-crystallin (20 pg) was detected using the same method. The second row of images shows the anti-Pol Il signal (8WG16) from an identical blot; note
the absence of signal for a-crystallin. The last row of images shows the overlay of signals from the two fluorophores corresponding to O-GIcNAc and Pol Il. The
position of the major Pol Il band is indicated by arrows in all three blot images. This band was quantified in each lane using ImagedJ and the relative ratio of TAMRA to
8WG16 signal intensity plotted in the graph above. (C) Pol Il in oga-7 mutants has a higher molecular mass. The post-nuclear supernatants (see Experimental
Procedures) from wild type and mutant strains were run on 10-20% SDS-PAGE gels and transferred for immunoblotting as described in Experimental Procedures.
The primary antibody was the RNA Pol Il Ser-2-P antibody ab5095 and the secondary IR-labeled anti-mouse IgG. The blot was scanned with an Oddysey IR scanner
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next used a highly sensitive chemoenzymatic detection method
(52) based on the selectivity of galactosyltransferase to modify
terminal O-GIcNAc (54, 55). This method uses ‘Click’ chemistry
to place a fluorescent tag (TAMRA) onto O-GlcNAc-modified
proteins that can subsequently be identified with an anti-TAMRA
antibody on immunoblots. As shown in Figure 2B, Pol II
GlcNAcylation was readily detected in both the O-GlcNAcase
mutant strain [oga-1(ok1207)] and, to a lesser extent, in wild type;
GlcNAcylation of Pol II was undetectable in the ogt-1(0k430)
strain. When the same blots were probed with an anti-Pol II
antibody (8WG16), all stains were shown to have nearly identical
levels of Pol II. There was a readily detectable increase in Pol II
GlcNAcylation in fed vs. starved samples in the oga-1(0k1207)
mutant, reminiscent of the fed response observed by O-GIcNAc
ChIP (Figure 2A). In addition, the migration of intact Pol II
was detectably different in comparing the three strains [N2, ogt-
1(0k430) and oga-1(0k1207)] using Pol II antibodies, with an
upward shift in migration of approximately 26 kDa (Figure 2C),
suggesting that Pol II is highly modified in the oga-1(0k1207)
strain that lacks O-GlcNAcase. Thus, only a small fraction of
total Pol II is likely to be GlcNAcylated at steady state due,
in large part, to active cycling by both OGT-1 and OGA-1.

When oga-1 is deleted, the levels of modified Pol II increase
greatly. The relatively small fraction of GlcNAcylated Pol II and
extensive cross-linking required for ChIP precluded us from
doing sequential IP studies to determine if the promoter region
O-GlcNAc signal is predominantly due to GlcNAcylated Pol II.
Therefore, we took advantage of the many tools available to
examine Pol II dynamics to determine if altered GlcNAcylation
altered Pol II behavior.

Genome-Wide Analysis of RNA Pol Il Isoforms in
C. elegans L1 Larvae
Since Pol II was a confirmed nutrient-driven target of
GlcNAcylation in the worm, we have directly examined
the genome-wide behavior of Pol II using the genetic and
biochemical tools at our disposal. This analysis was carried out
at the whole-genome level, allowing a robust metagene analysis
that would not be possible by examination of smaller data sets
or by examining single genes. Over 36 whole genome arrays
were analyzed in this way, with representative data presented for
simplicity.

The CTD of Pol II in animals and yeast is regulated by
phosphorylation of the heptad repeat (YSPTSPS) on Ser-2,—5,
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and—7; Ser-5-P is associated with initiating Pol II, whereas
increasing Ser-2-P is linked to elongation [reviewed in (3)]. To
determine the genome-wide distribution of Pol II in Lls, we
carried out ChIP-chip experiments using anti-Pol II antibodies
that had different specificities with respect to CTD post-
translational modifications. Antibody 8WGI16 is considered
phospho-independent, recognizing both phosphorylated and
non-phosphorylated forms of the CTD and has been used
previously in C. elegans for ChIP by multiple groups (19, 20,
48, 56). Antibody 5095 (Abcam) recognizes predominantly Pol
II phosphorylated on Ser-2 within the CTD. We also used two
non-commercial anti-Pol II antibodies raised against di-heptad
CTD repeat peptides phosphorylated on either the Ser-5 or
Ser-2 positions (57, 58). We confirmed the specificity of each
of these phospho-specific Pol II antibodies using immunoblot
dot blots (Supplemental Figure 1B) as well as in vivo staining
of C. elegans embryos that have characteristic germline vs.
somatic cell nuclear staining patterns for CTD Ser-2-P- or Ser-
5-P-specific antibodies (22, 59, 60)(Supplemental Figure 2). As
others have recently reported (19, 20, 56), we found that the
ChIP profiles for all of these Pol II antibodies were very similar
(Supplemental Figures 1A, 5). From these extensive genome-
wide analyses, we concluded that for C. elegans L1 chromatin,
Pol II ChIP patterns were very reproducible using a variety of
antibodies and multiple, independent chromatin preparations.
Moreover, it was not possible to discriminate between initiating
or elongating forms of Pol II based on in vivo ChIP with
these antibodies despite their clear difference for CTD phospho-
isoforms in vitro.

O-GlIcNAc Marked Promoters Show
Enhanced Promoter Proximal Pol Il With a
Distribution That Is Buffered From Nutrient

Flux in Wild Type Animals
As noted above, both Pol II and total promoter region O-GlcNAc
levels are maintained in wild type animals for either starved or
fed conditions by dynamic O-GlcNAc cycling. To determine if
the distribution of Pol II changed in response to nutrient flux,
data from ChIP experiments with multiple Pol II antibodies
(Experimental Procedures) were analyzed with respect to both
starved and fed conditions. Regardless of the Pol IT antibody used
for ChIP, we found substantial levels of Pol IT at the promoter of
the set of 827 genes defined as being GlcNAcylated, as represented
by the Ser-2-P antibody profile (Figure 3A). Like O-GlcNAc
signals, the Pol II profiles were very similar in both starved and
fed conditions, with differences in 5" promoter peak to gene body
nadir ratios not reaching statistical difference (p = 0.681). We
noted that the Pol II distribution within the 5" promoter region
was very similar to the GlcNAcylated chromatin profile, whereas
a very distinct pattern exists within the gene body as modeled by
the metagene (Figure 3A). Thus, in wild type animals neither the
profile nor magnitude of Pol II distribution for the 827 O-GlcNAc
marked genes was significantly altered in response to nutrient
flux.

To determine if the averaged profile of Pol II for most genes
remained unchanged during nutrient flux in wild type animals,

we analyzed the Pol II ChIP data for gene sets selected for
different characteristics. The list of genes used for this analysis are
given in Supplemental Table 1. For example, data from a set of
100 genes selected for high levels of Pol II at the promoter and in
the gene body gave a very different pattern, but similarly showed
no change between starved and fed conditions (Figure 3B); these
gene promoters had relatively low levels of O-GlcNAcylation. We
also examined the Pol II profiles for 1426 genes transcriptionally
upregulated (log, fold change of 1.5 or greater) in fed conditions
compared to starved and 284 genes upregulated in starved
compared to fed (Figure 3C). For both of these gene sets, the
condition for which they were transcriptionally upregulated
corresponded to increased Pol II signals across the gene body,
although starved and fed condition profiles overall were not
significantly different. We concluded that in wild type animals,
(1) nutrient flux does not affect the steady state level of Pol II
occupancy for most genes, including those defined as O-GIcNAc
marked, (2) high levels of promoter region O-GlcNAcylation
were strongly correlated with a group of genes exhibiting a strong
5" promoter bias in the Pol II profile, (3) Pol II profiles are
different and concordant for sets of genes that show dramatic
changes in expression, and (4) Pol II profiles reflect the criteria
used to select the gene set.

Enhanced promoter proximal Pol IT accumulation, or pausing,
has previously been reported in C. elegans by multiple groups
under starved conditions (19, 47). We compared each of these
gene sets with our 827 O-GlcNAc marked genes, all of which
had high levels of promoter proximal Pol II signals (Figure 4);
gene lists are available in Supplemental Table 1. Although there
was some overlap, these defined gene sets were much more
different from each other than they were similar. In particular,
most of the O-GIcNAc marked genes were not among those
genes that have more rigorously been defined as having promoter
proximal pausing of Pol II, suggesting a more general role for
O-GlcNAcylation in Pol IT dynamics.

O-GlcNAc Cycling Is Required to Buffer Pol
Il Occupancy and Distribution From

Changes in Nutrient Flux

It was possible that there were differences in the genome-
wide distribution of Pol II in the O-GlcNAc cycling mutants,
mirroring difference in the levels of Pol II GlcNAcylation we
observed by Western blot analysis. Chromatin from ogt-1 or
oga-1 mutant populations (starved or fed) were ChIPed with
each of the four anti-Pol II antibodies described above. The
ogt-1(0k430) mutant results were particularly dramatic, with
very different starved vs. fed profiles and significant differences
(p = 0.008) in the 5 promoter to gene body nadir values
(Figure 5). In contrast, the oga-1(0k1207) mutant profile and
peak ratios were very similar to wild type animals and not
significantly different (p = 0.478). We also examined the
behavior of Pol II in the O-GlcNAc mutants for several other
groups of genes referenced above using the four anti-Pol II
antibodies (data not shown). In each case, the results were
similar to the effects shown in Figure 5, but with a diminished
magnitude in deviation from wild type that was correlated with
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FIGURE 3 | RNA Polymerase Il profiles for O-GIcNAc marked genes are similar in both starved and fed conditions. (A) RNA Pol Il Ser-2-P (ab5095), representative of
multiple Pol Il antibodies used, and O-GlcNAc ChIP profiles for the 827 O-GIcNAc marked gene set with axis and gene model displays as described in Figure 1; the
O-GlIcNAc profile is duplicated from Figure 1A (right panel) for side by side comparison to the corresponding Pol Il data. Very little difference was observed for the Pol
Il distribution in comparing fed and starved conditions. Note that while Pol Il and O-GlcNAc profiles are similar in the promoter regions, the Pol Il signal extends into the
gene body whereas O-GIcNAc does not. (B) To determine if the O-GIcNAc marked gene set behavior was unusual in being unchanged regardless of feeding condition,
we examine several gene sets that were selected using different criteria. Show is a set of 100 genes that had high levels of RNA Pol Il within the gene body, but low
promoter region O-GIcNAc signals. This gene set also shows nearly identical profiles for Pol Il (left panel) in either starved or fed conditions, lacks a strong signal for
promoter region O-GIcNAc (right panel), and has an overall profile that is quite distinct from the 827 O-GIcNAc marked genes. (C) Genes with nutritionally responsive
expression have corresponding changes in Pol Il occupancy. As many gene sets showed similar profiles for Pol Il in both starved and fed conditions, we identified
genes that were nutritionally responsive to these two conditions based only on changes in gene expression (logo fold change greater than or equal to 1.5 when
comparing starved and fed values). The left panel shows the Pol Il profile, represented by the Ser-2-P data, for 1426 genes that are up-regulated in fed conditions
compared to starved values. As expected, the fed Pol Il profile increases in the gene body of these genes. For genes that are up-regulated in starved conditions

(n = 284; right panel), the starved Pol Il profile is greater than the fed. Thus, the Pol Il ChiP profile changes are consistent with the gene expression data for those gene
showing the most dynamic response to feeding condition whereas Pol Il occupancy profiles for nutritionally unresponsive genes are correspondingly homeostatic.

the relative abundance of O-GIcNAc at the promoter region.
Taken altogether, the mutant studies demonstrate that disruption
of O-GlcNAcylation results in deregulation of homeostatic
mechanisms that normally function to maintain the steady state
Pol II distribution for many genes during periods of nutrient
flux.

Promoters With Dynamic Changes in
GlcNAcylation Are Dysregulated For Pol Il

Occupancy in Response to Nutrient Flux
The observation that dramatic changes in the O-GIcNAc ChIP
signals at promoters in the O-GlcNAc cycling mutants were

associated with striking deregulation of Pol II occupancy
(Figure 5) prompted us to examine if these two properties
were linked. We reasoned that by looking at promoters that
accumulated the highest levels of O-GIcNAc upon blocking
O-GlcNAc cycling, we might enrich for those genes with
dramatically altered Pol II distributions. We calculated the
difference in O-GlcNAc signal between fed and starved samples
(delta O-GIcNAc) in oga-1(0k1207) O-GlcNAcase mutants for
the 827 marked promoters and plotted those in rank order
(Figure 6A). One hundred genes from each of three different
regions of the distribution representing the highest, middle, and
lowest delta O-GIcNAc values were chosen and the distribution
of Pol II CTD Ser-2-P was examined in either starved or fed
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FIGURE 4 | High levels of promoter Pol Il for most O-GIcNAc marked genes do not indicate polymerase pausing. Proportional area Venn diagrams of gene set overlap
among the 827 O-GIcNAc marked genes and other gene sets defined as having paused polymerase. Overlaps between the 827 O-GIcNAc marked genes (red) and
genes identified as having promoter proximal paused Pol Il in starved L1s from Zhong et al. (47) (n = 358, green) and active [n = 691, blue; (A)] or docked [n = 775,
blue; (B)] as defined by Maxwell et al. (20). The majority of O-GIcNAc marked genes are not included in any of these gene sets previously identified as having promoter

proximal Pol Il in starved conditions in wild type animals.
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FIGURE 5 | Pol Il profiles become deregulated in response to nutrient flux in animals lacking active O-GlcNAcylation. The CTD Ser-2-P Pol || profile (ab5095),
representative of all Poll Il antibodies tested, for the 827 O-GIcNAc marked genes are shown relative to the metagene model, as described in Figure 1. The ChIP data
from wild type (left; duplicated for comparison from Figure 3A, left) or O-GIcNAc cycling mutants ogt-7(0k430) (center) and oga-1(0k1207) (right) L1 animals is
shown under either starved (red) and fed (green) conditions. Whereas wild type and oga-1(ok1207) animals showed no statistically significant change in Pol Il profiles
for this set of genes in response to nutrient flux, loss of OGT activity resulted in dramatic changes in the 5" promoter region to gene body nadir signal ratios

(Starved = 1.81 £ 0.08; Fed = 1.57 + 0.05), with starved conditions having significantly (p = 0.008) more Pol Il occupancy across the promoter and gene body.

conditions for wild type and mutant chromatin. As shown in
Figure 6B, each gene set had a distinctive Pol II profile, with
the highest levels of Pol II observed in the genes with the
greatest change in O-GlcNAc when comparing starved and fed
animal. More importantly, while wild type and oga-1(0k1207)
mutants showed very similar results for all gene sets, the ogt-
1(0k430) mutants show dramatic difference in starved vs. fed
Pol II profiles. Finally, we noted that when the O-GlcNAc
accumulation was highest in fed samples (e.g., high delta O-
GlcNAc value), the 5 Pol II CTD Ser-2-P occupancy was
highest in starved samples in ogt-1(0k430) mutants. Therefore,
independent of the magnitude of change in promoter region
GlcNAcylation during starved or fed conditions, Pol II profiles
remained remarkably buffered against nutrient flux in wild type
and oga-1 mutants. In contrast, ogt-1 mutants have lost that
buffering capacity and have dramatically increased levels of Pol

IT specifically in starved conditions. The dysregulation of Pol
IT occupancy in ogt-1, but not oga-1, mutants demonstrates
that O-GlcNAcylation activity alone has a major role in
buffering polymerase occupancy against nutrient flux. Once O-
GlcNAcylated, the additional levels of this modification resulting
from loss of O-GlcNAcase activity does little to influence Pol II
occupancy.

O-GIcNAc Cycling Mutants Have an
Altered Transcriptome and Respond
Differentially to Nutritional Status

We previously reported that growth arrested L1 larvae harboring
null alleles of ogt-1 and oga-1 have dramatically altered gene
expression compared to wild type animals (roughly 700 and
500 deregulated genes, respectively) (32). In this report, we
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FIGURE 6 | Loss of O-GIcNAc activity alone, and not nutrient responsive O-GIcNAcylation at promoters, correlates with Pol Il dysregulation. The difference in ChiP

representative of all Poll Il antibodies tested, was plotted (as described in Figure 1) for wild type and the O-GIcNAc cycling mutants (B). Regardless of ranking based
on the nutrient responsiveness of O-GlcNAcylation, wild type, and oga-7 mutants showed very little difference in starved vs. fed Pol Il profiles. In contrast, ogt-1
mutants lacking O-GIcNAc activity, show dramatic differences in Pol Il profiles in starved vs. fed conditions regardless of nutrient responsive ranking. Gene lists are

fed conditions (delta-O-GIcNAc) was calculated from oga-1(ok1207) mutant data
top, middle, or bottom rankings and the CTD Ser-2-P Pol Il ChiP profile (ab5095),

extended this analysis to fed L1 larvae and compared wild
type, ogt-1(0k430), and oga-1(ok1207) mutants; the entire dataset
is available as GEO accession number GSE18132. We limited
our bioinformatic analysis here to those genes substantially
deregulated with a 2.8-fold (log, =1.5) or greater change in gene
expression. As shown in Figure 7A, starved L1s have 63 genes
that were differentially deregulated in ogt-1(0k430) compared to
wild type animals, whereas oga-1(0k1207) had 18 differentially
deregulated genes. As noted before (32), the genes deregulated
in ogt-1 are associated with innate immunity and the stress
response. Of particular interest is the enhanced expression of

glutathione transferases (Supplemental Table 2). For oga-1, the
18 deregulated genes were enriched in serpentine receptors
involved in chemosensation, and C-type lectins. We next
examined the changes in gene expression for fed L1s (Figure 7B).
Here, 22 genes were at least 2.8-fold different in ogt-1(0k430);
these genes were bioinformatically enriched in membrane
receptors involved in chemosensation (Supplemental Table 2)
and included the piwi-like protein prg-1 that was highly down-
regulated in the fed conditions compared to wild type. The
prg-1 gene encodes an argonaut protein involved in regulating
piRNAs, microRNAs and select protein coding mRNAs (61).
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FIGURE 7 | O-GIcNAc cycling mutants exhibit transcriptional changes in response to nutritional status. (A) An area proportional Venn diagram showing the genes
deregulated greater than 2.8-fold (logo = 1.5) in starved L1 larvae in ogt-7 (0k430) and oga-1(1207) mutant strains compared to wild type (WT) animals. (B) An area
proportional Venn diagram showing the genes deregulated 2.8-fold or greater in fed L1 larvae in ogt-1 (0k430) and oga-1(ok1207) mutant strains compared to wild
type worms. (C) An area proportional Venn diagram showing the uniquely deregulated genes comparing starved and fed worms in wild type, ogt-1 (0k430) and
oga-1(ok1207) mutant strains. Gene lists for each condition and genotype can be found in Supplemental Table 2. All transcriptional data are available in GEO

accession number GSE18132.
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Finally, genes deregulated in oga-1(ok1207) fed L1 animals were
similar to that of starved larvae; serpentine and G-coupled
receptors. Thus both in the fed and starved conditions, the
ogt-1 mutants exhibited more striking deregulation of gene
expression than the oga-1 mutants in comparisions to wild
type.

To examine the overall nutrient response of the O-
GlcNAc cycling mutants from a different perspective, we
examined the transcriptional responses of three strains in both
conditions (Figure 7C; Supplemental Table 1), again applying
a high threshold of 2.8-fold change (log, = 1.5) for the
analysis. Although there was a core group representing
~85% of the genes that were commonly deregulated in
response to nutrient status, each of the O-GlcNAc cycling
mutants showed a substantially altered and strain-specific
transcriptional response (Figure7C). Wild type Lls had 245
nutrient responsive genes that were not detected in either ogt-
1(0k430) or oga-1(0k1207) mutants in response to feeding.
The ogt-1(0k430) strain had 265 genes uniquely deregulated in
response to feeding while oga-1(ok1207) had 260 deregulated
genes. This is consistent with the changes in polymerase
occupancy we have observed and the transcriptional alterations
seen in ogt-1 and oga-1 mutants compared to wildtype.
Finally, we examined the relationship between the most
nutrient responsive genes in all three strains to our 827
O-GIcNAc marked gene set (Supplemental Figure 6). In all
pair-wise comparisions, the overlap failed to meet statistical
significance (Fisher’s Exact Test, p < 0.05) in exceeding random
chance.

DISCUSSION

O-GIcNAc Cycling Is a Nutrient-Responsive

Homeostatic Mechanism

Previously, we demonstrated that O-GlcNAcylated chromatin-
associated protein(s) are preferentially localized to the promoter
region of a subset of genes in C. elegans (32) and in Drosophila
(33). Following up on those observations, we now show that
Pol II itself is dynamically GlcNAcylated in vivo, that the steady
state distribution of O-GlcNAc and Pol II for most genes in wild
type animals is unaffected by nutrient flux, that GlcNAcylated
promoters are associated with high promoter proximal Pol II
occupancy, and that loss of O-GlcNAc cycling results in profound
changes in Pol II distribution in response to starvation and
feeding. The relatively minor Pol II profile changes in fed
vs. starved wild type C. elegans L1 larvae may initially seem
counterintuitive. However, our results are consistent with those
reported by Baugh et al. who assayed various starvation and
feeding paradigms by ChIP-seq (19). These studies demonstrated
that most genes do not show an acute response to nutrient
flux, but instead maintain a steady state level of expression.
Our current findings suggest that O-GlcNAc cycling underlies,
at least in part, the near constant Pol II distribution genome-
wide and the relatively minor transcriptional changes associated
with dramatic changes in nutrient availability. In the absence
of O-GIcNAc cycling, this homeostatic mechanism becomes
deregulated and Pol II distribution across genes varies greatly
in response to nutrient availability. Our results are consistent
with a model in which dynamic O-GIcNAc cycling directly

Frontiers in Endocrinology | www.frontiersin.org

48 September 2018 | Volume 9 | Article 521


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Krause et al.

Effects of Dynamic O-GIcNAcylation on RNA Pol I

impacts Pol II distribution and dynamics for many, if not all,
genes.

The “CTD-Code” in C. elegans

Although understudied in C. elegans, it is generally agreed
that there are discrete steps of Pol II action during eukaryotic
transcription cycles, including pre-initiation, initiation, pausing,
elongation, and termination [reviewed in (3)]. These steps in the
transcription process have been linked to specific modifications
of the C-terminal domain (CTD) of the large subunit of Pol
II that is comprised of numerous identical or variant repeats
of the heptad amino acid sequence YSPTSPS. For example,
transcriptional initiation and promoter-proximal pausing is
associated with hyperphosphorylation of Ser-5 of the heptad
repeats. This form of Pol II is converted to an elongating
form by the action of PTEF-b, an enzymatic complex that
phosphorylates Ser-2 of the heptad repeat and other negative
regulatory substrates within the holoenzyme. A second Pol II
pause occurs at the 3’ end of genes associated with termination
and 3’ end processing. Relatively high levels of Ser-2, and low
levels of Ser-5, phosphorylation are associated with this step of
transcription. Thus, it is generally agreed that the distribution
of CTD heptad repeat phospho-isoforms reflects the various
functions of Pol II throughout the transcription cycle.

Profiling the distribution of several Pol II CTD phospho-
isoforms with multiple antibodies failed to reveal the canonical
pattern of eukaryotic transcription cycle events in C. elegans L1
chromatin preparations. Others came to a similar conclusion
when examining profiles with several of the same Pol II
antibodies we used (19, 20, 56). This suggests that either the
mode of regulation for Pol II during the transcription cycle
is different in C. elegans compared to other organisms or,
more likely, that epitope recognition of the phosphorylated
CTD in vivo is more complex than in vitro. We find that
the overall pattern of distribution for multiple Pol II CTD
phospho-epitopes reflects a shared characteristic of a particular
set of selected genes that may reflect a shared mechanism of
transcriptional regulation. For the 827 O-GlcNAc marked genes,
one of the shared characteristics is enhanced promoter proximal
Pol II occupancy. The 827 genes marked by O-GIcNAc at this
developmental stage in C. elegans have been bioinformatically
linked to longevity, stress and immunity (32). We have previously
documented that the O-GIcNAc cycling mutants exhibit an
altered stress response and have changes in longevity and insulin-
dependent phenotypes (23, 24, 45). Moreover, these mutants have
wholesale changes in steady state transcript levels suggesting that
the observed alterations in Pol II profiles by ChIP are associated
with transcriptional consequences.

Transcriptional Deregulation in O-GlcNAc
Cycling Mutants Is Not Restricted to the
“0O-GlcNAc Marked” Genes

In this study, we document the changes in gene expression
in starved and fed worms using wild type (N2), ogt-1 and
oga-1 mutant strains. The results of these studies suggest that
while gene expression changes are widespread, the deregulated

genes are not restricted to those 827 genes marked by O-
GIcNAc at their promoters. We do not find a simple direct
correlation between the presence of O-GlcNAc promoters and
its deregulation of expressed in O-GIcNAc cycling mutants;
these gene lists show only ~10% overlap, as reflected in the
Venn diagrams shown in Supplemental Figure 6. The lack of
statistically significant overlap in the gene lists is not surprising
given that the magnitude of the profiles differences in the
metagene analyses represent at most a ~40% change in Pol
IT occupancy and it is unclear that these changes alone would
result in differences in steady state RNA levels. Moreover, gene
expression in the highly invariant C. elegans developmental
process is both cell type specific and temporally regulated.
Many of O-GlcNAc-occupied promoters may be transcriptionally
silent. O-GlcNAc marked promoters often reside between protein
coding genes complicating assignment to a unique gene. In
additional, posttranscriptional mechanisms and the influence of
non-coding RNAs are difficult to predict using current tools.
However, we can conclude that the presence of O-GlcNAc at
a promoter of a given developmental stage is not necessarily
predictive of transcriptional change upon loss of O-GlcNAc
cycling.

C. elegans Pol Il Is Dynamically

O-GlcNAcylated in vivo

We find that Pol II is a substrate for GlcNAcylation in C. elegans,
a has been reported previously in many different systems (33-
38). Although the mammalian sites of GIcNAcylation include Ser
and Thr residues of the CTD, the functional consequences of
this modification have not previously been explored in a living
organism. The large number of heptad repeats, each having up
to four potential O-GlcNAcylation sites, suggests Pol II could
be a predominant chromatin-associated protein detected by
ChIP with antibodies specific for O-GlcNAc epitopes. This may
explain, at least in part, the coincident profiles we observe for
O-GlcNAc and Pol II at the 5" end of many genes. Importantly,
GlcNAcylation of the CTD residues that are also targets for
phosphorylation would be expected to have profound effects
on phosphorylation patterns and Pol II function. A complex
interaction between CTD GlcNAcylation, phosphorylation, and
transcription cycle progression might explain the many and
diverse changes in Pol II patterns observed in O-GlcNAc cycling
mutants. A complete analysis of this complex interplay will
require a detailed analysis of the sites of phosphorylation
and GlcNAcylation of the extended CTD domain of RNA
Pol II. We note, however, that the redistribution of Pol II
observed in O-GlcNAc cycling mutants was detectable using
both phospho-independent and -dependent antibodies. This
finding strongly suggests that O-GIcNAc is part of the complex
“CTD-code” acting independently of known phosphorylation-
dependent mechanisms.

A Model of O-GilcNAcylation and the
“CTD-Code”

A simple model extending from previous work (34-40), our
current observations, and the role of CTD phosphorylation
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FIGURE 8 | Modeling promoter region O-GIcNAcylation and Pol Il dynamics.
A model for the role of O-GIcNAc cycling in promoter proximal Pol Il dynamics
during nutrient flux based on our results is shown that also draws from earlier
studies of Lewis and colleagues (37-40). OGT and OGA enzymatic activity
dynamically cycles O-GIcNAc on Pol I, and other chromatin substrates, that
localize at the promoter of many, if not all, genes. O-GlcNAcylation of the Pol Il
CTD competes with phosphorylation of Ser-2 and Ser-5 residues of the
heptad repeats that are required for transcriptional initiation and elongation.
Nutrition (e.g., fed condition) drives increased O-GlcNAcylation of Pol Il that
inhibits progression of the Pol Il transcription cycle. Conversely, starvation
decreases O-GIcNAcylation of Pol Il, thus promoting transcription events. The
consequence of the nutrient-sensitive O-GIcNAc cycle is a near constant, or
buffered, level of promoter proximal Pol II. In the absence of O-GIcNAc activity
(ogt-1 mutant) this buffering system is lost, resulting in Pol Il dis-regulation. In
the presence of excess O-GlcNAcylation (oga-7 mutant), the inhibitory effects
of this modification on Pol Il are only slightly greater than in wild type animals,
thus minimally affecting Pol Il dynamics.
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in transcription [reviewed in (3)] is that GlcNAcylation of
the CTD (and perhaps other associated substrates) normally
serves as a negative regulator of Pol II initiation or elongation
by directly competing with phosphorylation events required
for transcription cycle progression (Figure 8). This O-GIcNAc
may serve to stabilize the CTD domain from degradation
and serve to limit the action of kinases until the polymerase
becomes promoter associated. In wild type animals, the potential
increase in Pol II transcription driven by nutrient excess
might be balanced by compensatory high levels of negatively
acting GlcNAcylation, providing a self-adjusting regulator that
would ensure near constant transcription of many genes during
times of nutrient flux. In the O-GIcNAc cycling mutants,
this transcriptional regulator either no longer exists (ogt-
I) or is hyper-engaged (oga-1). The consequences of the
deregulated O-GIcNAc system is a nutrient-dependent change
in Pol II accumulation at the promoter region that could
reflect changes in process associated with pre-initiation complex
formation, transcriptional initiation, promoter proximal pausing,
transcriptional elongation, or any combination thereof.

This model is derived from observations of the 827 most
heavily O-GlcNAc marked genes, but it appears to be applicable
to many genes. That is, promoter region levels of chromatin-
associated GlcNAcylation fall on a continuum, which may reflect
varying degrees of reliance on this mechanism of homeostatic

control. For example, the Pol II profiles of the 827 GlcNAc-
marked genes are extremely well buffered during nutrient flux in
wild type animals. At the other extreme are those genes with very
little promoter region GlcNAcylation and Pol II accumulation;
instead, these genes have increasing Pol II signals toward
the 3’ end of the gene. These presumably highly transcribed
genes are nutrient unresponsive and constitutively on at very
high levels. Another set of genes devoid of high levels of
promoter GlcNAcylation is the one that responded dramatically
to starvation. These genes, which are required for an acute
transcriptional response to nutrient flux and/or stress, have high
levels of Pol II occupancy at the promoter region but are, by
definition, unbuffered.

There may be roles for promoter protein GlcNAcylation
beyond the simple nutrient-responsive transcriptional regulation
model we present. Animals lacking either one of the O-
GIcNAc cycling enzymes, or both, are phenotypically wild
type with respect to viability, fertility, and morphogenesis.
Such observations suggest that there are nutrient regulated
transcriptional responses that act in addition to, or that can
supersede, O-GlcNAc-mediated controls. Moreover, many
signaling pathways are integrated into, and impinge upon,
transcriptional output, making the simple correlation of one
chromatin modification (GlcNAcylation) with transcriptional
regulation a difficult task. Like many metabolic regulatory
networks, O-GIcNAc appears to function to fine-tune cellular
responses in concert with many redundant and compensatory
pathways. We find that this nutrient responsive, post-
translational modification can profoundly influence Pol II
occupancy across many genes and is, therefore, a novel player to
consider in the context of gene regulation.

O-GlcNAcylation and Higher Order

Chromatin Structure

Regardless of the exact role of O-GIcNAc in chromatin
regulation, this modification is specifically targeted to promoter
regions. It is not yet clear how the enzymes of O-GlcNAc cycling
are recruited to promoter regions and whether this recruitment
is regulated. Targeting could be accomplished by site-specific
complexes that recruit GlcNAcylated substrates or the O-GIcNAc
cycling enzymes themselves. GlcNAcylation of nuclear pores
has been extensively studied over the past 25 years (26, 62,
63), suggesting specific chromatin-associate domains within the
nucleus could be linked to at least some of the O-GIcNAc
promoter signals we observe. Another possible recruitment
mechanism is suggested by the known mammalian interactions
between the transcriptional repressor mSin3a and OGT (64).
That is, specific interactions between O-GlcNAc cycling enzymes
and promoter-specific regulatory, or Pol II-associated, factors
might provide a specific docking site. Results from Drosophila
demonstrate a related recruitment mechanism. Two groups
have shown that Polycomb Response Elements (PREs) are
prominent sites of O-GlcNAc modified chromatin and this mark
is completely lost in null alleles of the Drosophila sxc/ogt gene (30,
31). PREs are the cis-acting elements that regulate transcriptional
repression through Polycomb Regulatory Complexes (PRCs),
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as first uncovered in the regulation of HOX genes in the fly
[reviewed in (65)]. Indeed, sxc/ogt genetically interacts with
many Polycomb Group members and the PRC complex protein
polyhomeiotic has been shown to be GlcNAcylated (30). We
have yet to identify any genes that suggest GlcNAcylation of
promoter regions for somatically expressed genes in C. elegans is
involved directly in Polycomb-like repression. It is possible that
O-GlcNAc-mediated braking of Pol II transcription observed in
C. elegans has been co-opted to become part of a more robust
transcriptional repression system in some species, such as for
PRC function in flies and other organisms. It will be interesting
to explore the potential for a similar role of GlcNAcylated
chromatin in the C. elegans germline, where Polycomb-related
factors are known to be involved in regulating global aspects of
gene expression (66, 67).

Biological Significance of Promoter Region

Glcnacylation

The discovery of a dynamic, nutrient responsive mark that is
localized to the promoter of many genes provides a direct link
between cell metabolism and the transcriptional machinery. Such
alink could have profound acute and long-term consequences on
the transcriptional output of these genes. Our studies highlight
the acute responses seen within 3h of feeding, demonstrating
that changes in nutrient status of cells can be reflected at
specific gene promoters. It is not difficult to imagine scenarios
in which prolonged exposure to feast or famine would similarly
result in persistent epigenetic changes at specific promoters
altering transcriptional patterns through many cell divisions
somatically or across generations if functioning in the germline.
For example, the persistent elevated serum glucose levels of
diabetic mothers may reset the transcriptional state of genes
within the developing fetus through an O-GlcNAc-mediated
mechanism. Such a mechanism would provide a molecular
explanation for the “vicious cycle” that describes the propensity
of children of mothers with diabetes during pregnancy to develop
obesity and diabetes at a young age (68). Other studies have
linked paternal nutrition metabolic consequences in subsequent
generations (69, 70). The challenge ahead is to fully understand
the molecular consequences of O-GlcNAc cycling, both direct
and indirect, on transcription and the relationship of this nutrient
responsive epitope on the epigenetic control of gene expression.

EXPERIMENTAL PROCEDURES

Worm Strains

Worm strains were cultured under standard conditions (71),
unless otherwise noted. Strain used in this study were: wild type
Bristol (N2), ogt-1(0k430), ogt-1(ok1474), and oga-1(ok1207).

Starvation and Feeding Paradigm

Gravid adults were bleached, the embryos collected and hatched,
and incubated in M9 buffer at 22°C with gentle shaking for 48 h.
Half of this starved L1 population for each strain was collected
and put on NGM plates with OP50 E. coli for 3h at 22°C to
serve as the fed treatment. Three hours was chosen because it
was short enough to avoid major developmental changes induced

by feeding that occur in the mid- to late-L1 stage and previous
work demonstrated that transcriptional changes associated with
feeding were near maximal by that time (19). Both starved and
fed populations were collected, flash frozen, and stored at —70°C
prior to further processing.

Chromatin Immunoprecipitation

Chromatin  preparation from  frozen samples and
immunoprecipitations were carried out as previously described
(32). The anti-O-GIcNAc antibodies used were RL2 [Abcam
(ab2739); (72)] and HGACS85 [Thermo Scientific (MA1-076);
(73)]; each gave similar results in all assays, although HGAC85
had better signal to noise for ChIP whereas RL2 was best for
O-GlcNAc detection by Western blots. The four Pol II antibodies
used were SWG16 (Covance, MMS-126R) that was raised against
wheat germ Pol II and recognizes both non-phosphorylated and
phosphorylated isoforms of Pol II in C. elegans (19), ab5095
(Abcam) that was raised against the Ser-2-phospho (Ser-2-P)
isoform of a consensus CTD diheptad repeat, a non-commercial
anti-Ser-2-P CTD antibody (58), and anti-Ser-5-P antibody (57).

Immunoblots were performed as described previously (25).

Gene Model and Genome-Wide Analyses
Sample preparation and genome-wide analyses of transcription
and ChIP peaks as previously described (32); all array data is
publicly available in GEO with accession numbers GSE40371
and GSE18132, respectively. To allow easy visualization of the
ChIP-chip data from multiple genes simultaneously, a common
gene model (metagene) of uniform length, extending from the
translational start to stop codon was defined using genome
version WS195 to match the arrays; non-array based gene
definitions and analyses used WS235 and ModENCODE gene
expression data was retrieved based on WS260. Each gene length
was divided into ten equal segments and the signal intensity of all
probes within each of these deciles was averaged. Flanking region
distances for analysis were empirically determined by taking
progressively longer flanks (1kb increments) for the analysis;
3kb of upstream sequence was determined to be optimal for
data capture and this flank distance was applied to all ChIP
data. The 3 Kb upstream flanking sequenced was divided into
20 bins and the probe intensities within each bin averaged and
plotted along with the gene data as a moving average with five
bins per step. Error bars at each point on the graph represent
the standard error (standard deviation divided by the square
root of the number of genes). For many plots, we calculated the
ratio for the maximum value at the promoter region divided
by the minimum value in the gene body region. The error
values were calculated from the standard errors considering error
propagation of this division. T-tests were performed using R,
version 3.5.0. Bioinformatic analysis of transcriptional regulation
was carried out using GEO2R and enrichment analysis was
carried out using DAVID Bioinformatic Resources 6.8 (74, 75).
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The AMP-activated protein kinase (AMPK) is an important cellular energy sensor. lts
activation under energetic stress is known to activate energy-producing pathways
and to inactivate energy-consuming pathways, promoting ATP preservation and cell
survival. AMPK has been shown to play protective role in many pathophysiological
processes including cardiovascular diseases, diabetes, and cancer. Its action is
multi-faceted and comprises short-term regulation of enzymes by direct phosphorylation
as well as long-term adaptation via control of transcription factors and cellular events
such as autophagy. During the last decade, several studies underline the particular
importance of the interaction between AMPK and the post-translational maodification
called O-GlcNAcylation. O-GIcNAcylation means the O-linked attachment of a single
N-acetylglucosamine moiety on serine or threonine residues. O-GlcNAcylation plays
a role in multiple physiological cellular processes but is also associated with the
development of various diseases. The first goal of the present review is to present the
tight molecular relationship between AMPK and enzymes regulating O-GIcNAcylation.
We then draw the attention of the reader on the putative importance of this interaction in
different pathophysiological events.

Keywords: AMPK, O-GlcNAcylation, diabetes, cardiovascular diseases, cancer

INTRODUCTION

The majority of proteins playing essential biological roles undergo post-translational modification
(PTM) to regulate their structure, cellular localization, activity and biological function.
Accordingly, many metabolic enzymes and regulators, such as acetyl-CoA carboxylase and ULKI,
are known to be phosphorylated in conditions of metabolic stress to adapt to energy imbalance
(1). Under such circumstances, cells will adjust their metabolism by promoting energy production
pathways and shutting down non-essential energy-consuming pathways. An essential actor in
the phospho-dependent metabolic reorganization during energy stress is the AMP-activated
protein kinase (AMPK) (2). Similar to protein phosphorylation, O-linked B-N-acetylglucosamine
(O-GlcNAc) addition on Ser/Thr residues is a dynamic PTM that regulates many cellular processes
including stress response (3, 4), transcriptional activity (5, 6), and epigenetic regulation (7). It has
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been recently shown that AMPK can interrelate with enzymes
regulating protein O-GlcNAcylation. The present review
highlights this interplay with an emphasis of how this link could
be targeted to prevent and/or treat several diseases.

AMPK, a Key Energy Sensor

AMPK is a heterotrimeric protein composed of one catalytic
subunit o (existing in two isoforms, al, and «2) and two
regulatory subunits, § (81 and $2) and y (y1, y2, and y3) (8).
AMPK is a vital cellular energy sensor that regulates metabolism
in order to maintain energy balance (9). During energy stress,
the increase in AMP/ATP ratio leads to the binding of AMP
to the y subunit promoting AMPK activation by allosteric
regulation and by phosphorylation of the catalytic a subunit on
Thr172 (10). Once activated, AMPK phosphorylates downstream
targets at Ser/Thr residues within a characteristic sequence
motif. Numerous AMPK substrates in various protein networks
have been described so far (1, 11, 12). AMPK acts acutely by
phosphorylating metabolic enzymes, but also provokes long-term
adaptation at a transcriptional level (13). AMPK inhibits anabolic
pathways, including protein synthesis (14, 15), and enhances
catabolic pathways, such as glycolysis and mitochondrial p-
oxidation, to restore energetic balance required for cell survival
(16, 17). AMPK activation is considered as a putative future
therapeutic target for various pathologies characterized by
disorganized cellular metabolism, such as cancer, diabetes,
myocardial ischemia and cardiac hypertrophy (18). In order to
develop new drugs and treatments, deciphering the mechanisms
by which AMPK provides its beneficial action have pushed
research in the field. Beside AMPK, a significant proportion
of these diseases is also characterized by an atypical O-
GlcNAcylation profile. Recent evidences demonstrate interplay
between AMPK and O-GIcNAcylation. Interestingly, some of
the AMPK beneficial effects seem to be linked to modulation of
O-GlcNAcylation.

O-GicNAcylation, a Particular

Post-translational Modification

Protein O-GlcNAcylation is a PTM that promotes the O-linked
attachment of a single N-acetylglucosamine moiety on Ser/Thr
residues of over 4000 proteins including nuclear, cytosolic, and
mitochondrial proteins (5). O-GlcNAcylation depends on the
availability of uridine diphosphate-N-acetylglucosamine (UDP-
GIcNAc), the end product of hexosamine biosynthesis pathway
(HBP), an alternative pathway of glucose metabolism (Figure 1).
HBP is dependent of glucose, amino acid and nucleotide
availability, turning O-GlcNAcylation to a nutrient sensitive
PTM that dynamically integrates metabolic signals (19, 20). The
increased HBP flux due to chronic metabolic changes gives rise
to elevated levels of protein O-GlcNAcylation which are known
to play a role in the development of insulin resistance and
diabetes (21, 22). Beyond diabetes, aberrant O-GlcNAcylation is
associated with several diseases, such as cardiovascular diseases
and cancer. Glutamine:fructose-6-phosphate aminotransferase
(GFAT), which converts fructose 6-phosphate to glucosamine
6-phosphate, is the rate limiting enzyme of HBP and its
deletion causes vital cellular defects (23). GFAT is highly

conserved among species and two isoforms from separated
genes, GFAT1 and GFAT2, can be found in mammals (24).
Their relative expression varies among tissues, GFAT1 being
mainly expressed in pancreas, placenta, testis and skeletal muscle
whereas GFAT2 can be found in heart and central nervous
system (25).

Unlike phosphorylation, which is regulated by numerous
protein kinases and phosphatases, O-GIcNAc cycling is
regulated by the concerted action of only two enzymes, O-
GlcNAc transferase (OGT) that adds O-GlcNAc to proteins,
and the protein O-GlcNAcase (OGA) that removes it (26)
(Figure 1). This limited number of actors has suggested that
O-GlcNAcylation was an unrefined modification hitting non-
specifically a large number of substrates. However, recent
evidences show that OGT/OGA localization, their interactions
with specific substrates and the competition for Ser/Thr
with other PTMs shape the O-GlcNAcylation response in
agreement with cellular state. As an example, competition
between phosphorylation and O-GIcNAc for the same or
proximal site is well documented in the recent review of van der
Laarse et al. (27).

Growing evidences indicate that both GFAT and OGT can
be substrates of protein kinases including AMPK (28, 29).
Conversely, AMPK can be targeted by O-GlcNAcylation (30, 31).
The next chapters will present the molecular basis of these
molecular interactions and the putative consequences of this
interplay in pathologies.

CROSSTALK BETWEEN AMPK AND
O-GLCNACYLATION-MEDIATING
ENZYMES

Regulation of O-GicNAcylation by AMPK
GFAT

Regulation of O-GlcNAc by AMPK has been firstly described
in 2007 when AMPK was proposed to phosphorylate GFAT1
on Ser243 (32) (Figure 1). This phosphorylation was postulated
to increase GFAT activity by lowering ky for fructose-6-
phosphate as measured by in vitro enzymatic assay. However,
more recent studies rather demonstrate that AMPK negatively
regulates GFAT activity. Using model of GFAT1 overexpression
in mammalian cells, Eguchi and colleagues reported that
2-deoxyglucose-mediated AMPK activation induces GFAT1
phosphorylation on Ser243, concomitantly to its inactivation
(28). Similarly, AMPK activation, by 5-aminoimidazole-4-
carboxamide riboside (AICAr) or vascular endothelial growth
factor (VEGF) in primary human endothelial cells, has
been shown to induce a marked increase in endogenous
GFAT1 phosphorylation on Ser243, a significant reduction
in GFAT activity and a concomitant reduction in O-GlcNAc
levels (33, 34). Finally, our research group has shown that
AMPK activation by metformin, or by the specific AMPK
activator A769662, promotes GFAT phosphorylation on the
aforementioned site in both neonatal rat cardiomyocytes
(NRVM) and adult mouse heart (35) Once again, this
is associated with reduced O-GlcNAc levels (35). Overall,

Frontiers in Endocrinology | www.frontiersin.org

56

September 2018 | Volume 9 | Article 519


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Gélinas et al.

Crosstalk Between AMPK and O-GIcNAcylation

\4

Metformine (33)
Glucose deprivation (28,30

Ser243 @

AMPK \

\ Thraa4

Glucose
206 (28)
AICAr (31,38)
A769662 (3s) V/

Fructose-6P

Glucosamine-6P

UDP-GleNAc

FIGURE 1 | Molecular interactions between AMPK and O-GIcNAcylation-mediating enzymes. Action of AMPK on O-GIcNAcylation-mediating enzymes has been
evaluated in the literature using various treatments (left panel). Once activated, AMPK has been shown to phosphorylate Glutamine fructose-6-phosphate
aminotransferase (GFAT) on Ser243 and O-GIcNAc transferase (OGT) on Thr444. The consequences of these AMPK-mediated modifications are resumed in the right

panels. On the other hand, AMPK can be O-GlcNAcylated on its a and y subunits, presumably preventing its activation. References are presented in parentheses.
2DG, 2 Deoxyglucose; AICAr, 5 aminoimidazole-4-carboxamide ribonucleoside; O, O-GlcNAcyl; P, phosphoryl group; UDP-Glucose, Uridine diphosphate glucose.
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majority of the recent studies demonstrate that AMPK directly
phosphorylates and reduces GFAT activity, lowering O-GlcNAc
levels (Figure 1).

OGT

Besides GFAT, OGT also looks to be regulated by AMPK
(Figure 1). It has been shown that AMPK can interact with and
phosphorylate OGT on Thr444 in vitro (30). Moreover, AMPK
activation by A769662 or AICAr triggers OGT phosphorylation
on Thr444 in skeletal muscle cells and mouse embryonic
fibroblasts (MEF) (30, 31). Interestingly, Thr444 phosphorylation
does not affect OGT enzymatic activity, but rather seems to
modulate OGT cellular localization and substrate specificity.
Xu and colleagues revealed that AMPK phosphorylates nuclear
OGT in MEFs, promoting its dissociation from chromatin
and the reduction of histone 2B O-GlcNAcylation on Ser112
(31). By contrast, AMPK activation is shown to induce OGT
nuclear translocation in C2C12 myotubes, stimulating nuclear
protein O-GlcNAcylation and histone acetylation (30). In
addition to modulating cellular localization, AMPK seems to
alter OGT substrate selectivity by promoting its interaction
with particular proteins or by competing with OGT for
the same or proximal site(s). As example, AMPK decreases
26S proteasome activity in endothelial cells by promoting its
association with OGT and its subsequent O-GlcNAcylation
(36). Moreover, competition between O-GlcNAcylation and
AMPK phosphorylation for the same or proximal Ser/Thr

site is described to have opposite effects on the regulation
of several proteins. For example, AMPK phosphorylation and
O-GlcNAcylation compete for the same site on chromatin-
associated fumarase (FH) and lead to opposite effects (37).
Hyaluroran HAS2 activity is also regulated in an opposite manner
by AMPK phosphorylation and O-GlcNAcylation on proximal
sites, although competition between both is not yet formerly
studied (38).

AMPK has also been proposed to regulate OGT expression.
In Neuro-2a neuroblastoma cells, glucose deprivation
induces an AMPK-dependent increase in OGT mRNA
and protein expression, leading to elevated O-GlcNAc
levels (39). However, two other studies, performed in other
cell types, established that glucose deprivation acts on
OGT independently of AMPK (40, 41). In our hands, we
showed that metformin-induced AMPK activation leads to
a decrease in cardiac OGT expression and O-GIcNAc levels
in hypertrophied mouse hearts. In conclusion, the regulation
of OGT expression by AMPK seems to highly depend of
various parameters such as cell types and physio-pathological
status.

OGA

Evidence of direct regulation of OGA by AMPK has not been
demonstrated so far. However, mice deficient for the AMPKa2
isoform are characterized by an elevated basal level of cardiac
O-GlcNAcylation that is associated with decreased OGA protein
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Low AMPK activity

Obesity and diabetes

Hypertrophic heart (NRVM/mice)

High O-GIcNAc levels

Skeletal muscle (HFD mice) 0GT KO
Endothelial cells (HUVEC) VEGF
Adipose tissue (HFD PVAT) A769662
Cancer
Colon cancer AICAr
0GT shRNA
Breast cancer —
0GT inhibitor
Pancreatic cancer 0GT shRNA
Cardiovascular diseases A769662
Metformin

High AMPK activity
Refs

Lower blood glucose upon exercices
Decreased insulin resistance and obesity ()

Increased angiogenesis (34)
Restored anticontactile function (50)
Decreased tumor growth (9)
Lower invasion and metastasis (56)
Reduced lipid metabolism and survival 61
Decreased tumor growth @7
Prevention of LVH development 35)

Low O-GlcNAc levels

FIGURE 2 | AMPK/O-GIcNAcylation interplay in pathophysiological processes. AMPK activation and O-GIcNAcylation levels are generally inversely correlated in
pathologies. Lowering O-GlcNAcylation or increasing AMPK activity prevents adverse effects in diabetes, cancer and cardiac hypertrophy. Treatments and
cellular/animal models used are presented between to two columns. AICAr, 5-aminoimidazole-4-carboxamide ribonucleotise; HFD, High-fat diet; HUVEC, Human
Umbilical Vein Endothelial Cells; LVH, Left ventricular hypertrophy; NRVM, Neonatal rat ventricular myocytes; OGT KO, O-GIcNAc transferase knock-out; PVAT,
Perivascular adipose tissue; shRNA, short hairpin RNA; VEGF, Vascular endothelial growth factor.

levels (35). The molecular mechanism involved remains to be
identified.

Regulation of AMPK by O-GlIcNAcylation

In a reciprocal way, AMPK can be regulated by O-GlcNAcylation
(Figure 1). The first evidence dates back to 2007. AMPK was
detected in O-GIcNAc precipitates using succinylated wheat
germ agglutinin, a lectin that binds O-GIcNAc residues (42). In
2014, two different research groups confirmed that AMPK can be
O-GlcNAcylated by OGT. Xu et al. report that AMPKal isoform
is O-GlcNAcylated in vitro in MEFs and that OGT knock-
down reduces AMPK phosphorylation on Thr172, suggesting
that OGT positively regulates AMPK activity (31). With the
same idea, Bullen and collaborators showed that all AMPKa-
and y-subunits are “O-GlcNAcylable” in vitro (30). They also
demonstrated that O-GlcNAcylation of an over-expressed form
of AMPKyl subunit occurs in human embryonic kidney
(HEK) 293 cells. Interestingly, this O-GlcNAcylation happens
when AMPK is activated by glucose deprivation or AICAr
treatment and is absent when a kinase dead form of AMPK is
over-expressed. This highly suggests that AMPK activation is
required for its own O-GlcNAcylation. However, it has to be
mentioned that AMPK/O-GIcNAcylation interplay is extremely
complex. Indeed, pre-treatment with O-GlcNAc inducers, such
as Thiamet G, blunts AMPK activation induced by glucose
deprivation, indicating that PTM order plays an important role
in AMPK regulation by O-GlcNAcylation (30). Accordingly,
EtOH-induced increase in AMPK phosphorylation on Thr172
coincides with a decrease in AMPK O-GlcNAcylation in C2C12

myocytes (43). Other studies report alternatives effects of O-
GlcNAcylation on AMPK activity. Laczy and colleagues reported
no changes in AMPK activation in isolated rat hearts perfused
with glucosamine (44). In the same line, our group established
that increasing O-GIcNAc levels using O-GIcNAc inducers or
decreasing O-GlcNAcylation with the GFAT inhibitor 6-diazo-5-
oxo-L-norleucine (DON), have no impact on AMPK activity in
neonatal rat cardiomyocytes and mouse hearts (35).

Besides direct regulation of AMPK by OGT, O-GlcNAcylation
may induce AMPK-dependent phosphorylation of specific
proteins. As example, ULK1 O-GlcNAcylation promotes AMPK
recruitment and AMPK-mediated phosphorylation of ULK1,
resulting in increased cellular autophagy (29).

As conclusion of this chapter, molecular crosstalk and/or
competition between AMPK and O-GIcNAc pathway is well-
documented. This interplay has distinct consequence depending
on cell type, chronic/acute stimulation and metabolic status.

PATHOPHYSIOLOGICAL CONSEQUENCES
OF AMPK/O-GLCNACYLATION
INTERACTION

AMPK signaling and O-GlcNAcylation are associated with
various pathologies such as diabetes, cancers and cardiovascular
diseases (Figure 2). A global rise of O-GlcNAcylation is detected
during the developement of these pathologies. Conversely,
AMPK activation is generally described to be beneficial on
slowing down their development. In this last part, we will
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overview how O-GlcNAcylation/AMPK interaction plays a role
in these pathological events.

Obesity and Diabetes

During the last 30 years, number of studies provided direct
evidences supporting a link between HBP and adverse
effects of diabetes [reviewed in (45)]. As nicely reviewed by
Copeland and collaborators, elevated protein O-GlcNAcylation
is strongly associated with hyperglycemia-induced glucotoxicity
and insulin resistance (46). On the other hand, AMPK is
described to be beneficial for diabetic patients via a multi-
faceted action including an insulin-independent stimulation
of glucose transport (47). In addition, interaction between
AMPK and O-GlcNAcylation has been highlighted
diabetic conditions. Indeed, it has been recently reported
that skeletal muscle-specific OGT knock-out mice show lower
blood glucose during exercise and reduced high-fat-mediated
obesity and insulin resistance (48). Interestingly, these effects
are associated with higher AMPK expression and greater
AMPK activation after exercise. It has been proposed by
the authors, that the reduction in muscle O-GlcNAcylation
has an anti-diabetic effect through an enhancement of
the AMPK-dependent glucose utilization during exercise
(48).

Vascular complications such as endothelial dysfunction are
another important event in type II diabetes. Elevated protein
O-GlcNAcylation levels are known to be part of hyperglycaemia-
induced inhibition of angiogenesis (49). It has been shown
that VEGF promotes angiogenesis in endothelial cells through
an AMPK-mediated decrease in protein O-GlcNAcylation (34).
AMPK/O-GlcNAcylation was thus proposed as putative future
therapeutic target to improve vascular dysfunction in diabetic
patients.

Finally, O-GlcNAc and AMPK have also been proposed to be
associated with prenatal programming of perivascular adipose
tissue (PVAT) associated with obesity-linked hypertension.
Indeed, PVAT from male offspring of rodent fed with an
obesogenic high-fat diet (HFD) are characterized by reduced
anti-contractile effect, elevated O-GlcNAc levels and low AMPK
activity (50). Interestingly, incubation of PVAT from male control
offspring rat with glucosamine, as O-GIcNAc inducer, reduced
AMPK activity and diminished its anti-contractile properties.
However, PVAT function was restored by simultaneous AMPK
activation, using A769662. Similarly, AMPK activation partially
restored anti-contractile effects of PVAT from HFD offspring.
Overall, these results support the idea that elevated O-
GlcNAcylation levels, seen in obesity are related to reduced
AMPK activity and, concomitantly, loss of anti-contractile effect
of PVAT.

in

Cancer

Elevated protein O-GlcNAcylation has been reported in various
cancer cells, including prostate, colon, breast and lung cancer as
well as chronic myeloid leukemia (51) whereas AMPK has potent
anti-tumoral properties (52). Furthermore, increasing O-GlcNAc
levels, using Thiamet G or OGT overexpression, leads to an
increase in AMPK O-GlcNAcylation and reduced AMPK activity

in human colon cancer cells (53). This suppresses the inhibitory
action of AMPK on the mammalian target of rapamycin pathway
and results in enhanced tumor growth. Consequently, it is
suggested that AMPK inactivation, due to elevated O-GlcNAc
levels in diabetic patients, could explain the higher risk of colon
cancer in this population (54).

Similar data were obtained in breast cancer cell lines by the
group of Reginato (55-57). Increasing O-GlcNAcylation using
NButGT or overexpression of OGT decreases AMPK activity,
while reducing O-GlcNAcylation with OGT knock-down or
OGT inhibitor leads to an increase in AMPK phosphorylation.
In these studies, AMPK and OGT seem to have opposite
effects on various proteins involved in cancer metabolism,
such as the transcriptional regulator hypoxia-inducible factor-
la (55) and the deacetylase sirtuin 1 (SIRT1) (56). Among
others, they showed that reducing O-GlcNAcylation increases
SIRT1 protein levels in an AMPK-dependent manner; promoting
degradation of oncogenic transcription factor forkhead box
M1 in association with reduced invasion and metastasis of
breast cancer. They also demonstrated that O-GlcNAcylation
controls lipid metabolism in tumor cells via an AMPK-
dependent mechanism. More precisely, inactivation of AMPK by
OGT was shown to regulate sterol regulatory element-binding
protein-1 phosphorylation and stability, resulting in higher lipid
synthesis and, subsequently, in elevated cancer cell growth and
survival (57).

Lastly, AMPK and O-GlcNAcylation can compete for a same
Ser75 regulatory site of chromatin-associated FH involved in
tumorigenesis. This gives rise to opposite effects of FH on the
regulation of histone methylation (37). The increase in FH O-
GlcNAcylation promotes development of pancreatic tumors (37).
Consequently, the decrease of FH phosphorylation correlates
with elevated protein O-GlcNAcylation and poor prognosis in
pancreatic cancer patients.

Cardiovascular Diseases

An increase in global cardiac protein O-GlcNAcylation is
commonly observed in pathological cardiac hypertrophy and
heart failure, although the exact mechanism is not fully
understood (58-60). AMPK, which is activated during left
ventricular hypertrophy, acts as counter-regulatory mechanism
and is proved to be largely protective (17). In a recent study, our
research group established that the anti-hypertrophic action of
AMPK is mainly explained by its inhibitory action on HBP via
GFAT phosphorylation (35).

CONCLUSION

Various observations raise evidences that AMPK activation
reduces O-GlcNAcylation levels in several pathologies and,
consequently, prevents adverse effects. At contrary, O-
GlcNAcylation of AMPK observed in different diseases
reduces its capacity to play its beneficial role, contributing
to the progression of the disease. This highlights AMPK
and O-GlcNAcylation crosstalk as novel putative therapeutic
target for important diseases such as cancer, diabetes and
cardiovascular diseases. However, additional studies are still
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required to fully unravel the complexity of the relationship
between AMPK and O-GlcNAcylation with respect to these
diseases.
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and O-GlcNAcylation of Sarcomeric
Proteins in Ischemic Heart Failure
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Olivia Beseme, Vincent Richard?, Paul Mulder? and Florence Pinet ™
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Post-translational modifications (PTMs) of sarcomeric proteins could participate to left
ventricular (LV) remodeling and contractile dysfunction leading in advanced heart failure
(HF) with altered ejection fraction. Using an experimental rat model of HF (ligation
of left coronary artery) and phosphoproteomic analysis, we identified an increase
of desmin phosphorylation and a decrease of desmin O-N-acetylglucosaminylation
(O-GIcNAgcylation). We aim to characterize interplay between phosphorylation and
O-GlcNAcylation for desmin in primary cultures of cardiomyocyte by specific
O-GlcNAcase (OGA) inhibition with thiamet G and silencing O-GIcNAc transferase (OGT)
and, in perfused heart perfused with thiamet G in sham- and HF-rats. In each model,
we found an efficiency of O-GlcNAcylation modulation characterized by the levels of
O-GlcNAcylated proteins and OGT expression (for silencing experiments in cells). In
perfused heart, we found an improvement of cardiac function under OGA inhibition. But
none of the treatments either in in vitro or ex vivo cardiac models, induced a modulation of
desmin, phosphorylated and O-GlcNAcylated desmin expression, despite the presence
of O-GIcNAc moities in cardiac desmin. Our data suggests no interplay between
phosphorylation and O-GlcNAcylation of desmin in HF post-myocardial infarction. The
future requires finding the targets in heart involved in cardiac improvement under thiamet
G treatment.

Keywords: heart failure, systolic, desmin, interplay, rat models, O-GlcNAcylation, phosphorylation

INTRODUCTION

Heart failure (HF) following myocardial infarction (MI) is characterized by alterations of left
ventricle (LV) structure and function, known as LV remodeling (1); this pathophysiological process
is a strong predictor of both HF and death as we recently showed in two cohorts of patients
REVE and REVE2 dedicated to the analysis of LV remodeling (2, 3). The long-term (>10 years)
clinical follow-up of patients included in these two cohorts has shown that LV remodeling remains
independently associated with HF and cardiovascular death (4).

Evaluation of post-translational modifications (PTM) of sarcomeric cardiac proteins is a
promising new approach to studying the mechanisms of HF. The phosphorylation status of
sarcomeric proteins is altered in HF and may thus contribute to the decreased cardiac function (5).
Another rapid, dynamic, and reversible PTM is O-N-acetylglucosaminylation (O-GlcNAcylation)
(6). Both phosphorylation and O-GlcNAcylation regulate numerous cellular functions by reversibly
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adding either phosphate or O-N-acetylglucosamine (O-GlcNAc)
to proteins. The crosstalk between these two PTMs may occur
by steric competition for occupancy at the either the same or a
proximal amino acid site (7). Specific sites of O-GlcNAcylation
described in some cardiac myofilament proteins have suggested
that O-GIcNAc and O-phosphate modifications of these proteins
may interact dynamically (8, 9).

Recently, we have demonstrated interplay between Ser
phosphorylation and Ser'*°-O-GlcNAcylation of troponin T in
ischaemic HE, linked to decreased activity of both PKCe and O-
GlcNAcase (OGA) and increased O-GIcNAc transferase (OGT)
activity (10). We also showed recently than another sarcomeric
protein, desmin has been identified by differential proteomic
analysis to have increased levels of phosphorylation in LV of
HF-rats compared to the sham-rats (11). In addition, we found
a 2-fold increased serine-desmin phosphorylation in the LV
of HF-rats, mainly in the insoluble fraction, suggesting the
formation of desmin aggregates, toxic for the cardiomyocyte.
Desmin is a 53 kDa protein, particularly localized to the Z-
band and is considered as a major integrator of contractile
apparatus and a critical factor for maintaining intermediate
filament structure. Its increased phosphorylation might lead to
the network destabilization and formation of aggregates toxic for
the cardiomyocyte (12).

Our objectives were to characterize (1) whether the levels
of O-GlcNAcylated desmin are regulated in cardiomyocyte by
inhibition or activation of O-GlcNAcylation in in vitro and
ex vivo cardiac models of HF and; (2) whether modulation
of O-GlcNAcylation impacts the phosphorylation levels of
desmin with the aim to decrease the phosphorylation levels of
desmin and the formation of desmin aggregates following HF
development.

208 _

MATERIALS AND METHODS

Experimental Rat Model of Ischemic Heart

Failure

All animal experiments were performed according to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH publication
NO1-OD-4-2-139, revised in 2011). Animals were used and
experimental protocols performed under the supervision of a
person authorized to perform experiments on live animals (F.
Pinet: 59-350126). Approval was granted by the institutional
ethics review board (CEEA Nord Pas-de-Calais N°242011,
January 2012). Before surgery, rats were anesthetized [sodium
methohexital, 50 mg/kg intraperitoneal (IP)], while analgesia was
administered before (xylazine 5 mg/kg IP) and 1h after surgery
(xylazine 50 mg/kg subcutaneously) as previously described (13).
MI was induced in 10-week-old male Wistar rats (Janvier, Le
Genest St isle, France) by ligation of the left anterior descending
coronary artery according to the method previously described
(1, 13). Haemodynamic and echocardiographic measurements
were taken at 2 months after surgery, followed by heart excision
as previously described (14). Tissues were kept at —80°C until
analysis.

Isolated Heart Perfusion

In vitro LV function was determined in randomly selected
control male Wistar rats either untreated (bodyweight: 453 +
7g) or treated (bodyweight: 444 + 14¢g) with 100 pL OGA
inhibitor, Thiamet G (200 uM diluted in saline buffer, Sigma-
Aldrich, Lyon, France) for 2h. After anesthesia (50 mg/kg
of sodium pentobarbital injected intraperitoneally), the heart
was rapidly excised and plunged in ice-cold oxygenated KH
buffer (5.5 mM glucose, 1.25 mMCaCl,, 120 mM NaCl, 31 mM
NaHCO3, 4.7 mM KCl, 1.2 mM MgSOy, 1.2 mM KH2PO4, [pH
7.4]) as previously described (10). The heart was transferred
within 30s to a Langendorf heart perfusion apparatus and
perfused at constant hydrostatic pressure (90 mm Hg). A balloon
was inserted into the LV and connected to a pressure transducer
to record LV (systolic and diastolic) pressure, LV developed
pressure and heart rate for 25 min. The balloon was inflated with
water, allowing a similar and constant LV distending pressure
of 10 mm Hg. At the end of each experiment, the LV was snap-
frozen in liquid nitrogen and stored at —80°C until analysis.

Cell Culture

Primary Cultures of Neonatal Rat Cardiomyocytes
Primary cultures of rat neonatal contractile cardiac myocytes
(NCM) were prepared from heart ventricles of 1- or 2-day-old
rats as previously described (10). Briefly, cardiac cells of newborn
rats’ ventricles were dissociated by enzymatic digestion with
0.04% collagenase II (Worthington, Lakewood, NJ, USA) and
0.05% pancreatin (Sigma-Aldrich). Non-NCM were removed
by 30 min centrifugation at 1,600 g in a discontinuous Percoll
gradient (bottom 58.5%, top 40.5% [v/v], Sigma-Aldrich). NCM
were then seeded at a density of 4 x 10° cells per well in 6-well
plates coated with 0.01% of collagen (Sigma-Aldrich) (8 x 10°
cells per well when they are seeded on coverslip) and cultured
in a medium containing DMEM/Medium199 (4:1), 10% horse
serum (Life Technologies), 5% fetal bovine serum (FBS) (ATCC),
1% penicillin and streptomycin (10,000 U/mL, Life Technologies)
for 7 days at 37°C under 5% CO, atmosphere.

Small Interfering RNA Transfection

The first two individual pre-designed specific siRNA specifically
targeting rat OGT mRNA, rat OGT and non-targeting
control were used (ON-TARGETplus siRNA, Dharmacon,
GE Healthcare). NCMs were plated (100,000 cells/well) in 6-well
plates and were allowed to grow for 24h without antibiotics.
The first 2 individual OGT (OGT1 and OGT2) siRNAs (5
nmol/L) were transfected with the DharmaFECT® reagent (4
WL) according to the manufacturer’s recommendations. Total
cell extracts were collected 72 h after transfection.

Protein Extraction

Proteins from human hearts and rat LVs were extracted from
frozen tissues (after removing the infarcted area) with Dounce-
Potter homogenization into ice-cold RIPA buffer (50 mM Tris
[pH7.4], 150 mM NaCl, 1% Igepal CA-630, 50 mM deoxycholate,
and 0.1% SDS) containing antiproteases (Complete™ EDTA-
free, Roche Diagnostics), serine/threonine and tyrosine protein
phosphatase inhibitors (Phosphatase inhibitor Cocktail 2 and 3,
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Sigma-Aldrich), 1 mM Na3VO4 and PUGNAC (50 wM). After 1 h
incubation at 4°C, the homogenate was centrifuged at 15,300 g
for 15 min at 4°C and the supernatant containing soluble proteins
was collected. After treatments, cells were rinsed twice with PBS
before being mechanically scraped from the plate in 50 wL of ice-
cold RIPA buffer. Soluble and insoluble proteins were extracted
as describe above. Protein concentrations for all samples were
determined with a Bradford-based method protein assay (Biorad,
Marnes-la-Coquette, France).

Immunoprecipitation, Western Blot,

Phos-Tag™, and WGA Gels
Immunoprecipitation

Immunoprecipitation was performed with 50 pg of NCM
proteins or 100 pug of LV proteins pre-cleared by incubation with
protein A/G magnetic beads (88802, Pierce) for 1h at 4°C with
gentle shaking. The pre-cleared proteins were then mixed with 2
nL of anti-desmin antibody (ab3236, Abcam) diluted in 100 pL
of RIPA 1X buffer as previously described (11). After overnight
incubation at 4°C on a rotating device, immune complexes were
precipitated at 4°C for only 2h on a rotating device with 35
L of protein A/G magnetic beads. Immunoprecipitated (IP)
complexes were then washed four times with 750 L of RIPA 1X
buffer before denaturation in Laemmli buffer at RT for western
blot analysis.

Western Blot

Soluble proteins (10-50 pg) were analyzed on 12% SDS-PAGE
gels. Proteins were transferred to nitrocellulose membranes
and blocked for 1h in Tris-buffered saline with 0.1% [v/v]
Tween-20 (TBS-T) containing 5% [w/v] skim milk or BSA with
constant shaking. Membranes were then incubated with primary
antibodies diluted in TBS-T with 5% skim milk or BSA overnight

at 4°C with constant shaking. The blots were then washed with
TBS-T and incubated at RT with horseradish peroxidase labeled
secondary antibodies diluted in 5% skim milk or BSA/TBS-T
for 1h. Following the secondary incubation, the membranes
were washed with TBS-T before blots imaging. Equal protein
loading was confirmed using GAPDH and sarcomeric actin
immunoblotting.

For western blots of desmin-IP proteins, membranes were first
incubated with RL2 antibody diluted in 5% fresh BSA overnight
at 4°C before incubation with other antibodies.

Phos-Tag™ Gels

Soluble proteins were analyzed on 10% gels containing 40 pM
of Phos-tag™ (Wako, Osaka, Japan) and 100 uM of Mn?* at
90V for 2.5h. The excess of metal was removed by washing
the gels three times for 10 min in transfer buffer (NuPAGE®
Transfer Buffer, Invitrogen) containing 10% methanol and
10mM EDTA and then three times for 10min in transfer
buffer containing 10% methanol before the proteins were
transferred onto 0.2 wum PVDF membrane. To detect desmin
and its phosphorylated forms, membranes were blocked 1h
in 5% skim milk/TBS-T before overnight incubation at 4°C
with desmin antibody diluted 1/1,000 in blocking solution.
The following steps were similar to those described above for
western blot. Briefly, the Phos-tag™ molecules incorporated
into the SDS-PAGE are able with the cooperation of two Mn?"
metal cations to slow down the migration of phosphorylated
proteins. Therefore, phosphorylated desmin migrates at higher
apparent molecular weight than the non-phosphorylated form.
However, at equivalent phosphorylation levels, the position of
the phosphate group can also influence the apparent molecular
weight of a protein in a Phos-tag™ gel.

A B C
Phospho-Ser Desmin Total Desmin O-GlcNacylated Desmin
Sham HF Sham HF Sham HF
55kDa —| em— | — ——
6 8 8
*
. 6 6
34 > 3
=< 4 =
> z 4 z 4
- - =
2 | -
2 2
Sham HF Sham HF Sham HF
FIGURE 1 | Post-translational modifications of desmin of LV from HF-rats. Quantification of Ser-phosphorylated desmin (A), total desmin levels (B), and
O-GlcNAcylated desmin levels (C) in LV (50 g) of sham- (n = 11) (white box) and HF- (n = 11) (black box) rats at 2 months after MI. The positions of molecular weight
are indicated as kilodalton (kDa) on the left. An internal standard was loaded in each gel for the standardization and quantification. Graphs show mean + SEM values
expressed in arbitrary units (A.U.). *P < 0.05; **P < 0.01.
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WGA

Soluble proteins (50 pg) were analyzed on 7% gels containing
3.75 mg/mL of Wheat Germ Agglutinin (WGA) (L9640, Sigma-
Aldrich) at 4°C at 20mA for 2h as previously described (15).
After migration, the same protocol for protein transfer and
incubation with primary and secondary antibodies as for classical
western blot was applied.

List of Antibodies

Protein Sample Reference Dilution
company antibodies

Desmin Heart ab32362 1/1,000
Abcam

NCM 1/5,000

O-GlcNac Heart/NCM NB300-524 1/2,000
(RL2)
Novus
Biological

OGT NCM clone DM17, 1/1,000
06264
Sigma-Aldrich

GAPDH Heart/NCM sc-36562 1/5,000
Santa Cruz

Phospho- Heart/NCM P5747, 1/1,000

serine Sigma-Aldrich

Sarcomeric Heart /NCM MO874 1/2,000

actin Dako

Blots Imaging

The Chemidoc® XRS+ camera (Biorad) and the Image Lab™
software were used for blots imaging and densitometry analysis.
Membranes were incubated for 5min with Clarity’™ Western
ECL Substrate (Biorad) before imaging. The signal was quantified
from the image obtained just before saturation. The band
corresponding to the protein of interest was framed within a
defined area to express the signal intensity depending of the area.
This value was related to the intensity value of the reference
protein (GAPDH or sarcomeric actin). The values were expressed
in arbitrary units (U.A.).

Statistical Analysis

Data expressed as means == SEM were analyzed with GraphPad
Prism version 6.01 (GraphPad Software, San Diego, CA) and
comparisons were made by Student’s ¢-test, Mann-Whitney (two-
tailed), one- or two-way analysis of variance (ANOVA) with
Tukey’s post-hoc test, as appropriate. Results were considered
statistically significant if the p < 0.05.

RESULTS

Post-translational Modification of Desmin

Heart Failure Rats

Cardiac remodeling and dysfunction in HF-rats was
characterized at 2 months post-MI by significant increases
in LV end-diastolic pressure, LV end-diastolic and end-systolic
diameters, and LV weight as previously shown (10). We

previously investigated cardiac phosphoproteomic changes
associated with LV remodeling and dysfunction in this HF-rat
model. At 2 months after surgery, proteomic analysis revealed
different LV phosphoproteomic patterns between the sham-
and HF-rats (16). We previously identified two spots as being
desmin (11). We highlighted a significant increase of desmin
phospho-species in LV of rats 2 months after MI compared to
controls (Figure 1A) without any modulation of total desmin
protein levels (Figure 1B). Then, we looked for interplay
between phosphorylation and O-GlcNAcylation of desmin in
the same experimental model and found a significant decrease
of O-GlcNAcylated desmin in LV of HF rats compared to
controls (Figure 1C). These data showed that desmin may
bear O-GIcNAc residues and that the levels of O-GlcNAcylated
desmin were inversely related to the levels of phosphorylated
desmin in LV of HF rats. To confirm these data, we tested several
modulators of O-GlcNAcylation in several in vitro and ex vivo
models, such as primary culture of cardiomyocyte (NCM) and
isolated perfused heart.

Modulation of O-GlcNAcylation in vitro in
Primary Cultures of Neonate

Cardiomycytes

Inhibition of OGA by Thiamet G

First, we studied the impact of OGA inhibition by thiamet
G in primary cultures of neonate rat cardiomyocytes (NCM)
as designed (Figure2A) and observed a significant increase
of O-GlcNAcylated proteins (1.16 £+ 0.09 vs. 2.55 + 0.27,
P < 0.01) (Figure 2B). Thiamet G treatment has no effect on
total desmin levels (Figure 2C) nor on desmin phosphospecies
(Figure 2D). To quantify the levels of O-GlcNAcylated desmin,
we used immunoprecipitation (IP) of desmin species followed
by a western blot with RL2 antibody to detect O-GlcNAcylated
proteins (Figure 2E). We verified by desmin western blot the
efficiency of IP with desmin detected in input, IP (IP Des) and
supernatant of IgG IP (S igG) but not in supernatant of desmin
IP (S Des). The specificity of this approach was also verified with
no O-GlcNAcylated proteins detected in beads. As observed the
levels of O-GlcNAcylated desmin was very low in NCM and we
did not observe any modulation in NCM treated with thiamet G
(Figure 2E).

Silencing of OGT

Second, we studied the impact of OGT silencing in primary
cultures of neonate rat cardiomyocytes (NCM) as designed
(Figure 3A) and observed a significant decrease of O-
GlcNAcylated proteins [1.08 = 0.03 vs. 0.54 £ 0.08 (OGT1) and
0.52 £ 0.07 (OGT2), P < 0.05] that is due to the significant
decrease of OGT validating the efficiency of OGT silencing
[0.99 & 0.13 vs. 0.23 £ 0.02 (OGT1) and 0.20 £+ 0.05 (OGT2),
P < 0.01] (Figure 3B). Both OGT siRNAI1 and siRNA 2 did
not show any effect on total desmin levels (Figure 3C) nor in
desmin phosphospecies (Figure 3D). We then quantified the
levels of O-GlcNAcylated desmin as described in Figure 2E.
Conversely, we observed an unspecific low intensity band for
O-GlcNAcylated desmin with beads but we did not observe any
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FIGURE 2 | Impact of OGA inhibition by thiamet G in primary cultures of NCM. (A) Description of the protocol designed for Thiamet G (TG) treatment of primary
culture of neonate cardiomyocytes (NCM). (B) Representative western blots (left panel) and quantification (right panel) of O-GlcNAcylated proteins levels in control
(Ctrl) and NCM treated with 100 nM of thiamet G (TG) during 24 h (n = 12). (C) Western blots (upper panel) and quantification (lower panel) of total desmin levels in the
same samples. (D) Phosphorylation profiles of desmin were analyzed in the same samples by Phos—tagTM gel. (E) Representative immunoprecipation (IP) with desmin
antibody before western blot with RL2 antibody (left panel) and quantification (right panel) of O-GlcNAcylated desmin levels in the same samples. Inp, input; IP,
immunoprecipitated proteins; S, IP supernatant; Des, desmin; IgG, Immunoglobulin. The arrow indicates the O-GlcNAcylated desmin. Data are expressed as means
of an arbitrary unit (A.U.) £ SEM. The positions of molecular weight are indicated as kilodalton (kDa) on the left. **P < 0.01.

modulation of O-GlcNAcylated desmin after OGT silencing in We validated by western blot the inhibitory effect of OGA
NCM (Figure 3E). by thiamet G with significant increase of O-GlcNAcylated

. . L. LV proteins in sham- and HF-rat heart perfused with the
Modulation of O-GlcNAcylation ex vivo in inhibitor (Figure4B). We found a significant decrease
Isolated Perfused Heart of total desmin expression in LV from HF-rat perfused

In isolated perfused hearts, we assessed the functional cardiac ~ compared to the sham-rats independently of thiamet G
modification induced by thiamet G, a specific OGA inhibitor,  perfusion (Figure 4C). We visualized desmin phosphospecies
injected 2h before the perfusion (Figure4A). Thiamet G by desmin immunoblot of Phos-tag™ gels and we did
decreased significantly the coronary flow in only sham-rats. In  not find any modulation with different molecular weight
HF-rats, thiamet G increased significantly LV developed pressure ~ desmin species detected in thiamet G-perfused heart
and cardiac output without any effect on heart rate (Table 1). (Figure 4D).
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FIGURE 3 | Effect of OGT silencing in primary cultures of NCM. (A) Description of the protocol designed for OGT silencing of primary cultures of NCM. (B) Western
blots (left panel) and quantification of O-GIlcNAcylated proteins levels (upper and right panel) and OGT (lower and right panel) in primary cultures of NCM transfected
with non-targeting (NT) siRNA control and OGT1 and OGT2 siRNA (n = 12). (C) Western blots (upper panel) and quantification (lower panel) of total desmin levels in
the same samples. (D) Phosphorylation profiles of desmin was analyzed in the same samples by Phos»tagTM gel. (E) Representative Immunoprecipitation (IP) with
desmin antibody before western blot with RL2 antibody (left panel) and quantification (right panel) of O-GIcNAcylated desmin levels in the same samples. Inp, input; IP,
immunoprecipitated proteins; S, IP supernatant; B, beads alone; S, IP supernatant of beads. The arrow indicates the O-GlcNAcylated desmin. Graphs show mean +
SEM values expressed in arbitrary units (A.U.). The positions of molecular weight are indicated as kilodalton (kDa) on the left. *P < 0.005; **P < 0.01.

New Technology to Detect O-GicNAcylated

Proteins

Due to the difficulties to detect specifically O-GlcNAcylated
desmin in LV proteins either from cultures of cardiomyocytes
or perfused heart, we compare the sensitivity of 2 methods,
western blots of O-GlcNAcylated LV proteins separated
with classical SDS-PAGE gel (Figure5A) and WGA-SDS-
PAGE gel (Figure5B) as recently described (15). First, red

ponceau staining of the transferred membranes showed a
less sensitivity to detect protein profiles with WGA gel. But
conversely, we observed for the detection of O-GlcNAcylated
LV proteins with RL2 antibody a stronger signal of better
quality with WGA gel (Figure5B) by comparison to SDS
gel (Figure 5A). We then tested the detection of desmin in
WGA gel and only found one band with a stronger signal
in thiamet G treated samples either in sham- or HF-rats
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FIGURE 4 | Effect of OGA inhibition by thiamet G in isolated perfused heart. (A) Description of the protocol designed for thiamet G (TG) perfusion in sham- (n = 6) and
HF- (n = 7) rats 6 weeks post-MI. (B) Western blot (left panel) and quantification (right panel) of O-GlcNAcylated proteins levels measured in proteins extracted from
LVs of isolated perfused sham- and HF-rat hearts treated or not with 100 uM thiamet G for 2 h (n =7 in each group). (C) Western blots (upper panel) and quantification
(lower panel) of total desmin levels in the same samples. (D) Phosphorylation profiles of desmin were analyzed in the same samples by F’hos—tagTM gel. Graphs show
mean + SEM values expressed in arbitrary units (A.U.). The positions of molecular weight are indicated as kilodalton (kDa) on the left. “*P < 0.05; ** < 0.01.

(Figure 5B) that we were unable to quantify due to the strong  identified by mass spectrometry to be phosphorylated (11). In

background. the present study, we found a decrease of O-GlcNAcylation
levels of desmin and we hypothesize that a cross-talk between
DISCUSSION phosphorylation and O-GlcNAcylation of desmin may occur

during HF development as we have recently shown for troponin
Post-translational modifications of sarcomeric proteins play an T in in the same rodent model of HF (10). Here, our aim
important role in HF-induced cardiac dysfunction (17, 18).  was to determine whether the levels of O-GlcNAcylated desmin
We previously found a 2-fold increased phosphorylation of  are regulated in cardiomyocytes by inhibition or activation of
desmin levels by phosphoproteomic analysis (11) in a well ~O-GlcNAcylation and whether modulation of O-GlcNAcylation
characterized rat ischemic HF experimental model in which ~ impacts the phosphorylation levels of desmin, in order to
the induction of anterior MI leads to LV remodeling and to  identify the serine residues that could be involved in the
HF (19). Nine serine resides conserved between species were  interplay.
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TABLE 1 | Modulation of OGA inhibition by thiamet G in isolated perfused heart.

Parameters Sham-rats HF-rats

Ctrl (n = 6) TG (n = 6) Ctrl (n = 6) TG (n=7)
LV developed pressure (mmHg) 134 £ 2 135 £ 10 84 + 11 99 + 10*
Coronary flow (mL/min) 29+ 2 21+ 6" 28+ 4 34 +£5
Heart rate (bpm) 248 £ 1 243 £ 12 316 £ 24 283 + 14
Cardiac output (mmHg) 48 £ 5 47 £ 9 30+2 33 + 2*

Ctrl, perfusion without pharmacological agents; TG, thiamet G (200 wM); bpm, beats per minute. *P < 0.05 vs. control in each group.

A Sham HF Sham HF
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FIGURE 5 | Analysis of O-GlcNAcylated LV proteins by Western blot and WGA-SDS-PAGE gel electrophoresis. (A) Red ponceau staining (left panel) and western blot
(right panel) of O-GlcNAcylated proteins (50 ng) extracted from sham- and HF-rats treated or not with thiamet G. The positions of molecular weight are indicated as
kilodalton (kDa) on the left. (B) Red ponceau staining (left panel) and WGA-SDS-PAGE of O-GlcNAcylated proteins levels (middle panel) of O-GlcNAcylated desmin
levels (right panel) from the same samples. The arrow in desmin WGA gels indicates the non-O-GlcNAcylated form.

For that purpose, first, we have modulated the levels of  cardiac parameters which were different depending on the sham-
O-GlcNAcylated proteins in primary culture of neonate rat  (coronary flow) or HF- (LV developed pressure and cardiac
cardiomyocytes by either acting on OGA inhibition by treatment  output) animals, except for the heart rate which was not modified
of the cardiomyocytes with a specific OGA inhibitor, thiamet G in both groups of animals after a 2h perfusion of thiamet G.
(20), or by OGT silencing. We verified that both treatments were ~ We verified the efficiency of OGA inhibition by the significant
efficient in primary cultures of cardiomyocytes with significant  increase of O-GlcNAcylated proteins in perfused heart in both
increase of O-GlcNAcylated proteins after OGA inhibition and  group of animals treated (1.4-fold, P < 0.05). And as shown
significant decrease of O-GlcNAcylated proteins after OGT  in in vitro experiments, we did not observe any modulation of
silencing. With both treatments, we did not observe any changes  total desmin and its phosphorylated forms, except a significant
in total desmin protein levels and in the expression of desmin  decrease of desmin expression between sham- and HF- rats after
PTMs: phosphorylation and O-GlcNAcylation. the 2 h perfusion, that can be explained by a degradation during

Second, we used an ex vivo model of perfused rat heart in  the perfusion, such as calpain (11). We found these negative
order to test the efficiency of thiamet G on cardiac contractility.  results by 2 techniques: IP desmin followed by phospho-serine
We found a positive impact of OGA inhibition on several ~ WB (not shown) and Phos-tag™ gels.
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Despite these negative results with in vitro and ex vivo cardiac
models of O-GlcNAcylation modulation, we did not want to
exclude that the technology used to quantify the levels of O-
GlcNAcylated desmin was inappropriate or not enough sensitive.
To clarify this hypothesis, we have tested a technique recently
published (15). Despite the less sensitivity of the technique
to detect the proteins transferred into the membrane (red
ponceau staining), we improved the quality of the profile of
O-GlcNAcylated proteins by comparison to a classical western
blot with the use of the same antibody against the O-GIcNAc
moieties. Unfortunately, the quality of the WGA-desmin blot
did not allow quantifying the desmin band detected despite the
highest intensity of desmin in thiamet G-treated LV samples.
Further improvement will be required to use this promising
technique to quantify the levels of O-GlcNAcylation of a specific
protein.

Our data have shown that despite the presence of O-GlcNAc
moieties on desmin from heart, there is no regulation of O-
GlcNAcylated desmin by modulators of O-GlcNAcylation and
subsequently there is no interplay between phosphorylation and
O-GlcNAcylation of desmin.

The future is to find the targets of O-GlcNAcylation in
heart that can be involved in cardiac improvement and to
find the pharmacological agents able to decrease the levels of
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The hexosamine biosynthetic pathway (HBP) and the phosphatidylinositol 3-kinase
(PIBK)/AKT/mammalian target of rapamycin (mTOR) signaling pathway are considered
as nutrient sensors that regulate several essential biological processes. The
hexosamine biosynthetic pathway produces uridine diphosphate N-acetylglucosamine
(UDP-GIcNAc), the substrate for O-GIcNAc transferase (OGT), the enzyme that
O-GIcNAcylates proteins on serine (Ser) and threonine (Thr) residues. O-linked
B-N-acetylglucosaminylation (O-GlcNAcylation) and phosphorylation are highly dynamic
post-translational modifications occurring at the same or adjacent sites that regulate
folding, stability, subcellular localization, partner interaction, or activity of target proteins.
Here we review recent evidence of a cross-regulation of PISK/AKT/mTOR signaling
pathway and protein O-GIcNAcylation. Furthermore, we discuss their co-dysregulation
in pathological conditions, e.g., cancer, type-2 diabetes (T2D), and cardiovascular, and
neurodegenerative diseases.

Keywords: O-GlcNAcylation, PI3K/AKT/mTOR, cancer, diabetes, cardiovascular, neurodegenerative diseases

INTRODUCTION

O-linked B-N-acetylglucosaminylation (O-GlcNAcylation) is a dynamic modification of serine
(Ser) and threonine (Thr) amino acids of cytoplasmic, nuclear (1), and mitochondrial (2) proteins
with a single residue of N-acetylglucosamine (GIcNAc). This post-translational modification is
controlled by two single antagonist enzymes: O-GIcNAc transferase (OGT) and O-GlcNAcase
(OGA), which transfer and remove the GIcNAc moiety, respectively. The nucleotide sugar donor,
uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), is the final product of the hexosamine
biosynthetic pathway that is at the nexus of glucose, amino acid, lipid, and nucleotide metabolisms
(Figure 1). Consequently, O-GlcNAcylation is considered as a cellular nutrient sensor linking
nutrient availability to intracellular signaling and biological responses. To date, thousands of
O-GlcNAcylated proteins endowing a wide range of functions have been identified and most of
them are also phosphoproteins (3). In fact, O-GlcNAcylation and phosphorylation can modulate
each other at the same or adjacent sites (4).
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O-GlcNAcylation and mTOR Axis in Chronic Diseases

Over the last decade, emerging evidence has indicated
that a cross-talk exists between O-GlcNAcylation and
phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (mTOR) signaling pathway (5). The
PI3K/AKT/mTOR signaling pathway is a key transducer of
metabolic and mitogen signals (such as energy, amino acids,
insulin or growth factors) that modulate gene expression, protein
translation and cellular metabolism, thus regulating cell growth
and proliferation (Figure 1). Aberrant activation of this signaling
pathway as well as altered protein O-GlcNAcylation have both
described in several types of cancer, cardiovascular and metabolic
diseases, aging, and neurodegeneration in human (6-8). This
mini-review summarizes and discusses recent evidence linking
cross-regulation and co-dysregulation of O-GlcNAcylation and
PI3K/AKT/mTOR signaling pathway in physiological conditions
and in human chronic diseases, respectively.

THE PISK/AKT/MTOR SIGNALING
PATHWAY AND ITS CROSS-REGULATION
WITH PROTEIN O-GLCNACYLATION

Binding of insulin or growth factors to their plasma membrane
tyrosine kinase receptors (RTK) triggers the phosphorylation
of PI3K, either directly by the RTK or indirectly via
phosphorylation of adapter signaling proteins such as insulin
receptor substrate-1 or 2 (IRS-1/2; Figure1). Phospho-PI3K
catalyzes the formation of membrane phosphatidylinositol-
3,4,5-trisphosphate (PIP3) which drives the activation of the
phosphoinositide-dependent protein kinase-1 (PDK-1) and the
recruitment of AKT. The latter is partially activated through
initial phosphorylation at Thr308 by PDK-1 and fully activated
after phosphorylation at Ser473 by the mTOR complex 2
(mTORC2) (9). Once activated, AKT phosphorylates several
downstream effectors [e.g., mTOR, forkhead box proteins O
(FoxO), glycogen synthase kinase 3 § (GSK3p), BCL-2-associated
agonist of cell death (BAD) or endothelial nitric oxide synthase
(eNOS)] that in return regulate and coordinate a variety of
cellular responses including cell proliferation, survival and
growth, glucose metabolism, and angiogenesis (9). Tuberous
sclerosis complex 2 (TSC2), inhibited by AKT-dependent
phosphorylation, is a critical negative regulator of mTOR
complex 1 (mTORCI). mTORCI induces protein synthesis
through phosphorylation of eukaryotic translation initiation
factor 4E (eIF4E)-binding protein-1 (4E-BP1) and ribosomal

Abbreviations: 4E-BP1, eukaryotic translation initiation factor 4E-binding
protein-1; AD, Alzheimer’s disease; AMPK, adenosine monophosphate-
activated protein kinase; BAD, BCL-2-associated agonist of cell death; eNOS,
endothelial nitric oxide synthase; FoxO, forkhead box protein O; GIcNAc, N-
acetylglucosamine; GLUT, glucose transporter; GSK3p, glycogen synthase kinase
3 B; HBP, hexosamine biosynthetic pathway; HIF-1a, hypoxia-inducible factor-1a;
IR, insulin receptor; IRS-1, insulin receptor substrate-1; mTOR, mammalian
target of rapamycin; mTORC, mTOR complex; O-GlcNAcylation, O-linked
B-N-acetylglucosaminylation; OGA, O-GlcNAcase; OGT, O-GlcNAc transferase;
p70S6K, ribosomal protein S6 kinase; PDK-1, phosphoinositide-dependent
protein kinase-1; PI3K, phosphatidylinositol 3-kinase; PIP3, phosphatidylinositol-
3,4,5-trisphosphate; T2D, type-2 diabetes; Tau, tubulin-associated unit;
UDP-GIcNAc, uridine diphosphate N-acetylglucosamine.

protein S6 kinase (p70S6K) (9). mTORC1 also regulates
nucleotide, lipid and glucose metabolisms, angiogenesis and
autophagy processes by regulating alpha-activating transcription
factor 4 (ATF4), lipin-1, hypoxia-inducible factor-la (HIF-1a)
or Unc-51 like autophagy activating kinase 1 (ULK1) (10, 11).
In response to amino acid stimulation, mTORCI is recruited
to the lysosomal surface where it is activated by Ras homolog
enriched in brain (Rheb) (9). Upon elevated AMP/ATP ratio,
AMP-activated protein kinase (AMPK) phosphorylates, and
activates TSC2 leading to inhibition of mMTORC1 activity (10, 11).

In parallel, O-GlcNAcylation targets proteins involved in
transcription, translation, ubiquitin-proteasomal degradation,
signal transduction, stress response, cellular trafficking and
architecture, cell cycle, apoptosis, and development (12). OGT
activity is sensitive to UDP-GIcNAc levels, thus, addition
of glucose or glucosamine globally increases levels of O-
GlcNAcylation (13).

Many studies have established a complex interplay
between PI3K/AKT/mTOR signaling pathway and protein
O-GlcNAcylation (Figure 1). After insulin stimulation, the
C-terminal PIP-binding domain of OGT (PPO) allows its
translocation from the nucleus to the plasma membrane in
murine 3T3-L1 adipocytes (14) and African green monkey COS-
7 fibroblasts (15), and possibly to lipid rafts as observed in the
human hepatic cancer cell line HepG2 (16). This translocation
possibly facilitates the tyrosine phosphorylation of OGT by the
insulin receptor (IR), which increases its enzymatic activity (17).
The cellular energy sensor AMPK also regulates OGT. AMPK
phosphorylates OGT at Thr444, which induces its nuclear
translocation in differentiated C2C12 skeletal muscle myotubes
(18) and promotes its dissociation from chromatin in human
embryonic kidney 293T cells (19). In HepG2 cells, it has been
further shown that OGT phosphorylation by AMPK inhibits
histone H2B O-GlcNAcylation and gene transcription (19). In
contrast, OGT targets several actors from the PI3K/AKT/mTOR
signaling pathway, including IRS-1 (17, 20-24), PI3K (23), PDK1
(17), AKT (21,25-27), AMPK (18, 19), 4E-BP1 (28), and p70S6K
(29). Indeed, these proteins are O-GlcNAc-modified in IR and
insulin growth factor-1 receptor (IGF-1R) expressing cell types
including adipocytes, myocytes, hepatocytes, pancreatic beta (f)
cells, endothelial cells, kidney and retina cells (30). However,
only few studies have investigated the molecular impacts of
O-GlcNAcylation on PI3K/AKT/mTOR signaling pathway and
the subsequent biological effects under physiological conditions.
O-GlIcNAc modification of IRS-1 and AKT inhibits their activity
either by disruption of their interaction with PI3K and PDK1
kinases, respectively, in 3T3-L1 adipocytes and MCF-7 breast
cancer cell lines (17, 26), either by a “Yin-Yang” competition
mechanism with activating phosphorylation as described in rat
primary adipocytes and INS-1 pancreatic  cell lines (25, 27).
O-GlcNAcylation also enhances 4E-BP1 stability in vitro in
rat retinal TR-MUL Miiller cells an in vivo in murine retinal
cells, potentially by preventing its phosphorylation-dependent
ubiquitin-mediated degradation (28). Protein O-GlcNAcylation
could hence potentiate cellular nutrient sensing capacity of the
PI3K/AKT/mTOR signaling pathway in order to regulate crucial
intracellular processes.
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FIGURE 1 | Complex interplay between O-GlcNAcylation and PI3BK/AKT/mTOR signaling pathway controls numerous biological processes. The HBP integrates a
fraction of the glucose entering the cell as well as lipid, nucleotide, and amino acid metabolites to produce UDP-GIcNAc. Then, OGT uses UDP-GIcNAc as a
nucleotide sugar donor substrate to add a GIcNAc group on serine and threonine residues of target proteins. Like phosphorylation, O-GIcNAcylation is a dynamic and
reversible post-translational modification. Its targets are involved in a wide range of biological processes such as transcription, translation, ubiquitin-proteasomal
degradation, signal transduction, cell traffic and architecture, cell cycle, apoptosis or development. In parallel, binding of insulin or growth factor to their RTK leads to
receptor activation and recruitment of IRS-1/2 and PISK. PISK produces PIP3 (from PIP2), which recruits AKT and PDK1 to the plasma membrane. PDK1 and mTOR
in mMTORC2 activate AKT through phosphorylation. mTORCH1 is activated by AKT through TSC2 inhibition and upon amino acid stimulation and, is inhibited in
response to low energy by AMPK. mTORC1 promotes protein synthesis via direct phosphorylation of p70S6K and 4E-BP1. By phosphorylating key substrates, AKT
and mTORC1 regulate metabolism, cell cycle, proliferation, survival, growth, angiogenesis and autophagy. OGT localization and activity are regulated through
phosphorylation by IR and AMPK. OGT stability is indirectly regulated at the protein synthesis level via mTORC1. Reciprocally, several actors of the PISBK/AKT/mTOR

signaling pathway are modified by O-GlcNAcylation such as IRS-1, PI3K, PDK1, AKT, AMPK, p70S6K, and 4E-BP1.

O-GLCNACYLATION AND PI3SK/AKT/MTOR
SIGNALING PATHWAY
CROSS-DYSREGULATION IN HUMAN
DISEASES

Cancer

The Warburg effect is a metabolic reprogramming of the
cell from oxidative phosphorylation to aerobic glycolysis that
allows energy production and de novo macromolecule synthesis
required to sustain cancer cells proliferation and growth.
Enhanced glucose and glutamine uptake observed in the
Warburg effect would lead to an increased flux through HBP
and the hyper-O-GlcNAcylation that has been observed in many
cancers (31). Aberrantly activated PI3K/AKT/mTOR signaling

pathway is known to play a central role in aerobic glycolytic
reprogramming, tumor growth, and survival (32), and a cross-
talk between PI3K/AKT/mTOR signaling and O-GlcNAcylation
has been observed in several cancers.

Insulin or serum growth factors stimulation lead to increased
OGT expression in a PI3K-dependent manner in HepG2 and
MCEF-7 cell lines (16, 33). Although it was not investigated in
these studies, it is likely that this effect could be related to mTOR
activation. Since it was observed that pharmacological inhibition
of mTOR enhances proteasomal and autophagic degradation
of OGT in HepG2 cells (34). We have also demonstrated that
inhibition of mTOR affects OGT protein level and overall O-
GlcNAcylation levels in HCT116 colon cancer cell line (35).
In breast cancer cell lines the positive regulation of OGT
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expression through mTOR is dependent on c-Myc-induced heat
shock protein 90A (HSP90A) transcription (36). This chaperone
binds to OGT and prevents its proteasomal degradation (36).
Additionally, the transcriptional regulator Yes-associated protein
(YAP) strongly activates the OGT promoter in hepatic cancer cell
lines. In turn, O-GlcNAcylation of YAP promotes its stability, and
its tumorigenic activity both in vitro and in vivo in liver cancer
mouse models showing that a positive feedback is set up in liver
tumorigenesis (37). YAP is activated by PI3K in hepatocellular
(38) and mammary carcinoma (39), but has been shown to
regulate PI3K/AKT/mTOR signaling in the MCF 10A human
immortalized mammary epithelial cell line (40). These recent
works highlight once more the tight link that exists in cancer cells
between PI3K/AKT/mTOR axis and OGT activity.

O-GlIcNAcylation impacts PI3K/AKT and mTOR axis in
cancer cells. Pre-B acute lymphocytic leukemia (pre-B-ALL)
cells overexpress OGT and exhibit a higher O-GlcNAcylation
levels and an overactivation of PI3K, AKT and c-Myc compared
to normal B cells. This dysregulation is associated with the
overexpression of the transcription factor HIF-Ia and its
target glycolytic genes such as glucose transporter 1 (GLUTI),
hexokinase 2 (HK2), phosphofructokinase-1 (PFK-1) and lactate
dehydrogenase A (LDHA). OGT knockdown, in pre-B-ALL cells,
decreases PI3K and AKT activation and glycolysis, resulting
in a reduced cell proliferation and apoptosis. These inhibitory
effects can be partly rescued by IGF-1 mediated stimulation of
PI3K/AKT, indicating that effect of OGT on glycolysis is, in
part, PI3K/AKT-dependent (41). Similarly, in 3D cultures of T4-2
breast cancer cells, OGT inhibition or silencing suppresses AKT
signaling and glycolytic activity (42) (Figure 2).

In addition to glycolysis, regulation of PI3K/AKT signaling
by O-GlcNAcylation was shown to modulate proliferation,
growth and invasion properties of cancer cells (32, 42-47).
We have demonstrated that knockdown or pharmacological
inhibition of OGT decreases PI3K activation and prevents
serum-stimulated cyclin D1 synthesis, leading to a delay in
proliferation of MCEF-7 cells (33). Since AKT prevents ubiquitin-
mediated degradation of cyclin D1 by inhibiting GSK3p activity
in the murine NIH/3T3 fibroblast cell line (43), it is likely that
the decrease in cyclin D1 level could result from an increase
of its proteasomal degradation under low O-GlcNAcylation
levels. Reciprocally, enhanced O-GlcNAcylation level stimulates
PIP3 production and AKT phosphorylation in MCF-7 cells
(44). Similar results showed that hyper-O-GlcNAcylation
induced by OGA down-regulation in 8305C thyroid anaplastic
tumor cell line stimulates proliferation through increased
phosphorylation of AKT at Ser473 and cyclin D1 amount
(45). Additionally, glucose deprivation in osteosarcoma U20S
cell line attenuates protein O-GlcNAcylation, phosphorylation
of IRS-1 and AKT, production of PIP3 and suppresses cell
growth (46). Importantly, in these cell line, insulin signaling
pathway, and tumor growth can be rescued by glucosamine-
mediated increased HBP flux and O-GlcNAcylation (46). In
parallel, increased O-GlcNAcylation promotes gastric and
thyroid cancer cells invasion in a PI3K/AKT dependent
manner, since the pro-invasion effect of O-GlcNAcylation
is suppressed by PI3K inhibition or AKT silencing (47, 48).

This may result from the regulation that O-GlcNAcylation
exerts on AKT-mediated control of a myriad of downstream
substrates, such as matrix metalloproteinase-2 (MMP-2)
and MMP-9 (49) (Figure2). However, other studies report
contradictory results regarding the effect of O-GlcNAcylation
on the activation of AKT signaling pathway (26, 50). OGA
overexpression reduces AKT O-GlcNAcylation and promotes
its activation, albeit in a PI3K-independent manner, both
in HepG2 cells and in liver of euglycemic mice (50). Our
group also demonstrated that OGT silencing prevents AKT
Ser473 phosphorylation in HepG2 (16) and MCF-7 (33)
cell lines. More recently, this effect has also been described
in cholangiocarcinoma cell lines (51). Furthermore, AKT
O-GlcNAcylation at Thr305 and Thr312 reduces MCEF-
7 cell proliferation and migration via inhibition of AKT
phosphorylation at Thr308 and disruption of its interaction with
PDKI1 (26).

Finally, it was shown that O-GlcNAcylation regulates the
mitogenic mTOR signaling pathway through targeting the mTOR
inhibitor AMPK (35, 52, 53). Increased O-GlcNAcylation in
colon cancer cells, either by OGT overexpression or OGA
inhibition, reduces phosphorylation of AMPK at Thrl72,
activates mTOR and induces cell growth in vitro in LoVo cell line
and in vivo in LoVo cell-derived tumors of BALB/c-nu/nu mice
(52). We have confirmed that O-GlcNAcylation activates mTOR
in HCT116 colon cancer cell line but not in CCD841CoN normal
cells (35). Reciprocally, OGT silencing or inhibition increases
phosphorylation of AMPK, decreases phosphorylation of mTOR
downstream effectors 4E-BP1 and p70S6K, decreases HIF-Ia,
GLUTI, and LDHA expression and impairs glucose uptake and
growth in breast cancer cell lines (53) (Figure 2).

Together, these studies establish the involvement of
O-GlcNAcylation in  cancer biology (increased glycolysis,
proliferation, growth, and invasion) through direct activation
of the PI3K/AKT/mTOR axis. One may consider this post-
translational modification as a key node between metabolism
and cell signaling. However, intricate ties linking metabolism
and cancer are not completely elucidated and need further
investigations. In parallel, anti-cancer inhibitors targeting
mTOR axis are currently in clinical development and must
be encouraged (54). Tumor cells resistant to GDC-0941,
a PI3K inhibitor, exhibit an increased activation of the
PI3K/AKT/mTOR signaling pathway and OGT expression
in comparison to GDC-0941-sensitive cells. Interestingly,
OGT silencing sensitizes these cells to GDC-0941 (55). In
this sense, targeting OGT in cancer cells and/or adapting
patients to low caloric diet could increase the efficiency of
anti-PI3K/AKT/mTOR therapeutic strategies and foil drug
resistance.

Type 2 Diabetes

Insulin resistance, a hallmark of type 2 diabetes (T2D), refers
to impaired insulin sensitivity and glucose uptake of target
tissues (liver, skeletal muscle, and adipose tissue). PI3K/AKT
signaling pathway plays a key role in the regulation of
glucose homeostasis by inhibiting gluconeogenesis and activating
glycogenesis via the inhibition of FoxO1 and GSK3p respectively

Frontiers in Endocrinology | www.frontiersin.org

75

October 2018 | Volume 9 | Article 602


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Very et al. O-GlcNAcylation and mTOR Axis in Chronic Diseases

orpi - @ —
absorption GLUT @ glucose absorption

— — AS160
| glycolysis | ‘{,PFK, 1 @/ e

LDHA PI3K ~
GSK3p gum @ :

] — D O W T
g
& )

"Ll

O-GlcNAcylatio

e
@
&

¥
w
>
=}
y E

Q@ i e
S ysreg lation §
COE $ .
A -

a T 4 4\@,’ 6@90 >

.
» SN aj
XN ~ lSeas es

. cm ol - e
: o

i Agggtion

) C— Alzheimer’s disease

vasodilatation | «— + ( )
- SMURF2, FOXO _—— ——

vessel obstruction | «—— S SESSSSS ---1 ULK1 --+ | autophagy  —l

(Parkinson’s disease)

FIGURE 2 | O-GIcNAcylation and PI3K/AKT/mTOR signaling pathway cross-dysregulation in human chronic diseases. O-GIcNAcylation dysregulation (represented by
red arrows) modulates the PIBK/AKT/mTOR signaling pathway and promotes development of human chronic diseases such as cancer, T2D and cardiovascular and
neurodegenerative diseases. In cancer, increased O-GlcNAcylation stimulates the PI3BK/AKT/mTOR signaling pathway by up-regulating expression and activity of
IRS-1, PI3K, and AKT and by inhibiting AMPK. mTOR enhances glucose absorption and glycolysis through stimulation of expression of the transcription factor HIF-1a
and its target genes such as GLUTs, HK, PFK, and LDHA. AKT enhances cancer cell proliferation through increased cyclin D1 expression possibly through GSK38
inhibition. Moreover, AKT has anti-apoptotic and pro-invasion activities and these effects may result in the regulation of several targets including BAD, MMP-2, and
MMP-9. In T2D, increased O-GIcNAcylation associated with hyperglycemia promotes insulin resistance in skeletal muscle, liver and adipose tissue by inhibition of
IRS-1/PI3K interaction and down-regulation of IRS-1 and AKT activity. AKT inhibition induces reduced glucose absorption through down-regulation of GLUT4
translocation to the plasma membrane which might be mediated by AS160. Moreover, repression of AKT inhibits glycogenesis and stimulates gluconeogenesis
through regulation of GSK3B, FoxO1, and respective targets (GS, G6Pase, and PEPCK). Additionally, O-GlcNAc-mediated AKT inhibition induces pancreatic § cell
apoptosis. In hyperglycemic or diabetic cardiovascular tissues, O-GlcNAcylation reduces vasodilatation vessels and angiogenesis via inhibition of AKT, and probably
eNOS and VEGF. Enhanced O-GlcNAcylation in these tissues could also promote calcification and therefore vessel obstruction through Runx2 overexpression
possibly mediated by AKT regulation of SMURF2 and/or FoxO. Finally, increased O-GlcNAcylation stimulates Tau and a-synuclein aggregations involved in AD and
Parkinson’s disease respectively. These processes are mediated by AKT inhibition and Tau kinase GSK3B activation in AD, and by mTOR activation and reduced
autophagy in Parkinson’s disease, which could result from ULK1 inhibition. Furthermore, O-GIcNAc-mediated AKT repression promotes neural cell apoptosis in part,
by up-regulation of BAD.

(9) (Figure2). Some studies have also established a link  significantly increased in skeletal muscle, liver, heart, colon-
between dysregulation of O-GlcNAcylation cycling and insulin ~ rectum, erythrocytes, and leukocytes of diabetic animals and
resistance. humans (35, 58-62). Consistent with these epidemiologic data,

Interestingly, single nucleotide polymorphisms (SNPs) on  db/db mice overexpressing Oga showed improved hepatic insulin
OGA (also called MGEA5 for meningioma expressed antigen  sensitivity (63), whereas Ogt overexpression and subsequent
5) gene and GFPT2 (for GFAT isomerizing 2) gene, coding  elevation of global O-GlcNAcylation level inhibits insulin
the glutamine fructose-6-phosphate amidotransferase (GFAT)  signaling pathway, both in vitro in 3T3-L1 adipocyte and Fao
rate-limiting enzyme controlling the production of UDP-  hepatic cell lines, and in vivo in skeletal muscle and adipose
GIcNAg, are associated with increased T2D risk in American-  tissue in mice (15, 64, 65). Skeletal muscle-specific Ogt knockout
Mexican and Caucasian populations, respectively (56, 57). These ~ mice have increased glucose uptake, insulin signaling and
mutations may lead to reduced OGA expression and increased ~ whole-body insulin sensitivity (62). Likewise, inhibition of OGA
GFPT2 expression respectively (56, 57), and an up-regulation ~ with O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-
of cellular O-GlcNAcylation levels. O-GlcNAcylation levels are ~ N-phenylcarbamate (PUGNAc) induces insulin resistance in
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3T3-L1 and rat primary adipocytes by perturbing both insulin-
signaling pathway and glucose absorption (17, 21). Indeed,
blockade of OGA increases O-GlcNAcylation of IRS-1 and AKT
while decreasing their phosphorylation (17, 21). Consequently, a
reduction of insulin-stimulated PI3K/IRS-1 interaction, GSK3f
phosphorylation (15, 17, 64) and GLUT4 translocation to
the plasma membrane is observed (17, 21). This reduced
translocation of GLUT4 might be related to the decrease in
AKT phosphorylation since phosphorylation of AKT substrate of
160 kDa (AS160) is required for insulin-stimulated translocation
of GLUT4 to the plasma membrane (66). Reciprocally, in
euglycemic HepG2 and mice hepatic cells, the reduced global
O-GlcNAcylation levels induced by OGA overexpression is
associated with an increase of AKT activation but not of
PI3K (50). This results in inhibition by phosphorylation of
GSK3pB (Ser9) and FoxOl (Serl66), leading to a decrease
of gluconeogenic genes transcription, including glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase
(PEPCK) (50). In addition, glycogen synthase (GS), substrate
of GSK3B, is also O-GlcNAc-modified in 3T3-L1 cells and
this modification blocks its activation, which is associated with
insulin resistance (67). These data clearly establish the impact of
O-GlcNAcylation in the etiology of insulin resistance and, thus,
potentially in metabolic related diseases such as diabetes.

However, there are studies showing that OGA inhibition does
not cause insulin resistance in 3T3-L1 adipocytes, rat liver and
muscle (68, 69), while others show that OGA inhibition induces
insulin resistance in rat skeletal muscle in an AKT and GSK3p-
independent manner (70). In these studies, authors suggest that
conflicting primary results might result from the use of the
non-selective OGA inhibitor PUGNAc which has been shown
to also inhibit lysosomal hexosaminidases and alter plasma
membrane oligosaccharide structures that are critical in signal
transduction (71, 72). These contradictory findings could also be
due to supraphysiological concentrations of insulin (12 nmol/L)
used for stimulation (70). These findings raise the question of
whether high O-GlcNAcylation levels are responsible for insulin
resistance and show to what extent the understanding of the
role of O-GlcNAcylation in cell signaling regulation in such
multifactorial disease needs to be deepened.

In addition to its role in insulin resistance, O-GlcNAcylation
could also take part in pancreatic islet B cell dysfunction.
Pancreatic p cells are the cells in the body in charge
of producing, storing and releasing insulin upon increased
blood glucose concentration; its dysregulation is a cause of
diabetes. OGT and global O-GlcNAcylation levels are increased
in pancreatic islets of Goto-Kakizaki diabetic rats (73). In
murine pancreatic f cells, glucosamine-mediated hyperglycemia
increases O-GlcNAcylation of AKT and concomitantly reduces
its Ser473 phosphorylation (27). Glucosamine induces B cells
apoptosis likely through O-GlcNAc-mediated inhibition of AKT
(27) (Figure 2). In contrast, B cell-specific Ogt knockout mice
develop P cell failure and diabetes. In this model, a reduction
of AKT phosphorylation at Ser473 was observed (74). These
data suggest that the phospho/O-GIcNAc interplay on AKT
may play a pivotal role as a regulator of downstream signaling
cascades in response to nutrient conditions. The impact of

O-GlcNAcylation dysregulation may be tissue-specific (75).
In conclusion, increased O-GlcNAcylation in diabetes toward
PI3K/AKT-mediated insulin resistance in target tissues could
contribute to the maintenance of the pathology.

Cardiovascular Diseases

Many studies suggest that elevated protein O-GlcNAcylation
levels contribute to cardiovascular complications (76). Chronic
hyperglycemia is a risk factor for cardiovascular diseases and
patients with diabetes may develop atherosclerotic carotid
plaques with a marked increase of O-GlcNAcylation levels (23).
Aorta from streptozotocin-induced hyperglycemic mice exhibits
high levels of O-GlcNAcylation and impaired vascular sprouting
(77). Endothelial dysfunction is a feature of cardiovascular
diseases that is characterized by reduced bioavailability of nitric
oxide (NO) produced by endothelial nitric oxide synthase
(eNOS). Endothelial production of NO plays indeed a key
role in preventing vascular diseases by preventing thrombosis,
inflammation, vascular tone, and remodeling (78). O-GlcNAc
modification is known to modulate NO production in endothelial
cells, promoting macro- and microvascular complications. In
response to insulin, AKT induces vasodilatation in primary
human aortic endothelial cells (HAEC), and it may exert anti-
atherogenic effects by increasing activating phosphorylation of
eNOS at Ser615 and Serl1177 (79) (Figure?2). Federici and
collaborators showed that hyperglycemia or HBP activation
decreases eNOS activity through a reduction of AKT and
eNOS phosphorylation in human coronary artery endothelial
cells (HCAEC) (23). In vitro, glucosamine-induced protein O-
GlcNAcylation also modulates the angiogenic properties of
EA.hy926 endothelial cells, most probably by a concomitant
increase of AKT O-GlcNAcylation that leads to inhibition of its
pro-angiogenic activity (77). AKT could directly up-regulate the
production of the pro-angiogenic factor NO (80). In addition,
PI3K/AKT/mTOR signaling pathway stimulates angiogenesis by
increasing expression of HIF-Ia and its target, the vascular
endothelial growth factor (VEGF) (80) (Figure 2). Elevated O-
GlcNAcylation levels also induce vascular calcification in vitro
in murine cells, and in vivo in aortic arc and descending
aorta of diabetic mice. It has been shown, in primary mouse
vascular smooth muscle cells (VSMC), that this process results
from increased Thr430/Thr479-AKT O-GlcNAcylation, which
promotes its activation and the expression of osteogenic runt-
related transcription factor 2 (Runx2) (81). AKT-mediated Runx2
stabilization by degradation of E3 ubiquitin ligase SMURE?2 or by
the nuclear exclusion of its transcription regulators FoxO could
take part in this mechanism (82) (Figure 2). Thus, angiogenesis
impairment and vessel obstruction are among the biological
effects related to aberrant O-GlcNAcylation of AKT-mediated
signaling involved in cardiovascular complications associated
with diabetes.

Neurodegenerative Diseases

Dysregulated O-GlcNAcylation has been implicated in the
pathogenesis of neurodegenerative disorders such as Alzheimer’s
disease (AD) and Parkinson’s disease (83). Neurofibrillary
degeneration associated with aggregation of abnormal
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hyperphosphorylated tubulin-associated unit (Tau) proteins
is one the features of AD. The latter undergoes a “Ying-
Yang” competition mechanism between O-GlcNAcylation
and phosphorylation (83). Using thiamet-G, a blood-brain
barrier-permeable OGA inhibitor, several in vivo studies
evidenced the ability of O-GlcNAcylation to protect against Tau
aggregation (84-86). Increased levels of O-GlcNAcylation in
mice brain by intracerebroventricular injection of thiamet-
G is associated with Tau site-dependent increased and
decreased phosphorylation further confirming the complex
relation between modifications on Tau protein (87). Elevated
phosphorylation of Tau at Ser199, Ser202, Ser396, and Ser422
is likely to result from the combination of increased Tau O-
GlcNAcylation, PI3K-independent inhibition of Ser473-AKT
phosphorylation and the subsequent over-activation of GSK3,
a key Tau kinase (87) (Figure2). Elevated O-GlcNAcylation
of proteins is found in Parkinson’s disease postmortem brains
(88). In rat primary cortical neurons, thiamet-G treatment
increases accumulation of a-synuclein, a neuronal protein
that aggregates in this pathology, through activation of mTOR
and reduction of autophagy (88) (Figure2). Conversely, o-
synuclein is O-GlcNAcylated at Thr72 and Ser87, leading to
reduced aggregation in vitro (89, 90). But, these discrepancies
could be due to different experimental approaches. Evidence
that excessive O-GlcNAcylation is detrimental to neurons by
increasing a-synuclein accumulation was demonstrated in vitro
and related to mTOR pathway (88), while O-GlcNAc-reduced
aggregation of a-synuclein was demonstrated by biochemical
approaches (89, 90). Taken together, these results indicate that
the mitigation of pathological aggregation of neuronal proteins
by direct O-GlcNAc modification is a complex mechanism that
could be indirectly counterbalanced by AKT/mTOR signaling
pathway.

Another common pathological hallmark of neurodegenerative
diseases is the loss of neurons as a consequence of neuronal
cell death (91). Although not yet studied in such pathological
conditions, indirect evidence suggests that O-GlcNAcylation
could be involved in the regulation of neuronal apoptosis.
Elevation of protein O-GlcNAcylation after cerebral ischemia
is responsible for O-GlcNAc-mediated AKT inhibition, BAD
activation and neuronal apoptosis in mice (25). An increase
of O-GlcNAcylation levels is also associated with a default
in Thr308-AKT phosphorylation and cellular apoptosis during
cortical differentiation of human embryonic stem cells (hESC)
(92) (Figure 2). These studies strongly support that O-GlcNAc-
mediated AKT inhibition might be involved in neuronal
cell loss of function and apoptosis in neurodegenerative
diseases.

CONCLUSION

Highlighted by the studies discussed above O-GlcNAcylation
and the PI3K/AKT/mTOR signaling pathway appear to be
intimately cross-linked. Both are considered as metabolic sensor
that regulate folding, stability, subcellular localization, partner
interaction, and therefore the activity of a plethora of targets

involved in key biological functions. Here, we summarized
evidence that O-GlcNAcylation can modulate the activation of
the PI3K/AKT/mTOR signaling pathway by targeting different
signaling actors, and that, reciprocally; expression, localization
and activation of OGT are regulated by these signaling pathways
(Figure 1). Although, further works are required to clarify the
roles of O-GlcNAcylation on PI3K/AKT/mTOR regulation under
normal physiological context, their interplay is highlighted by
their associated dysregulation in several types of cancer, T2D, and
cardiovascular and neurodegenerative diseases (Figure 2). Under
pathological glucose conditions, aberrant O-GlcNAcylation
levels result in activation or inhibition PI3K/AKT/mTOR
signaling pathway as found in cancer and diabetes, respectively.
Because of the key role of the PI3K/AKT/mTOR signaling
pathway in cellular metabolism and physiology, these regulatory
mechanisms contribute to pathogenicity by promoting, on
one hand, glycolysis, proliferation, growth and invasion of
cancer cells, and on the other hand, insulin resistance in
insulin target tissues and/or pancreatic B cell dysfunction
and death. Moreover, O-GlcNAc-mediated disturbance of AKT
activity in endothelial cells leads to impairment of angiogenesis
and vessel obstruction, supporting cardiovascular diseases
associated with T2D. Finally, O-GlcNAcylation regulation of the
PI3K/AKT/mTOR signaling pathway can indirectly modulate
aggregation of neuronal proteins, such as Tau and a-synuclein
that are involved in AD and Parkinson’s disease, respectively,
as well as in neuronal cell death. Taken together, evidence
presented here shows that targeting OGT or OGA with selective
small molecules to inhibit their activity or their interaction
with specific actors of the PI3K/AKT/mTOR signaling pathway,
in association with an adapted diet, may be a promising
combined therapeutic approach to treat chronic metabolic-
related diseases.
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A Novel Glycoproteomics Workflow
Reveals Dynamic O-GlcNAcylation of
COPy1 as a Candidate Regulator of
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and Michael Boyce ™
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O-linked B-N-acetylglucosamine (O-GIcNAc) is an abundant and essential intracellular
form of protein glycosylation in animals and plants. In humans, dysregulation of
O-GlcNAcylation occurs in a wide range of diseases, including cancer, diabetes, and
neurodegeneration. Since its discovery more than 30 years ago, great strides have
been made in understanding central aspects of O-GIcNAc signaling, including identifying
thousands of its substrates and characterizing the enzymes that govern it. However,
while many O-GlcNAcylated proteins have been reported, only a small subset of these
change their glycosylation status in response to a typical stimulus or stress. Identifying the
functionally important O-GlcNAcylation changes in any given signaling context remains a
significant challenge in the field. To address this need, we leveraged chemical biology and
quantitative mass spectrometry methods to create a new glycoproteomics workflow for
profiling stimulus-dependent changes in O-GlcNAcylated proteins. In proof-of-principle
experiments, we used this new workflow to interrogate changes in O-GIcNAc substrates
in mammalian protein trafficking pathways. Interestingly, our results revealed dynamic
O-GlcNAcylation of COPy1, an essential component of the coat protein | (COPI) complex
that mediates Golgi protein trafficking. Moreover, we detected 11 O-GIcNAc moieties
on COPy1 and found that this modification is reduced by a model secretory stress
that halts COPI trafficking. Our results suggest that O-GIcNAcylation may regulate the
mammalian COPI system, analogous to its previously reported roles in other protein
trafficking pathways. More broadly, our glycoproteomics workflow is applicable to myriad
systems and stimuli, empowering future studies of O-GIcNAc in a host of biological
contexts.

Keywords: O-GlcNAc, glycoproteomics, SILAC, click chemistry, COPI vesicle trafficking, protein secretion

INTRODUCTION

O-linked B-N-acetylglucosamine (O-GIcNAc) is a major, dynamic post-translational modification
(PTM), added by O-GlcNAc transferase (OGT) and removed by O-GlcNAcase (OGA) from serine
and threonine residues of intracellular proteins (1-7). O-GlcNAc is broadly conserved among
animals, plants and other organisms, and O-GlcNAcylation controls a wide range of cellular
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functions, such as nutrient sensing, metabolism and gene
expression (1-8). Importantly, aberrant O-GIcNAc cycling is
also implicated in numerous human diseases, including cancer
(2, 9-12), diabetes (13-16), cardiac dysfunction (17-20), and
neurodegeneration (21-24).

Despite this broad pathophysiological significance, major
questions about O-GIcNAc signaling remain. For example, O-
GlcNAcylation regulates diverse cellular processes and modifies
thousands of intracellular proteins, but only a small fraction of
substrates change their glycosylation status in response to any
given signal or condition (1-4, 25, 26). A central challenge in
the field is to identify the most functionally relevant O-GlcNAc
changes in response to a stimulus of interest. However, because
O-GIcNAc is a transient and sub-stoichiometric PTM, it can be
difficult to study with traditional molecular biology or genetics
alone.

To address this challenge, we previously reported a two-
step chemical biology method to tag and purify O-GIcNAc
substrates from live mammalian cells (27-31). Briefly,
cells are first metabolically labeled with a peracetylated N-
azidoacetylgalactosamine (GalNAz), a synthetic, azide-bearing
monosaccharide that is non-toxic and cell-permeable (28, 32).
GalNAz is accepted by sugar salvage and epimerase enzymes,
resulting in the biosynthesis of a nucleotide-azidosugar, “UDP-
GIcNAz” which is used by OGT to install an “O-GlcNAZz” moiety
onto its native substrates (28). O-GIcNAz can then be tagged
via chemical ligation to an alkyne-functionalized probe. Azides
and alkynes engage in a copper-catalyzed [3+42] cycloaddition,
often called “click chemistry,” that proceeds rapidly under
biocompatible conditions (33-36). The click reaction between
O-GIcNAz moieties and the alkyne probe provides exquisitely
specific labeling of OGT substrates with useful handles (e.g.,
biotin, fluorophores) for downstream analysis (27-31). Because
GalNAz treatment labels endogenous OGT substrates, it
affords time-resolved tagging of O-GlcNAcylated proteins,
without the need for a priori knowledge of their identities.
We have previously used this strategy to dissect the functional
role of O-GIcNAc in a variety of cell biological contexts
(28-31).

We envisioned combining GalNAz labeling with quantitative
proteomics to discover changes in O-GlcNAcylated proteins
in response to physiological stimuli, stresses, or other cues.
As a model cellular process for these proof-of-principle
experiments, we selected protein trafficking. More than a third
of mammalian proteins transit the secretory system to localize
to, and recycle from, specific subcellular locations, including
the endoplasmic reticulum (ER), Golgi, plasma membrane,
endosomes, lysosomes, and the extracellular space (37-39).
In most instances, dedicated protein machinery effects the
formation and trafficking of vesicles between discrete locations,
as in clathrin-mediated endocytosis from the plasma membrane
to endosomes (40), coat protein complex II (COPII)-facilitated
transport from the ER to Golgi (41-46), and COPI-mediated
trafficking among the Golgi cisternae and from the Golgi
to the ER (47-49). Properly regulated protein trafficking is
critical for cell and tissue physiology, particularly in professional
secretory cell types and organs, including the endocrine system.

Indeed, protein trafficking is essential in all eukaryotes and is
dysregulated in a wide range of human diseases (44-46).

While the fundamental biochemical steps of vesicle assembly
are relatively well understood for some systems (e.g., clathrin,
COPII, and COPI), much less is known about how vertebrate
cells dynamically adjust trafficking activity in response to
developmental cues, fluctuating signals, metabolic demands,
or stress (44-46). Interestingly, however, several studies have
implicated O-GIcNAc in regulating multiple protein trafficking
pathways. For example, key COPII proteins are O-GlcNAcylated
(28, 50-53), and we recently demonstrated that specific
glycosylation sites on Sec23A, a core COPII protein, are
required for its ability to mediate collagen trafficking in
both cultured human cells and developing vertebrate embryos
(54). Other studies have indicated a role for O-GIcNAc in
regulating synaptic vesicle trafficking and clathrin-mediated
endocytosis as well (55-63). Taken together, these reports
suggest that O-GlcNAc may be a broad regulator of protein
trafficking. However, the extent and functional effects of O-
GlcNAcylation in mammalian trafficking pathways remain
largely uncharacterized.

Here, we leverage GalNAz metabolic labeling and
quantitative proteomics to create a novel workflow for
identifying stimulus-induced changes in O-GlcNAcylated
proteins. In a pilot experiment, we used this glycoproteomics
workflow to investigate the role of O-GIcNAc in mammalian
protein trafficking. Our results indicate that COPyl, an
essential component of the COPI complex, is dynamically O-
GlcNAcylated on up to 11 distinct sites under control conditions
but deglycosylated upon perturbation of protein secretion.
Our study is the first report of COPI protein O-GlcNAcylation
and suggests that O-GIcNAc may regulate mammalian intra-
Golgi and/or retrograde Golgi-to-ER protein trafficking. More
broadly, we expect that our glycoproteomics strategy will
be readily extensible to a wide spectrum of experimental
stimuli, conditions and systems beyond protein trafficking,
permitting the study of O-GlcNAc function in diverse biological
contexts.

MATERIALS AND METHODS

Chemical Synthesis

Thiamet-G and AcyGalNAz were synthesized as described (28,
64) by the Duke Small Molecule Synthesis Facility. All other
chemicals were purchased from Sigma-Aldrich unless otherwise
indicated.

Cell Culture

Ramos cells were cultured in Roswell Park Memorial Institute
medium (RPMI) containing 10% fetal bovine serum (FBS),
100 units/ml penicillin, and 100 pug/ml streptomycin in 5%
CO, at 37°C. FL5.12 (parental N6 and XL4.1 lines) were
cultured in RPMI containing 10% FBS, 100 units/ml penicillin,
100 pg/ml streptomycin, 55uM B-mercaptoethanol, 2mM L-
glutamine, 10 mM HEPES and 500 pg/ml recombinant mouse
IL-3 (eBioscience) in 5% CO; at 37°C.
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Cell Viability Assays

Ten thousand Parental FL5.12 (N6) cells in 100 pwl RPMI
were seeded into clear-bottom 96-well plates and treated with
a dose range of brefeldin A (BFA) for 4 or 24h. Both MTS
(Promega, CellTiter 96 AQueous Proliferation Assay) and ATP
(Promega, CellTiter-Glo Luminescent Cell Viability Assay) assays
were performed according to the manufacturer’s instructions.
Independent replicates were evaluated by a 2 x 2 analysis of
variance (ANOVA), with BFA dose and treatment time as the
independent factors. Post-hoc tests for differences between BFA
doses and treatment times were conducted with Tukey’s honestly
significant difference (HSD) test using SAS/JMP software,
Version 13.0.0 (SAS Institute Inc.). Significance was defined as
p < 0.05 (two-tailed).

Alkyne-Biotin Click Reactions and Affinity

Purification

Cells were treated with 100 uM GalNAz up to 24h prior to
harvesting. After harvesting, cells were lysed in click buffer
(1% Triton X-100, 1% SDS, 150 mM NaCl, 20 mM Tris pH
7.4) supplemented with protease inhibitors, 5 M PUGNAc and
50 LM UDP to inhibit hexosaminidases and OGT, respectively.
Click reactions were assembled on an ice bucket. The following
reaction components were added, in order, to the listed
final concentration: protein sample, 5mM sodium ascorbate,
25 uM alkyne-biotin, 100 wM Tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA), 1 mM CuSOy. Reactions were mixed,
rotated gently at room temperature for 1 h and then quenched by
addition of 10 mM EDTA (final). For immediate analysis, SDS-
PAGE sample buffer was added directly to reactions. For further
processing and affinity purification, unreacted alkyne-biotin
was removed by methanol-precipitation as follows. Reactions
were mixed with ice-cold methanol (10:1 methanol:sample by
volume). After mixing, samples were placed on dry ice or
incubated at —80°C for 10 min to increase protein precipitation
and then centrifuged at 17,000g to pellet. Supernatants were
removed and pellets were resuspended in methanol and placed on
ice. This process was repeated a total of four times. After the final
precipitation, the protein pellet was dissolved in 4 M guanidine
in phosphate-buffered saline (PBS). Biotinylated proteins were
captured from the samples by incubating overnight at 4°C with
gentle rotation with NeutrAvidin beads (ThermoFisher, Pierce
High Capacity NeutrAvidin Agarose). The following day, beads
were washed three times with the following buffers, in order: 4 M
guanidine in PBS, 5M NaCl in H,O, 6 M urea in PBS, and 1%
SDS in PBS. Captured proteins were eluted by boiling in 2X SDS-
PAGE sample buffer. Reserved input samples in 4 M guanidine
were buffer-exchanged into SDS-PAGE buffer via spin column
(BioRad, Bio-Spin 6).

Immunoblotting (IB)

IBs were performed via standard methods as previously
described (54). The following primary antibodies were used:
mouse monoclonal anti-tubulin  (T6074, Sigma-Aldrich;
1:100,000), mouse monoclonal anti-biotin (B7653, Sigma-
Aldrich, 1:2,000), mouse monoclonal anti-nucleoporin p62

(610498, BD Biosciences, 1:2,000), mouse monoclonal anti-
COPyl (sc-393977, Santa Cruz Biotechnology, 1:1,000),
mouse monoclonal anti-O-GlcNAc antibody 18B10 (MA1-038,
ThermoFisher; 1:1,000), mouse monoclonal anti-O-GIcNAc
antibody RL2 (SC-59624, Santa Cruz Biotech; 1:500). The
following secondary antibody was used: goat anti-mouse
IgG (1030-05, horseradish peroxidase (HRP)-conjugated,
SouthernBiotech; 1:10,000).

SILAC Labeling

RPMI 1640 medium lacking L-lysine and L-arginine
(ThermoFisher) was supplemented with 10% dialyzed and
heat-inactivated FBS (Corning), 1% penicillin/streptomycin
and amino acids. “Heavy” medium was supplemented with
12.5mg 13Cé‘r’N4-arginine, 12.5mg 13Cé5N2-lysine, and 5mg
proline per 500 ml. “Light” medium was supplemented with
12.5mg arginine, 12.5mg lysine, and 5mg proline per 500 ml.
Proline supplementation prevents conversion of arginine to
proline (65). XL4.1 cells were passaged for at least 7 doublings in
either heavy or light SILAC medium to achieve >99% isotope
incorporation. Isotope incorporation was verified via MS at the
Duke Proteomics Facility. Full proteomics data are available as
Excel files in the Supplemental Material.

Subcellular Fractionation

Cells were washed once with cold PBS and resuspended in 5ml
of ice-cold Buffer A (1.5 mM MgCl,, 10 mM KCl, 10 mM HEPES,
pH 7.9) supplemented with protease inhibitors, 5w M PUGNAc
and 50 uM UDP. Cells were lysed using a pre-chilled Dounce
homogenizer and ~30 strokes with a tight pestle. Cell integrity
was monitored using a hemocytometer. After Douncing, samples
were centrifuged at 228 g for 5min at 4°C, yielding a crude
cytoplasmic fraction (supernatant) and a crude nuclear fraction
(pellet). Crude nuclear fractions were resuspended in 3 ml of
Buffer S1 (0.35M sucrose, 0.5 mM MgCl,) supplemented with
protease inhibitors, PUGNAc and UDDP, layered over a cushion
of Buffer S3 (0.88 M sucrose, 0.5 mM MgCl,) and centrifuged at
2,800 g for 10 min at 4°C to obtain a pure nuclear pellet. Crude
cytoplasmic fractions were centrifuged at >400,000g for 1h at
4°C to obtain a pure cytoplasmic fraction (supernatant). Pure
nuclear pellets were lysed in click buffer and pure cytoplasmic
fractions were supplemented with appropriate concentrations of
click buffer ingredients.

Proteomic Analysis of BFA-Induced

Changes in O-GicNacylated Proteins

XL4.1 cells were seeded at 500,000 cells/ml the day before
treatment. Cells were treated with 100 uM GalNAz alone for
2h, then 500ng/ml BFA or DMSO (vehicle) was added, and
cells were harvested 4h later. Heavy- and light-labeled cells
were pooled 1:1, washed twice with cold PBS and fractionated
as above. Protein amounts were quantified by BCA Assay
(ThermoFisher) and 2 mg of nuclear or cytoplasmic protein was
processed further. Alkyne-agarose beads (Click Chemistry Tools)
were washed three times in click buffer. Protein samples were
precleared with 150 .l bead volume of washed alkyne-agarose
beads with gentle rotation for 2h at room temperature. After
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preclearing, supernatants were removed and combined with 50
! of equilibrated alkyne-agarose beads, 5 mM sodium ascorbate,
100 uM TBTA and 1mM CuSOy4. Reactions were rotated at
room temperature for 2h and then quenched by addition of
10mM EDTA. Beads were washed sequentially with three 1 ml
washes of each of the following: 1% SDS, 20mM Tris pH
7.4; 1% SDS, 10 mM dithiothreitol (DTT), 20 mM Tris pH 7.4;
1X PBS; 8 M urea; 1X PBS; 6 M guanidine hydrochloride; 1X
PBS; 5M NaCl; 1X PBS; 10X PBS; 1X PBS; 20% isopropanol;
20% acetonitrile; 50 mM ammonium bicarbonate. Washed beads
were stored at 4°C in 100 pl 50 mM ammonium bicarbonate
until they were submitted for on-bead trypsin digestion, LC-
MS/MS analysis and quantification at the Duke Proteomics
Facility.

Sample Preparation and Nano-Flow Liquid
Chromatography Electrospray lonization
Tandem Mass Spectrometry (LC-MS/MS)
Analysis of SILAC Samples

Samples immobilized on alkyne-agarose beads were washed
three times with 50 mM ammonium bicarbonate, pH 8.0
and suspended in 30 pl 50 mM ammonium bicarbonate, pH
8.0 supplemented with 0.1% Rapigest SF surfactant (Waters).
Samples were reduced with 5mM DTT for 30 min at 70°C
and free sulfhydryls were alkylated with 10 mM iodoacetamide
for 45min at room temperature. Proteolytic digestion was
accomplished by the addition of 500 ng sequencing grade trypsin
(Promega) directly to the beads with incubation at 37°C for 18 h.
Supernatants were collected following a 2-min centrifugation
at 1,000 rpm, acidified to pH 2.5 with trifluoroacetic acid and
incubated at 60°C for 1h to hydrolyze the remaining Rapigest.
Insoluble hydrolyzed surfactant was cleared by centrifugation
at 15,000 rpm for 5min. Samples were dried using vacuum
centrifugation and resuspended in 20 pl of 2% acetonitrile/0.1%
formic acid. Two microliters of each sample was subjected to
chromatographic separation on a Waters NanoAquity UPLC
equipped with a 1.7 um BEH130 C;g 75um LD. X 250 mm
reversed-phase column. The mobile phase consisted of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in acetonitrile.
Following a 5 ul injection, peptides were trapped for 5min on
a 5pm Symmetry Cijg 180 um I.D. X 20mm column at 20
nl/minute in 99.9% A. The analytical column was held at 5% B
for 5min, then switched in-line and a linear elution gradient of
5% B to 40% B was performed over 90 min at 300 nl/minute.
The analytical column was connected to a fused silica PicoTip
emitter (New Objective) with a 10 um tip orifice and coupled
to a QExactive Plus mass spectrometer through an electrospray
interface. The instrument was set to acquire a precursor MS
scan from m/z 375-1,600 with r = 70,000 at m/z 400 and a
target AGC setting of le6 ions. In a data-dependent mode of
acquisition, MS/MS spectra of the 10 most abundant precursor
ions were acquired at r = 17,500 at m/z with a target AGC setting
of 5e4 ions. Max fill times were set to 60 ms for full MS scans
and 60 ms for MS/MS scans with minimum MS/MS triggering
thresholds of 5,000 counts. For all experiments, fragmentation
occurred with a higher-energy collisional dissociation setting

of 27% and a dynamic exclusion of 60s were employed for
previously fragmented precursor ions.

Raw LC-MS/MS data files were processed in Mascot distiller
(Matrix Science) and then submitted to independent Mascot
database searches (Matrix Science) against SwissProt (Mus
musculus taxonomy) containing both forward and reverse entries
of each protein. Search tolerances were 5 ppm for precursor
ions and 0.02 Da for product ions using trypsin specificity with
up to two missed cleavages. Carbamidomethylation (+57.0214
Da on Cys) was set as a fixed modification, whereas oxidation
(+15.9949 Da on Met) and O-GlcNAcylation (4203 Da on
Ser/Thr) were considered variable modifications. All searched
spectra were imported into Scaffold (Proteome Software) and
protein confidence thresholds were set using a Bayesian statistical
algorithm based on the PeptideProphet and ProteinProphet
algorithms, which yielded a peptide and protein false discovery
rate (FDR) of 1%.

SILAC data were processed using Rosetta Elucidator as
previously described (66-68) with the following modifications.
Database searching in Mascot used a SwissProt mouse database
(downloaded on 4/21/11) with an equal number of reverse
entries, 5 ppm precursor and 0.02 Da product ion tolerances
and variable modifications on Met (oxidation), Arg (410), and
Lys (4-8). Data were annotated at a 1% peptide FDR using the
PeptideTeller algorithm. Quantification of labeled pairs required
that both members were identified.

Immunoprecipitation (IP)

Cells were washed twice with cold PBS and lysed in IP lysis
buffer (1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 20 mM
Tris-HCI pH 7.4) supplemented with protease inhibitors, 5 uM
PUGNAc and 50 uM UDP. Lysates were probe-sonicated, cleared
by centrifugation and quantified by BCA protein assay. IPs
were performed on 1-5mg total protein. Cleared lysates were
adjusted to a final total protein concentration of ~1 mg/ml
using IP lysis buffer. For every 1 mg of protein lysate used, 3
pg of mouse monoclonal anti-COPy1 (sc-393977, Santa Cruz
Biotechnology) antibody was added and rotated overnight at 4°C.
The following day, 50 pl equilibrated protein A/G UltraLink
Resin (ThermoFisher) was added to the lysate and rotated at
room temperature for 1h. Beads were washed three times with
1 ml of IP lysis buffer and then eluted in 2X SDS-PAGE sample
buffer with boiling. Eluents were analyzed via IB.

Cloning

The COPyl-myc-6xHis construct was generated by amplifying
the open reading frame of the human COPy1 ¢cDNA (Harvard
PlasmID Repository) by PCR and ligating it into the HindIII and
Notl sites of pcDNA4/myc-6xHis (Invitrogen) using standard
methods.

Transfections

293T cells plated at ~50% confluence were transfected the
following day as previously described (54). In brief, 750 w1 of
prewarmed OPTI-MEM was placed into 1.5ml tubes with 45
pl of TransIT-293 transfection reagent (Mirus), vortexed briefly,
and incubated for 15 min at room temperature. Next, 15 pg of
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human COPy1-myc-6xHis DNA was added to the tube, vortexed
briefly, and incubated for 15 min at room temperature. After the
final incubation, the mixture was added dropwise to the cells.
Cells were harvested 48 h after transfection.

Tandem Purification of COPy1-myc-6xHis
293T cells transfected with COPy1-myc-6xHis were treated 8 h
prior to harvest with 50 wM Thiamet-G and 4 mM glucosamine
to enhance O-GlcNAcylation. Cells were harvested in cold PBS
and lysed in IP lysis buffer supplemented with 0.1% SDS, protease
inhibitors, 5 uM PUGNAc and 50 puM UDP. Lysates were probe
sonicated, cleared by centrifugation, and quantified by BCA
protein assay according to the manufacturer’s instructions. Myc
IPs were performed on ~100 mg of total protein for MS analysis.
Cleared lysates were adjusted to a final protein concentration
of 2 mg/ml using IP lysis buffer supplemented with 0.1% SDS,
protease inhibitors, 5 M PUGNAc, and 50 uM UDP. Three
micrograms of mouse monoclonal anti-c-myc (9E10, BioLegend)
per mg of total protein was added and rotated overnight at 4°C.
The following day, 50 L1 of washed protein A/G UltraLink Resin
(53133, ThermoFisher) was added and the mixture was rotated
at room temperature for 1 h. Beads were washed three times with
1 ml of IP lysis buffer with 0.1% SDS and eluted twice in 500 1
using Ni-NTA wash buffer (8 M urea, 300 mM NaCl, 1% Triton
X-100, and 5 mM imidazole) with rotation at room temperature.
The two 500 ] elutions were pooled, 50 .l of washed 6xHisPur
Ni-NTA resin (88223, ThermoFisher) was added to the eluate and
the mixture rotated for 2h at room temperature. The Ni-NTA
resin was washed three times with 1 ml of Ni-NTA wash buffer
and eluted in 8 M urea plus 250 mM imidazole.

LC-MS/MS Analysis of COPy1

O-GicNacylation

Purified COPyl-myc-6xHis was separated by SDS-PAGE and
Coomassie-stained. Stained bands of the correct molecular
weight were subjected to standard in-gel trypsin digestion
(https://genome.duke.edu/sites/genome.duke.edu/files/In-
gelDigestionProtocolrevised_0.pdf). Extracted peptides were
lyophilized to dryness and resuspended in 12 pl of 0.2%
formic acid/2% acetonitrile. Each sample was subjected to
chromatographic separation on a Waters NanoAquity UPLC
equipped with a 1.7 um BEH130 C;g 75um LD. X 250 mm
reversed-phase column. The mobile phase consisted of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in acetonitrile.
Following a 4 pl injection, peptides were trapped for 3 min
on a 5pm Symmetry Cjg 180 pm LD. X 20mm column at
5 pl/minute in 99.9% A. The analytical column was then
switched in-line and a linear elution gradient of 5% B to 40%
B was performed over 60 min at 400 nl/minute. The analytical
column was connected to a fused silica PicoTip emitter (New
Objective, Cambridge, MA) with a 10pum tip orifice and
coupled to a QExactive Plus mass spectrometer (Thermo)
through an electrospray interface operating in data-dependent
acquisition mode. The instrument was set to acquire a precursor
MS scan from m/z 350 to 1,800 every 3s. In data-dependent
mode, MS/MS scans of the most abundant precursors were
collected following higher-energy collisional dissociation (HCD)

fragmentation at an HCD collision energy of 27%. Within
the MS/MS spectra, if any diagnostic O-GlcNAc fragment
ions (m/z 204.0867, 138.0545, or 366.1396) were observed, a
second MS/MS spectrum of the precursor was acquired with
electron transfer dissociation (ETD)/HCD fragmentation using
charge-dependent ETD reaction times and either 30 or 15%
supplemental collision energy for >2+ precursor charge states.
For all experiments, a 60-s dynamic exclusion was employed for
previously fragmented precursor ions.

Raw LC-MS/MS data files were processed in Proteome
Discoverer (Thermo Scientific) and then submitted to
independent Mascot searches (Matrix Science) against a
SwissProt database (human taxonomy) containing both forward
and reverse entries of each protein (20,322 forward entries).
Search tolerances were 5 ppm for precursor ions and 0.02
Da for product ions using semi-trypsin specificity with up
to two missed cleavages. Both y/b-type HCD and c/z-type
ETD fragment ions were allowed for interpreting all spectra.
Carbamidomethylation (4-57.0214 Da on C) was set as a fixed
modification, whereas oxidation (+15.9949 Da on M) and
O-GIcNAc (4203.0794 Da on S/T) were considered dynamic
mass modifications. All searched spectra were imported into
Scaffold (v4.3, Proteome Software) and scoring thresholds were
set to achieve a peptide FDR of 1% using the PeptideProphet
algorithm. When satisfactory ETD fragmentation was not
obtained, HCD fragmentation was used to determine O-GlcNAc
residue modification, using the number of HexNAcs identified
in combination with the number of serines and threonines in the

peptide.

RESULTS

We designed a new quantitative glycoproteomics strategy to
discover changes in O-GlcNAcylated proteins in response to
physiological stimuli, stress, or other cues. In this workflow
(Figure 1), cells are first labeled with “light” 2C¢'*N,-lysine
and 12Cé4N4—arginine or “heavy” 1Beels N,-lysine and BCIN,-
arginine, in a standard stable isotope labeling of amino acids
in cell culture (SILAC) quantitative proteomics protocol (69,
70). Next, all cells are metabolically labeled with a short pulse
of GalNAz to prime the biosynthesis of UDP-GIcNAz. Then,
one cell population is treated with the stimulus of interest,
leaving the other as a control. All cells are then mixed, nuclear
and cytoplasmic extracts are prepared by standard biochemical
fractionation (to separate O-GIcNAc from secretory pathway
glycans) and labeled O-GIcNAc substrates are covalently ligated
to alkyne-functionalized agarose beads via a click reaction,
permitting extremely stringent washing. Finally, the captured and
washed glycoproteins are trypsinized on-bead, and the resulting
peptides are analyzed by SILAC mass spectrometry (MS)
proteomics, providing an unbiased quantitation of stimulus-
dependent changes in O-GlcNAcylated proteins.

For our pilot glycoproteomics studies, we selected the murine
pro-B cell line FL5.12, subclone XL4.1 (71-73), because it is a
model system for B lymphocyte activation, a process that vastly
expands the protein trafficking burden through cell proliferation
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FIGURE 1 | Glycoproteomics workflow. First, cells are stably labeled with either “heavy” (red) or “light” (blue) arginine and lysine to create two distinctly labeled
populations, per standard SILAC protocols. Next, cells are treated with GalNAz for a brief period to allow incorporation into endogenous OGT substrates, while limiting
the labeling of “housekeeping” proteins. One cell population is treated with a stimulus, inducing changes in O-GIcNAcylation, while the other remains an untreated
control. Both cell populations are mixed, fractionated to remove secretory pathway glycans, and covalently ligated to an alkyne-functionalized agarose bead via a click
reaction. After extremely stringent washing, the covalently captured glycoproteins are trypsinized on-bead and the resulting peptides are analyzed by quantitative

and augmented immunoglobulin secretion (74, 75). Previous
work has also indicated that lymphocyte activation induces
dramatic changes in global O-GlcNAcylation (76-78). Taken
together, these reports suggested that O-GIcNAc might regulate
protein trafficking in activated lymphocytes. We incubated XL4.1
cells with GalNAz or vehicle only and captured labeled proteins
using our glycoproteomics workflow. Initial MS analysis revealed
the strong enrichment of many known O-GlcNAcylated proteins,
including numerous nucleoporins (79) and host cell factor 1
(HCF1) (80-82) (Figure2). We concluded that our method
specifically captured O-GlcNAcylated proteins, as intended.
Next, we sought to use our glycoproteomics workflow
to identify O-GlcNAcylation changes that are functionally
important in protein trafficking. We reasoned that a short
GalNAz pulse followed by a stimulus would afford the
preferential labeling of de novo, stimulus-dependent changes

in glycoproteins, whereas longer incubations would also
label unchanging, background “housekeeping” glycoproteins, as
evidenced by the enrichment of nucleoporins after long GalNAz
incubation (Figure2). We first verified that we could label
endogenous XL4.1 glycoproteins with brief GalNAz incubations.
We treated cells with GalNAz for various times and then
reacted lysates with alkyne-biotin to label O-GlcNAc substrates.
Anti-biotin immunoblot (IB) revealed that endogenous XL4.1
glycoproteins were labeled as early as 2 h after GalNAz treatment
(Figure 3A). We therefore selected 2 h as a pre-stimulus GalNAz
incubation time for our subsequent experiment. Next, as
a model stimulus to perturb protein secretion, we selected
brefeldin A (BFA), a well-characterized fungal metabolite that
inhibits COPI and, secondarily, COPII vesicle trafficking (83—
85). We hypothesized that secretory pathway disruption by
BFA would trigger changes in O-GlcNAcylation events that
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FIGURE 2 | XL4.1 cells were treated with either DMSO vehicle or 100 nM GalNAz for 24 h and processed via the glycoproteomics workflow. To confirm enrichment,
proteins with fewer than 25 spectral counts were excluded, and the remaining proteins were rank-ordered by the ratio of spectral counts from the vehicle and GalNAz
samples (low to high). Table displays the top 25 proteins ranked this way. Commonly O-GIcNAcylated substrates (e.g., nucleoporins, HCF1) were identified exclusively
in the GalNAz-treated samples, confirming the selective enrichment of endogenous OGT substrates by the workflow. Complete proteomics datasets are available as
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FIGURE 3 | (A) XL4.1 cells were treated with DMSO vehicle or 100 uM GalNAz for the indicated times. Cell lysates were subjected to click reactions with an
alkyne-biotin probe and analyzed by IB. GalNAz incorporation is evident as soon as 2 h after treatment. Tubulin is a loading control. (B,C) Parental FL5.12 N6 cells
were treated with the indicated doses of BFA for 4 or 24 h and mitochondrial function (B) (n = 2) and ATP levels (C) (n = 3) were measured. Marked decreases in
mitochondrial function and ATP content occurred with >500 ng/ml BFA treatment for 24 h, but no changes were observed at those doses after 4 h. In each assay,
values were normalized to vehicle-treated control. Error bars are standard error of the mean. *o < 0.05 compared to control (DMSO) by Tukey’s HSD.

C ATP levels

120 24 hours m4 hours

100 ] -
°
c 80 l
S
o
S 60
5
& 40 *

20| * * * * I

I I I I

10ug/ml

5ug/ml  2.5ug/ml 1pg/ml 500ng/ml 250ng/ml 100ng/ml  DMSO

regulate trafficking under homeostatic or stress conditions. To
determine the lowest BFA dose that caused strong disruption
of the secretory pathway, we treated apoptosis-sensitive parental
FL5.12 N6 cells with a range of BFA concentrations for 4 or
24h and measured cellular ATP and mitochondrial function
(Figures 3B,C). In these experiments, 500 ng/ml was the lowest
BFA dose that caused significant toxicity after 24 h while having
little effect on cell viability after only 4h (Figures 3B,C). We
therefore selected 4 h of 500 ng/ml BFA as a treatment condition
to disrupt protein trafficking without inducing the potentially
confounding effects of downstream cell death.

We next performed proof-of-principle experiments with
BFA and our glycoproteomic workflow. We treated SILAC-
labeled X14.1 cells with GalNAz for 2 h, followed by 500 ng/ml
BFA (heavy-labeled cells) or vehicle control (light-labeled
cells) for an additional 4h. Then, we mixed the intact cells,
derived nuclear and cytoplasmic subcellular fractions, captured
GalNAz-labeled proteins and analyzed BFA-dependent changes
in O-GIcNAc substrates. We calculated the fold-enrichment
of every protein in our control (DMSO) vs. BFA-treated
SILAC populations (1,253 nuclear and 792 cytoplasmic IDs)
(Figure 4A). Overall, BFA barely altered the abundance of the
vast majority of captured proteins, as expected, with 99% of
both nuclear and cytoplasmic IDs changing <4-fold (Figure 4A).

However, 1 nuclear and 7 cytoplasmic proteins were enriched
at least 4-fold in the BFA sample vs. control, and 8 nuclear
and 3 cytoplasmic proteins were depleted at least 4-fold in
the BFA-treated sample. Similar results were obtained in an
independent biological replicate performed with the amino acid
and treatment pairings reversed (i.e., heavy/DMSO, light/BFA)
(Figure 4B).

We next applied stringent filters to the data from both
biological replicates to identify candidate BFA-dependent
changes in O-GlcNAcylated proteins. First, we compared
BFA-induced fold-changes across biological replicates and
retained only protein IDs with concordant changes (up or down)
across replicates. Then, we retained only nuclear proteins with
a fold-change magnitude >2, and only cytoplasmic proteins
with a fold-change magnitude >1.5. (A less stringent filter
was placed on the cytoplasmic fraction because it exhibited
fewer total protein IDs and lower-magnitude fold-changes
overall). After applying these filters, we identified 80 nuclear
and 17 cytoplasmic proteins displaying consistent, BFA-
dependent changes across both experiments (Figure 4B).
Interestingly, several of these proteins participate directly in
protein trafficking, including the COPI protein COPy1 (depleted
2.27- and 2.078-fold, respectively, from the BFA samples in
the two biological replicates) and the retromer component
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FIGURE 4 | Glycoproteomics workflow detects global BFA-induced changes in O-GlcNAcylated proteins. Data for nuclear and cytoplasmic proteins are displayed as
alogy transform of the ratio of detected intensities from the DMSO and BFA samples, as described previously (66-68). (A) In the first biological replicate, 1,252
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FIGURE 5 | (A) Ramos cells were treated with 100 pM GalNAz or DMSO
vehicle for 6 h, followed by 500 ng/ml BFA or DMSO vehicle for an additional
4h, and then harvested. Nuclear and cytoplasmic fractions were prepared,
subjected to click reactions with an alkyne-biotin probe and incubated with
streptavidin beads for enrichment. Beads were washed and eluted proteins
were analyzed by IB. Nuclear fraction IBs from a representative experiment are
shown. Nucleoporin-62, a heavily O-GIcNAcylated protein, is a control for
equal loading (input lanes) and biotin enrichment (pulldown lanes). Band
intensities in the COPy1 IB were quantified in Imaged, normalized to control
(DMSO, input lane) and listed below. The ratio of pulldown:input for each
treatment was calculated as a measure of COPy1GalNAz modification and is
given in the graph at the right. Consistent with the glycoproteomics results,
COPy1 levels were reduced after BFA treatment, indicating a reduction in
O-GIcNAcylation. Similar results were obtained with XL4.1 cells (not shown).
(B) Ramos (left) and XL4.1 (right) cells were treated with 50 wM Thiamet-G or
DMSO vehicle for 8h and lysates were subjected to anti-COPy1IP and

analyzed via IB.

Vps35 (depleted 3.582- and 2.412-fold from the BFA samples),
or are regulators of membrane protein quality control, such
as the AAA+ ATPase torsinA (enriched 2.069- and 2.466-fold
in the BFA samples) and the ubiquitin E3 ligase NEDD4,
which is also a known O-GIcNAc substrate (depleted 3.838-
and 3.058-fold from the BFA samples) (Figures4C,D and
Supplemental Material) (86-101). We concluded that our
glycoproteomics workflow identified candidate BFA-dependent

changes in O-GIcNAc substrates that may impact on protein
trafficking.

From our filtered glycoproteomics data, we selected COPy1
for further validation experiments because of its well-established
role in protein trafficking. COPy1 is a core component of the
heteroheptameric COPI complex, which is recruited to Golgi
membranes by the small GTPase ADP ribosylation factor 1 (Arfl)
to mediate vesicle formation and trafficking within the Golgi
or to the ER (49, 102, 103). COPy proteins interact with cargo
adaptors in the Golgi membrane, with Arf GTPase-activating
proteins and with other COPI components in the coat itself
(49, 88, 89, 92). COPy is highly conserved across eukaryotes and
is essential for in vitro COPI vesicle formation and for viability
in budding yeast (49, 104, 105). While phosphorylation, arginine
methylation, and ubiquitination of COPy1 have been observed in
several studies (106-116), O-GlcNAcylation of COPy has never
been reported.

To confirm our MS results with COPy1, we GalNAz-labeled
XL4.1 or Ramos cells (a human B cell line) in the presence or
absence of BFA treatment, performed click reactions with alkyne-
biotin, purified O-GlcNAc substrates by streptavidin affinity
chromatography and analyzed the results by IB (Figure 5A).
Consistent with our glycoproteomics results, anti-COPy1 IB
indicated that BFA treatment reduced the O-GlcNAcylation
of COPyl without causing dramatic effects on total COPyl
levels (Figure5A). To extend these results to natural O-
GlcNAc, we immunoprecipitated (IP-ed) endogenous COPyl
from XL4.1 or Ramos cells and observed that it was recognized
by anti-O-GlcNAc monoclonal antibodies (Figure 5B). This
signal was specific, because treatment of cells with Thiamet-
G, a small molecule inhibitor of OGA (64), increased both
global O-GlcNAc signal and anti-O-GIcNAc immunoreactivity
of COPy1 (Figure 5B). We concluded that endogenous COPy1
is dynamically O-GlcNAcylated in mammalian cells under
homeostatic conditions, and deglycosylated upon disruption of
protein trafficking by BFA.

As a first step toward characterizing the function of COPy1
O-GlcNAcylation, we expressed and purified epitope-tagged
human COPyl to homogeneity from human cells and used
MS to map O-GlcNAc-modified residues. We detected 11 O-
GlcNAc moieties across six unique peptides and unambiguously
assigned five glycosylation sites: T132, S134, T135, T552, and
S554 (Figure 6A and Supplemental Material). COPy1 is highly
conserved between human and mouse (97.3% identical and
99.4% similar), and all candidate O-GIcNAc sites that we
identified are identical between the orthologs (Figures 6A,B).
The candidate O-GlcNAc sites occur in several regions of the
COPy1 protein, with most lying within the last HEAT repeat
of the adaptin N-terminal domain or in the appendage domain
(Figure 6B). The appendage domain interacts with ARFGAP2,
which binds the a/p/e COPI subcomplex and influences vesicle
uncoating, suggesting that O-GlcNAcylation in this domain
could influence these functions (88). Finally, we modeled the
observed O-GlcNAc sites onto crystal structures of COPy1 in the
COPI coat “triad” complex (Figures 6C,D) (PDB: 5A1U) (117).
Interestingly, the T552 and S554 glycosylation sites of COPy1
lie close to COPB1-binding interface and might impact on this
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A Peptide Residue Number of
Number O-GIcNAc

ILNGLTVSIPGLER T552, S554 2 T132, S134, T135
COPyl_HUMAN 121 'QITDSTMLQAIERYMKQAT
AVRALCQITDSTMLQAIER T132, 5143, 3 COPyl MOUSE 121 01 AT
T153 -
SIDRLMKQISSFMSEISDEFK $356, S365, 3
S366, S368, T552, S554
8372 COPyl HUMAN 541 ALNAGYILNGLTVSI XOYTLEPSEKPFDLKSVP
VNEAQEAASSDNIMVQYHALGLLYHVR  S186, $187 1 COPyl_MOUSE 541 ALNAGYILNGLTVSI X KSVP
SLPYNQPGTCYTLVALPK $697, T705, 1
T708
EDPTAVACTFSCMM T718, T723, 1
8725
$356
$365
B TI32 $366 S697  T718
S134 S186 S364 T705 1723
T135 S187 $372 T552 T708  S725

$554

L] L[]

d:rEr::Tin Appendage domain

Adaptin N terminal domain

FIGURE 6 | (A, left) Myc-6xHis-tagged human COPy1 was tandem-purified to homogeneity from transfected 293T cells and analyzed via ETD/HCD-MS. Peptide
sequence, number of O-GIcNAc moieties detected, and number of serine and threonine residues are displayed for tryptic peptides exhibiting glycosylation. (A, right)
Alignment of human and mouse COPy1 regions with unambiguously assigned O-GIcNAc modification sites, denoted in red. Human and mouse COPy1 are 97.3%
identical and are 99.4% similar. All O-GIcNAc sites identified on human COPy1 are conserved in the mouse ortholog. (B) Schematic depicting candidate O-GIcNAc
sites on the COPy1 domain structure. The C-terminal appendage domain contains an ARFGAP2-interacting region and binds the a/B/e COPI subcomplex. (C)
Interface of COPy1 (green) and COPB1 (blue), with potential O-GIcNAc sites in red, from the previously reported structure of the COPI triad (PDB: 5A1U) (117). (D)
Zoomed view from (C) (black box) of the COPy1/COPB1 interface. T552 and S554, two unambiguously assigned O-GIcNAc sites on COPy1, lie in close proximity to
COPB1. Complete proteomics datasets are available as Supplemental Material.

interaction, which is essential for COPI function (117). Taken  of mammalian COPy1 as a candidate regulatory event in Golgi
together, our BFA and MS results suggest that site-specific COPyl ~ protein trafficking.
O-GlcNAcylation may promote or license its activity in the COPI Several proteomics-compatible approaches for enriching
pathway. natural O-GIcNAc exist, including lectin weak-affinity
chromatography (LWAC), chemical modification of O-GlcNAc
moieties (e.g., P-elimination followed by Michael addition)
DISCUSSION and chemoenzymatic methods that harness an engineered
galactosyltransferase (9, 59, 81, 82, 118-134). Each of these is
O-GlcNAc is a highly dynamic PTM that modifies thousands  a well-established and powerful tool for elucidating O-GIcNAc
of nuclear, cytoplasmic and mitochondrial proteins. While the  signaling. Our glycoproteomics workflow leverages GalNAz
number of identified O-GlcNAc substrates continues to rise, the =~ metabolic labeling, which complements these methods in
specific functions of O-GIcNAc on most proteins are elusive — important ways. In our approach, a pulse of GalNAz is added
and assessing stimulus-triggered changes in O-GlcNAcylated — to cultured cells only shortly before the stimulus of interest,
proteins remains a significant challenge in the field. Here, we  permitting the preferential enrichment and characterization of
report a novel glycoproteomics workflow enabling the proteome-  relatively new glycosylation changes. Therefore, our workflow
wide identification and quantification of changes in O-GIcNAc-  provides time resolution and reduces the labeling of long-
modified proteins and use it to discover cycling O-GlcNAcylation  lived, unchanging O-GlcNAc moieties (e.g., on the nuclear
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pore complex) that could otherwise dominate the proteomics
results (Figure2). In addition, our workflow affords the
covalent capture of O-GlcNAcylated proteins onto a solid
matrix, allowing extremely stringent washing conditions to
remove unglycosylated proteins. Although the individual
components of our strategy have been reported previously,
we have assembled them into a new and optimized workflow
in which the proteome-wide profiling of stimulus-dependent
O-GIcNAc changes in SILAC-labeled cells can be performed
by one worker in as little as 1 week. Moreover, our workflow
can be implemented in any cell type or organism that supports
azidosugar and SILAC labeling, and can be used to study a wide
range of stimuli, stresses or other experimental comparisons.
We anticipate that this method will be a useful addition to the
quantitative analysis of O-GlcNAc signaling.

In pilot experiments, we used our workflow to address
the role of O-GlcNAcylation changes in mammalian protein
trafficking, using BFA as an established tool compound. These
studies identified the dynamic glycosylation of COPyl in
mammalian cells (Figures 4-6 and Supplemental Material), and
validation experiments demonstrated that endogenous COPy1
is reversibly modified by natural O-GIcNAc atleast 11 sites,
confirming the utility of our approach in characterizing native
signaling pathways (Figures 5, 6). (We note that numerous Golgi
proteins partitioned to the “nuclear” sample in our fractionation
procedure, likely explaining the presence of COPyl—see full
proteomics datasets in the Supplemental Material).

COPI trafficking relies on the guanine nucleotide exchange
factor GBP1 to exchange GDP for GTP on Arfl (47-49,
102, 103). Arfl undergoes a conformational change upon
GTP binding, inserting an N-terminal amphipathic a-helix
into the Golgi membrane (49, 102, 103). Membrane-bound
Arfl then recruits the stable heteroheptameric COPI coat
complex, which includes COPyl (49, 102, 103, 135). The
assembling COPI heteroheptamers also undergo a major
conformational change, promoting oligomerization of the coat
complex and eventual vesicle formation and scission (117,
135, 136). BFA perturbs protein trafficking by stabilizing
an abortive intermediate of the Arfl complex, disrupting
both the COPI and, subsequently, the COPII pathways (83—
85).

Our results suggest that COPy1 glycosylation may regulate
protein trafficking within or from the Golgi. Consistent with
this hypothesis, a prior proteomics study identified a putative
biochemical interaction between OGT and the COPI component
COPe (137). The authors proposed that O-GlcNAc might govern
intra-Golgi vesicle transport, although no direct glycosylation
of any COPI protein was demonstrated (137). The precise
biochemical and functional effects of O-GlcNAcylation on
COPyl remain to be determined, but our results, combined
with prior reports, suggest several possibilities. First, because O-
GIcNAc can regulate protein-protein interactions in a variety
of contexts (138), glycosylation may affect the interaction of
COPy1 with specific binding partners, such as COPp1, COPg,
Arfl, or p24 cargo adaptors (49, 105, 139-143). Consistent with
this notion, our MS site-mapping revealed O-GlcNAcylation
on two sites, T552 and S554, located in close proximity

to the interface with COPP1 in the COPI triad structure
(Figures 6C,D) (117). Addition of one or more bulky O-GlcNAc
moieties in this region of COPyl may alter this interaction,
which is essential for COPI function. Second, O-GlcNAcylation
of COPyl may promote or inhibit one of the significant
conformational changes that occur during COPI coat assembly
(49, 102, 103, 117, 135, 136, 142, 143). Third, O-GlcNAcylation
of COPyl may regulate the membrane recruitment of the
heteroheptameric complex. We have previously demonstrated an
analogous role for O-GlcNAc signaling in the COPII pathway,
as OGA inhibition impairs the membrane recruitment of the
COPII proteins Sec31A and Sec23A (54). Fourth, O-GlcNAc
may regulate COPyl through cross-talk with other PTMs.
Interestingly, five of the candidate O-GlcNAc sites we identified
on COPy1 (8356, S554, T718, T723, and S725) are also reported
phosphorylation sites (144). Therefore, COPy1 function may be
regulated by the well-documented, complex interplay between
O-GlcNAcylation and O-phosphorylation (2, 145-149). Our site-
mapping data have paved the way for future studies to test
these hypotheses, and experiments with single and compound
glycosylation site mutants are currently underway to determine
the impact of COPyl O-GlcNAcylation in live-cell trafficking
assays.

While many excellent studies have dissected the structures
and functions of the core COPI machinery (49, 142, 143), much
less is known about how this critical pathway is regulated by
mammalian cells in response to rapidly changing physiological
and pathological signals. PTMs likely serve as one important
mode of COPI regulation. Indeed, several proteomics studies
have reported phosphorylation, ubiquitination and arginine
methylation of COPy in particular (107-116), and one study
provided functional evidence that phosphorylation of COPS
and COPy influences coatomer assembly or membrane
recruitment (106). Therefore, COPI trafficking may be
governed in part by COPy PTMs. Our results indicate
that O-GIcNAc may be a functionally important PTM in
the COPI system as well. Moreover, we detected putative
BFA-dependent O-GIcNAc changes on proteins operating
in distinct parts of the secretory pathway, including Vps35,
torsinA, and NEDD4 (Figure4), and previous studies have
implicated O-GlcNAcylation in other vesicle transport
pathways beyond COPI as well (28, 50-63). Based on these
observations, we propose that O-GlcNAcylation may be a
widespread mode of dynamic regulation in mammalian protein
trafficking.
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Skeletal muscle represents around 40% of whole body mass. The principal function of
skeletal muscle is the conversion of chemical energy toward mechanic energy to ensure
the development of force, provide movement and locomotion, and maintain posture.
This crucial energy dependence is maintained by the faculty of the skeletal muscle for
being a central place as a “reservoir” of amino acids and carbohydrates in the whole
body. A fundamental post-translational modification, named O-GlcNAcylation, depends,
inter alia, on these nutrients; it consists to the transfer or the removal of a unique
monosaccharide (N-acetyl-D-glucosamine) to a serine or threonine hydroxyl group of
nucleocytoplasmic and mitochondrial proteins in a dynamic process by the O-GIcNAc
Transferase (OGT) and the O-GlcNAcase (OGA), respectively. O-GlcNAcylation has
been shown to be strongly involved in crucial intracellular mechanisms through
the modulation of signaling pathways, gene expression, or cytoskeletal functions in
various organs and tissues, such as the brain, liver, kidney or pancreas, and linked
to the etiology of associated diseases. In recent years, several studies were also
focused on the role of O-GlcNAcylation in the physiology and the physiopathology
of skeletal muscle. These studies were mostly interested in O-GIlcNAcylation during
muscle exercise or muscle-wasting conditions. Major findings pointed out a different
“O-GIcNAc signature” depending on muscle type metabolism at resting, wasting
and exercise conditions, as well as depending on acute or long-term exhausting
exercise protocol. First insights showed some differential OGT/OGA expression and/or
activity associated with some differential stress cellular responses through Reactive
Oxygen Species and/or Heat-Shock Proteins. Robust data displayed that these
O-GIcNAc changes could lead to () a differential modulation of the carbohydrates
metabolism, since the majority of enzymes are known to be O-GIcNAcylated,
and to (i) a differential modulation of the protein synthesis/degradation balance
since O-GlcNAcylation regulates some key signaling pathways such as Akt/GSK3g,
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Akt/mTOR, Myogenin/Atrogin-1, Myogenin/Mef2D, Mrf4 and PGC-1a in the skeletal
muscle. Finally, such involvement of O-GIcNAcylation in some metabolic processes of the
skeletal muscle might be linked to some associated diseases such as type 2 diabetes or
neuromuscular diseases showing a critical increase of the global O-GIcNAcylation level.

Keywords: O-GlcNAcylation, slow-twitch muscle, fast-twitch muscle, glucose metabolism, exercise, skeletal

muscle atrophy

INTRODUCTION

Just over thirty years ago, the O-linked N-acetyl-B-D-
glucosaminylation, termed O-GlcNAcylation, was discovered
inside the mouse lymphocyte cells by Torres and Hart (1).
From this discovery, about 1,400 studies were focused on
this field among hundreds of other known post-translational
modifications. Nowadays, scientific community shows a growing
interest since half of these previous studies was published
in the last 5 years, and provides more and more relevant
data to better characterize the impact of O-GlcNAcylation
on cellular processes. It is ubiquitous from virus to plantae
and metazoan, and to date around 4000 O-GlcNAc-modified
proteins have been identified (2). O-GlcNAcylation seems to
be an important molecular process in biology, especially since
ubiquitous OGT and OGA knockout mice experiments revealed
that O-GlcNAcylation balance is crucial for embryonic stem cell
viability and embryonic development (3, 4); recent data also
supported the essential role of O-GlcNAcylation in adult life
since inducible global knockout of OGT dramatically increased
mice mortality (5).

O-GlcNAcylation is an atypical, reversible and dynamic
glycosylation. Unlike the N- and O- glycans, the O-
GlcNAcylation  consists of the transfer of a unique
monosaccharide which is not elongated, the N-acetyl-D-
glucosamine, on a plethora of nucleocytoplasmic (6) and
mitochondrial proteins (7). The O-GlcNAc modification
is mediated by a couple of antagonist enzymes; the OGT
(uridine diphospho-N-acetylglucosamine: peptide beta-N-
acetyl-glucosaminyl-transferase) transfers the monosaccharide
from the UDP-GIcNAc donor to a serine or threonine hydroxyl
group of a protein through a beta linkage (8), while OGA
(beta-N-acetylglucosaminidase) hydrolyses the O-GlcNAc
moieties from O-GlcNAcylated proteins (9). Very recent data
have shown that the moiety can also be added to proteins
intended for the extracellular compartment, through a distinct
and structurally unrelated OGT (called EGF-OGT) which
works in an OGT-independent manner (10-12). Besides its
reversibility, O-GlcNAcylation is also highly dynamic. Indeed,
the GlcNAc moieties can be added and removed several times
along the protein lifetime, and the turn-over is shorter than
the protein backbone’s one. Moreover, this O-GlcNAc dynamic
process could reply to many environmental conditions and
physiological signals such as nutriment availability, especially
from its UDP-GIcNAc donor, the last product of the Hexosamine
Biosynthesis Pathway (13, 14). Finally, O-GlcNAcylation can
also interplay with certain other post-translational modifications

such as phosphorylation and ubiquitination [for review,
see (15-17)].

Nowadays, there is evidence that some fundamental protein
functions are modulated through the O-GlcNAcylation,
including protein-protein interactions (18, 19), protein stability
(20, 21), protein activity (22), or protein localization (23). Akin
to phosphorylation, the O-GlcNAcylation is involved in almost
all if not all intracellular processes (15, 24, 25) and different data
demonstrated that its dysregulation can play a crucial role in the
etiology of several diseases including type II diabetes (26, 27),
cancer (28, 29), neurodegenerative disorders (30, 31), X-linked
intellectual disability (32), neuromuscular (33), or cardiovascular
diseases (34, 35), and linked to aging (36).

However, recent data showed that O-GlcNAcylation is also
involved in different cellular processes of the skeletal muscle, and
its potential role in many disorders related to skeletal muscle
defects is still undervalued. This present review discusses the
involvement of O-GlcNAcylation in skeletal muscle metabolism
(in particular glucose metabolism), the impact of exercise on
O-GlcNAcylation, and finally, the potential role of this post-
translational modification in skeletal muscle in a context of
disease such as type 2 diabetes and neuromuscular disorders.

RELATIONSHIP BETWEEN
O-GLCNACYLATION AND METABOLISM IN
SKELETAL MUSCLE

In the human body, the skeletal muscle is an essential tissue
that converts chemical energy into mechanical energy, i.e.,
contraction, to generate force and ensure some fundamental
functions of the body such as movement production, posture
control and thermoregulation (37). The skeletal muscle
represents 40% of the total human body weight, contains 50 to
75% of all body proteins and accounts for 30 to 50% of whole-
body protein turnover (37). It is a huge reservoir of nutrients
(e.g., glycogen and amino acids), a great producer/consumer of
energy and accounts for 30% of the resting metabolic rate in adult
human. For instance, from basal state to fully state of contraction,
the skeletal muscle can 300-fold increase its energy consumption
within a few milliseconds (38). Interestingly, O-GlcNAcylation is
known to be a cell nutrient sensor and the “O-GlcNAc signature”
depends on the biological state of cells (39). Within the unitary
contractile apparatus, named sarcomere, and more generally
in the overall skeletal muscle cell, diverse proteins have been
identified to be O-GlcNAcylated since 2004 (18, 40-43); the
nature of these proteins is diversified including contractile,
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structural, cytoskeletal, metabolic, chaperones, mitochondrial
proteins or proteins involved in signaling pathways. Thus,
akin to phosphorylation (37, 44, 45), O-GlcNAcylation could
play a significant role, still undervalued, in the skeletal muscle

physiology.

Exercise-Mediated O-Glcnacylation
Changes in the Skeletal Muscle

Contraction is the main function of the skeletal muscle to
provide force generation and ensure movement production and
posture control from baseline to exercise conditions. Skeletal
muscle is able to develop several adaptations with exercise
by changes in contractile protein isoforms, protein turnover,
metabolism, mitochondrial functions, intracellular signaling or
transcriptional response [for review, see (46-48)]. As described,
O-GlcNAcylation highly depends on metabolism through the
Hexosamine Biosynthesis Pathway and the UDP-GIcNAc donor.
Glucose metabolism has a key role in this process since about 2—
5% of the glucose enters the HBP, while the remaining glucose
goes to glycogen storage or glycolysis (13, 49). In addition, a
study carried out on skeletal muscle, showed that HBP also
depends on fatty acids, glutamate or nucleic acids (50). Among
other processes, muscle contraction directly impacts glucose
homeostasis. For example, exercise increases skeletal muscle
glucose uptake through an insulin-dependent/GLUT4 transport
pathway (51, 52) or through the activation of CamKII by calcium
released upon muscle contraction (53). Thus, we can assume that
O-GlcNAcylation could be modulated through muscle-training
and induces several effects on muscle functions. However,
although many studies reported the importance of exercise in the
modulation of cardiac O-GlcNAcylation (54-59), to date there is
a very few studies interesting in the skeletal muscle.

It’s long recognized that metabolic flexibility concept occurs in
skeletal muscle, meaning for example its ability to increase energy
supply and provide sufficient and adequate “fuel” for muscle
working (48). In this context, it has been recently shown that
exercise could also modulate the global O-GlcNAcylation level
in rat skeletal muscle (60-62). Two different types of exercise
training were applied on rat: a single acute exercise run bout
to fatigue and an exhausting 6-weeks interval training program,
both on treadmill. Consecutively to the acute exercise, the global
level of O-GlcNAcylation was not changed in the slow-twitch
oxidative soleus nor in the fast-twitch glycolytic EDL as well (62)
(Table 1). In contrast, a long-term training program on rat led
to an increase of the global O-GlcNAcylation level in the total
extract in soleus and EDL as well, whereas its level was not altered
in the myofilament fraction (62). In this study, no alteration of
the OGT and OGA expression was observed in both exercise
protocols, suggesting a potential regulation at the activity level
following the long-term exercise. However, in another study, the
same authors mentioned a decreased OGA expression in the
total extract of the soleus, and not in the myofilament fraction
as well as in both extracts in the EDL after a similar long-term
training program on rat, suggesting a differential OGA turnover
which might explain, partly at least, changes in the O-GlcNAc
rate between EDL and soleus (61).

TABLE 1 | Difference of O-GlcNAcylation process and exercise effect on
slow-twitch and fast-twitch muscles. The major muscle properties of both muscle
types are also indicated.

Slow-twitch muscle Fast-twitch muscle

Muscle
properties

White muscle, fast
contraction, glycolytic
metabolism, fatigue
sensitivity

Example: EDL, white
gastrocnemius

Red muscle, slow contraction,
oxidative metabolism, fatigue
resistance

Example: soleus

O-GlcNAcylation
level

O-GlcNAcylation level in soleus > EDL

Expression of e Expression of OGT, OGA, GFAT1, GFAT2

enzymes in soleus > EDL

involved in e OGT activity on soleus > EDL

O-GlcNAcylation

process

VARIATION OF O-GLCNACYLATION LEVEL DURING EXERCISE
Chronic Exercise 2 7
Acute exercise (6] (0]
Acute exercise @ A
+ glutathione

depletion

Otherwise, these O-GIcNAc adaptations following skeletal
muscle activity seemed to be fully different according to the
exercise protocol as well as the skeletal muscle fiber type.
This could be first related to the metabolic flexibility and
glucose utilization known to be different and differentially
regulated depending on exercise protocols and muscle fiber types
(46, 48). Little is known so far how exercise can modulate
the glucose flux in the Hexosamine Biosynthesis Pathway. A
study demonstrated that hindlimb skeletal muscle UDP-HexNAc
concentration increased after a single swimming protocol in ad
libitum-fed but not in fasted rats. In parallel, muscle glycogen
content decreased and the GFAT activity was not altered in these
conditions (63). Thus, it would be also interesting to determine
how the glucose metabolism could operate a distinct modulation
of O-GlcNAcylation in skeletal muscles depending on different
exercise protocols since (i) the metabolism is different from
fast and slow-twitch muscle, (ii) the O-GlcNAcylation is highly
regulated through glucose metabolism and (iii) the glucose
uptake through GLUT4 is highly modulated in skeletal muscle
during exercise (52). These future directions could bring new
insights in the involvement of the O-GlcNAcylation in the
modulation of the beneficial effects of exercise in skeletal muscle,
as a game changer to develop new strategies that counteract some
muscular disorders or metabolic disorders such as obesity or
diabetes mellitus.

Moreover, the O-GlcNAc adaptations post-exercise could also
be directly linked to a differential modulation of the O-GlcNAc
pattern and the O-GlcNAc processing enzymes between both
muscle fiber types seen at resting conditions. Indeed, the O-
GlcNAcylation level is higher in the slow soleus muscle compared
with the fast EDL muscle (62, 64, 65); in parallel, the expression
level of OGT, OGA, GFAT1, and GFAT?2 is higher in soleus than
in EDL (62), as well as the activity of OGT (64) (Table 1).
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Finally, it is well known that the metabolism and stress
response between the fast-twitch glycolytic fibers and the slow-
twitch oxidative fibers are different (46). Thus, this concept
could support the differential modulation of O-GlcNAcylation
inducing variable consequences on cellular functions during
basal and exercise conditions. During muscle activity, reactive
oxygen species (ROS) are produced in skeletal muscle (66)
and the O-GlcNAcylation has been shown to be involved in
the modulation of oxidative stress through different signaling
pathways including KEAP1/NRF2, FOXO, NF«B, and p53 (67—
69). A recent study compared the O-GIcNAc pattern and O-
GIcNAc processing enzymes expression between a single Diethyl
Maleate (DEM) intraperitoneal injection in order to deplete
glutathione, meaning oxidative stress in rat, and a single acute
exercise on treadmill (60). Interestingly, in the fast-twitch white
gastrocnemius, the global level of O-GlcNAcylation increased
after acute exercise as well as glutathione depletion. On the
contrary, in the slow-twitch soleus, no significant variation of
the global O-GIcNAc level was observed (Table 1). These data
suggest that the differential oxidant/antioxidant balance between
slow and fast-twitch muscle could also be at the origin of the
differential modulation of the O-GlcNAcylation level observed
in the two muscle types. However, this complex interrelationship
between cellular redox state and O-GlcNAcylation seems not to
be the only mechanism involved in the O-GIcNAc regulation
during exercise since the OGT and GFAT mRNA expressions
were different between acute exercise and glutathione depletion
in both muscles (60).

O-GlIcNAcylation Could Mediate the

Skeletal Muscle Glucose Metabolism

Recent studies demonstrated that energy metabolism, insulin
sensitivity and exercise-induced glucose uptake depends on O-
GlcNAcylation (65, 70). Indeed, the muscle specific knockout
of OGT led to the increase of glucose uptake in skeletal
muscle in basal conditions (65) as well as consequently to
exercise (70). Thus, the specific inhibition of O-GlcNAcylation
in skeletal muscle also led to facilitation of glucose utilization
in skeletal muscle, leading to greater exercise-induced glucose
disposal, involving AMPK (70). Interestingly, the enhancement
of glucose uptake was correlated to an increase of glycolytic
enzymes activities, suggesting that mice have greater reliance of
carbohydrates for energy production (65).

It is worth to note that almost all enzymes of glycolytic
pathway such as phosphofructokinase (PFK), fructose
bisphosphate aldolase (FBPA), triose phosphate isomerase
(TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
beta-enolase (BE), and pyruvate kinase (PK) are O-GlcNAcylated
(40, 71-76) [and for review, see (77, 78)] (Figure1). Thus,
O-GlcNAcylation may regulate the expression and/or activity of
glycolytic enzymes and might consequently be involved in the
regulation of glucose metabolism in skeletal muscle. To support
this important role of O-GlcNAcylation as nutrient-sensor, it
was first demonstrated that O-GlcNAcylation is involved in
the regulation of phosphofructokinase 1 and pyruvate kinase
M2 activity (71, 73). Indeed, induction of O-GlcNAcylation

at serine 529 of PFK1 inhibited PFK1 oligomerization and
activity, and reduced glycolytic flux as well (71). Moreover,
knockdown of OGT led to an increased PKM2 activity (73).
In this previous study, the resulting decrease of O-GlcNAc
PKM2 level was associated to a decreased PKM2 expression,
and to a decrease of PKM2 serine phosphorylation (73).
Conversely, the increase of PKM2 O-GlcNAcylation by the use
of Thiamet-G, a potent OGA inhibitor, led to upregulation of
PKM2 expression and a decreased PKM2 activity (73). More
recently, pharmacological inhibition of OGA and knockdown
of OGT were associated to a respective increase and decrease
of GK expression, which is the major regulator of the glucose
input into cell and therefore the major regulator of glucose
metabolism (79). Thus, O-GlcNAcylation is a key regulator of
enzymes of glycolysis; interestingly, two downstream enzymes
of PK, lactate dehydrogenase (LD) and pyruvate dehydrogenase
(PDH) are also modified by O-GlcNAc moieties (74), suggesting
that O-GlcNAcylation may also be an important regulator of
the utilization of the glycolysis end-product, i.e., pyruvate,
through the anaerobic pathway (lactate dehydrogenase) or
the aerobic pathway (TCA cycle; Figure1). Since almost all
enzymes of TCA cycle are described to be O-GlcNAc modified
[aconitate hydratase (A), isocitrate dehydrogenase (IDH),
ketoglutarate dehydrogenase (KGD), succinyl-CoA ligase (SL),
succinate dehydrogenase (SDH) and malate dehydrogenase
(MDH), so as several subunits of respiratory chain complexes
(40, 80, 81)], O-GlcNAcylation might play an important role
in the ATP production as well (Figure 1). However, to date,
neither literature mention a potential O-GlcNAcylation of citrate
synthase (CS) and fumarate hydratase (FH). In the same way, the
creatine shuttle, permitting the communication between ATP
site consumption (i.e., myofibrillar ATPases) and mitochondria
(82), could be therefore modulated by O-GlcNAcylation since
creatine kinase is itself O-GlcNAcylated (40).

Many data suggest a close association between the myofibrils
and the enzymes involved in the metabolism. Indeed, the
fructose-bisphosphate aldolase (FBPA), enzyme of glycolysis
and neo-glucogenesis, is known to be localized to the Z-
line of the sarcomere in association with a-actinin within a
multiprotein complex termed metabolon (83, 84). In the same
way, the interaction between phosphoglucoisomerase (PGM),
phosphofructokinase ~ (PFK),  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), pyruvate kinase (PK) and aldolase
(FBPA) also occurs with the thin filament (85, 86). These
specific interactions between glycolytic enzyme complexes
(termed glycolytic metabolon) and the contractile apparatus
may ensure a very efficient and dynamic localized production of
ATP for myosin ATPase and actomyosin interactions resulting
in force development. Indeed, it was recently demonstrated
that the global modulation of O-GlcNAcylation level in C2C12
skeletal muscle cells differentiated into myotubes led to the
modulation of protein-protein interactions in multiprotein
complexes; while this study focused on structural proteins, the
proteomic data suggested that the glycolytic metabolon could be
modulated by O-GlcNAcylation changes as well (Figure 1) (18).
Indeed, several glycolytic enzymes (indicated by blue asterisks
on Figurel) were identified in protein-protein complexes
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FIGURE 1 | Representative scheme of the presence of O-GIcNAcylation on glucose metabolism in skeletal muscle. Several signaling and metabolic pathways are
indicated, in particular the hexosamine biosynthesis pathway, glycolysis (anaerobic and aerobic glycolysis), glycogen metabolism, insulin signaling, and TCA cycle.
Specific molecular components of skeletal muscle such as myofibrils and creatine shuttle are also represented. Red asterisks correspond to O-GlcNAcylated proteins;
blue asterisks correspond to enzymes including in protein-protein complexes (such as the glycolytic metabolon) which could be potentially modulated consecutively to
O-GlIcNAcylation changes in skeletal muscle cells. A, Aconitase; BE, Beta-enolase; CKc, Creatine kinase cytoplasmic; CKm, Creatine kinase mitochondrial; CS,
Citrate synthase; FBPA, Fructose-bisphosphate aldolase; FH, Fumarate hydratase; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; GFAT,
Glutamine,fructose-6-phosphate aminotransferase; GK, Glucokinase; GP, Glycogen phosphorylase; GS, Glycogen synthase; IDH, Isocitrate dehydrogenase; KGD,
Ketoglutarate dehydrogenase; LD, Lactate dehydrogenase; MDH, Malate dehydrogenase; OGA, O-GIcNAcase; OGT, O-GIcNAc transferase; PDH, Pyruvate
Dehydrogenase; PFK, Phosphofructokinase; PGI, Phosphoglucose isomerase; PGK, Phosphoglycerate kinase; PGM, Phosphoglycerate mutase; PK, Pyruvate kinase;
PM, phosphoglucomutase; PP, UDP-glucose pyrophosphorylase; SDH, Succinate Dehydrogenase; SL, Succinyl-CoA ligase; TPI, Triose-phosphate isomerase.
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which were modulated after the global O-GlcNAcylation
changes, suggesting that the glycolytic metabolon could be
potentially modulated consecutively to O-GlcNAcylation
variations.

In addition, O-GlcNAcylation is also involved in the
modulation of insulin pathway through the modulation of
signaling proteins such as IRS-1, PI3K, PDK1, or Akt
O-GlcNAcylation of these upstream components of insulin
signaling pathway occurs after the recruitment of OGT to the
membrane, leading to the attenuation of insulin sensitivity
(87-89) [for review, see (15, 90)]. Interestingly, the glycogen
metabolism could be also modulated by O-GlcNAcylation
through the regulation of glycogen synthase, O-GlcNAcylation
acting as inhibitory mechanism of this enzyme (15, 91, 92);
in addition, the UDP-glucose pyrophosphorylase (PP), which
generates UDP-Glc, is also O-GlcNAcylated (75), suggesting that
O-GlcNAcylation may be a regulator of glycogen synthesis. Thus,
the O-GlcNAcylation, which depends itself of the glucose level

through the Hexosamine Biosynthesis Pathway, could act as a
nutritional sensor to regulate the glycolytic flow through the
modification of glycolytic enzymes, the regulation of protein
expression, the modulation of their phosphorylation level and/or
the modulation of the metabolon.

Taken together, all these data were gained from different
tissues or cell lines, and the precise role of O-GlcNAcylation
on the regulation of glucose metabolism in the skeletal muscle
remains to be clearly elucidated. In this context, it would also
be wise to investigate the exact role of O-GlcNAcylation, not
only in the regulation of enzymes expression and/or activities,
but also in the modulation of these metabolon since OGT
and OGA are also enriched in the Z-line and the I-band of
the sarcomere (93). All together, these data strongly argue in
favor of a key role of the O-GlcNAcylation process in the
regulation of energy metabolism of skeletal muscle, in particular
the utilization of glucose as “fuel” to provide energy to ensure
muscle contraction.
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O-GLCNACYLATION AND SKELETAL
MUSCLE DYSFUNCTIONS

O-GlIcNAcylation Is Associated to
Muscular Atrophy

Muscle atrophy arises from a defect of the balance between
protein synthesis and degradation (94, 95). Both intracellular
mechanisms maintain protein homeostasis and could be
potentially modulated by O-GlcNAcylation (17, 96, 97), but the
role of O-GlcNAcylation in the regulation of protein synthesis
and degradation is not really investigated in the skeletal muscle.
However, this knowledge could be crucial since muscle atrophy
is often associated with impairment of contractile and structural
functions, metabolism process, and changes of phenotype
fiber.

O-GlcNAcylation and skeletal muscle atrophy were firstly
associated subsequently to a 14- or 28-days hindlimb unloading
(HU) experiments in rat (40, 64, 93). One of the most relevant
data was an opposite modulation of the global O-GlcNAc level
between the slow-twitch soleus and the fast-twitch EDL (64).
A decrease of the global O-GlcNAcylation level was observed
in the atrophied rat soleus, while in contrast it was not
altered in the non-atrophied rat EDL subsequently to the 14-
and 28-days hindlimb unloading. Moreover, OGT activity was
also opposite in both muscles by decreasing in soleus and
increasing in EDL; however, it has been shown that OGA activity
increased in both muscles (64). This first report suggested that
O-GlcNAcylation could be related to the muscle atrophy and
plasticity processes. Interestingly, the authors demonstrated in
parallel that heat-shock proteins expression was also altered.
Indeed, in the rat EDL, the HSP70 expression increased, contrary
to the atrophied rat soleus after a 14-days HU (64). This
heat-shock protein is known to be O-GlcNAcylated, to have
lectin properties (98-100), and to have the ability to increase
stress tolerance while decreasing protein degradation (101, 102).
Thus, in rat EDL, the increase of global O-GlcNAc level, as
well as HSP70 expression, could contribute to an improvement
of stress tolerance, as suggested in cardiomyocytes (103), and
prevent muscle atrophy (64, 104). Interestingly, the expression
of another heat-shock protein, the alphaB-crystallin which is
also known to be O-GlcNAcylated (105), was decreased in the
atrophied soleus and could therefore be involved in the plasticity
processes (106).

More recently, different studies focused on the molecular
pathways involved in skeletal muscle atrophy, including the
relationship between O-GlcNAcylation, signaling pathways and
muscular atrophy in skeletal muscle cells model (Figure 2).
By using Thiamet-G, a potent inhibitor of the O-GlcNAcase,
the C2C12 cells showed both a global increase of the O-
GlcNAcylation and a modulation of some catabolic and anabolic
pathways leading to atrophy (107). First, this study reported
a significant decrease of Akt and GSK3p phosphorylation,
as well as an increase of myostatin expression, which could
lead to an inhibition of some anabolic pathways. Secondly,
an increase of Atrogin-1 expression was reported and could
lead to an improvement of some catabolic pathways (Figure 2).
In this way, myostatin is a negative modulator of skeletal

muscle growth and inhibits some protein synthesis pathways
such as Akt/mTOR; it also promotes degradation of many
sarcomeric proteins and seems to be dependent of Atrogin-1
(108). Interestingly, this report of molecular events following
OGA deficiency in C2C12 could partly explain muscle wasting
induction through glucocorticoid in stress conditions (109).
Indeed, in C2C12 cells treated with dexamethasone, the OGA
activity was decreased such as its expression (a similar molecular
event was described when cells were treated with the Thiamet-
G); in parallel, Murf-1 expression, leading to atrophy, increased
(107) (Figure2). It was suggested that dexamethasone could
repress OGA gene via binding onto Glucocorticoid Response
Element (107, 110); another mechanism could also involve OGT,
known to be a cofactor of glucocorticoid receptors promoting
transrepression (111). This is a relevant new insight regarding the
use of glucocorticoids as the only available therapeutic treatment
to maintain essential muscle functions in some muscular
dystrophies (112). However, O-GlcNAc-mediated molecular
mechanisms could be partly different between glucocorticoid-
induced atrophy and disuse atrophy since the O-GlcNAc pattern
is different, and the expression of O-GlcNAc processing enzymes
is not changed (64).

In parallel, in C2C12 cells, the increase of the global O-
GlcNAcylation level by the use of Thiamet-G or another OGA
inhibitor such as PUGNAc or another strategy such as OGA
knockdown, seemed suppress the myogenic differentiation of
the muscle cells (113-115). Indeed, the terminal differentiation
stage of C2C12 is altered through a decrease of mrf4, myogenin
(113), and myoD expression (115) (Figure 2). Interestingly, a
decreased O-GlcNAcylation of Mef2D, a transcriptional activator
of myogenin, suppressed its recruitment to the myogenic factor
promoter (114). Moreover, in the case of a global decrease of the
O-GlcNAcylation level, the specific O-GIcNAc rate of PGC-1a led
to its degradation and suppressed the mitochondrial biogenesis
and myogenesis in C2C12 (115) (Figure 2). By the way, through
OGA manipulation in C2C12 cells, O-GlcNAcylation seemed
to be a negative regulator of the myogenesis. This conclusion
is reinforced by the overexpression of an inactive OGA variant
and the increase of O-GlcNAcylation in a rat model inducing
skeletal muscle atrophy (116). In contrast, a skeletal muscle
specific OGT knockout in mice, leading to a global decrease of O-
GlcNAcylation in the tissue, did not induce muscle hypertrophy
(65). Indeed, tibialis anterior, EDL and soleus of these mice
showed a normal morphology and mass. Interestingly, mice
exhibited reduced fat mass (65). Muscle phenotype from global
OGT or OGA knockout in mice is difficult to determine since it
has been shown a severe perinatal lethality, and to date there is
no available data about an inducible OGA knockout or a skeletal
muscle specific OGA knockout model. Along O-GlcNAcylation,
all these recent studies showed complex pathways, but not fully
resolved, leading to skeletal muscle atrophy.

Skeletal Muscle O-GlcNAcylation in
Physiopathological Context

In various organs or tissues (e.g., heart, brain, pancreas,
and kidney), O-GlcNAcylation was previously described to be
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both cell protective from an acute variation and deleterious
from chronic and sustained variations especially through the
impairment of glucose utilization or the glucose toxicity
paradigm that may lead to the progression of several diseases
[for review, see (31, 34, 36, 68, 117, 118)]. To date, one
of the most defined examples is the involvement of O-
GlcNAcylation in the progression of diabetes, characterized
by hyperglycemia as the result of body’s inability to correctly
process blood glucose. Subsequently, all insulin sensitive tissues
present hyper-O-GlcNAcylation and many complications. It
appeared that a single nucleotide polymorphism in MGEAS5,
encoding OGA, is associated with type 2 diabetes in a
mexican american population (119). Moreover, Goto-Kakizaki
rats, which develop type 2 diabetes mellitus in early life,
express an inactive 90 kDa isoform of OGA (120). Finally, a
conditional OGA knockout in mice led to a low blood glucose
concentration, a decreased insulin sensitivity, and to a perinatal
death (121). However, the involvement of O-GlcNAcylation
in the onset or in the progression of diabetes is still in
debate (118) since a pharmacological inhibition of OGA in
adipocytes did not cause insulin resistance or disruption of the
glucohomeostasis (122).

Interestingly, among insulin sensitive tissues, the skeletal
muscles are responsible for about 75% of insulin-stimulated
uptake in the whole human body. In skeletal muscle, a global
increase of O-GlcNAcylation induced insulin resistance (123),
whereas insulin infusion led to an increase of the HBP flux and
the O-GIcNAc content (124). It has been shown that muscular
overexpression of GFAT in transgenic mice led to muscle insulin
resistance (125, 126). In a same way, upregulation of GFAT

expression and activity was described in skeletal muscle of
diabetic patients (127). Moreover, overexpression of GFAT in
mice is associated to a decrease of GLUT4 translocation to
the sarcolemma (128), whereas transgenic mice overexpressing
GLUT4 did not show alteration of GFAT expression or activity
unlike the overexpression of GLUT1 (129), although both
of these mice models showed an increase of glucose uptake
and O-GlcNAcylation in muscle (130). Thus, the role of
HBP in insulin resistance seems to be complex and still not
resolved (131). Recent data provided that TRIB3 may be a
novel link between HBP and insulin resistance in skeletal
muscle (132).

Experiments with mice overexpressing OGT displayed
muscle insulin resistance as well as hyperleptinemia (133).
Pharmacological inhibition of OGA (123) or OGA knockdown
(116) in skeletal muscle cells also induced insulin resistance. In
parallel, after induction of insulin in liver, PIP3 recruited OGT
from the nucleus to the membrane and caused perturbations
of insulin signaling (88). Taken together, these data suggest
that O-GlcNAcylation could be a link between insulin
resistance and muscle impairment, since O-GlcNAcylation
is involved in skeletal muscle contractility, sarcomere
structuration, myogenesis, and diabetic patients often display
“diabetic myopathy” (134). A significant volume of literature
suggested O-GlcNAcylation linking diabetes and cardiovascular
complications [for review, see (27, 35)]. In cardiac muscle from
mice developing insulin resistance, mitochondrial dysfunction
and changes in contractile properties were associated to an
increase of O-GlcNAcylation (58). Indeed, it has been shown a
correlation between increase of O-GlcNAcylation and decrease
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of calcium sensitivity in the cardiac tissue (135), as well as in
the skeletal muscle tissue (41, 42). Interestingly, it has been
shown that adenoviral transfer of OGA (136) or injection of
a bacterial homologue of OGA (137), reversed the excessive
O-GlcNAc content and the cardiac contractile dysfunctions.
In this study, many myofibrillar proteins exhibited changes of
their O-GlcNAcylation level, but the modulation of contractile
properties could be also explained by a modulation of Ca?*
handling (138). Indeed, within an insulin resistance context
in cardiac tissue, Serca2a expression was changed (58, 136),
and an alteration of O-GIcNAc levels significantly affected
Ca®t handling, Serca2a (139) and STMI1 functions (140).
This role of O-GlcNAcylation should be considered also in
skeletal muscle since dysfunction of contractibility as well
as the Ca?* handling were also measured in skeletal muscle
of rat models of diabetes (141), via impaired Serca and
GLUT4 (142).

Interestingly, OGT and OGA are highly concentrated to the
sarcomere (93). Moreover, in cardiac tissue of STZ-diabetic
mice, OGA, and OGT mislocalization in the sarcomere was
associated to activities alteration as well as changes in the
OGA interactions with actin, tropomyosin and MLC1 (137).
In parallel, OGT was also mislocalized in mitochondria, the
interaction between OGT and complex IV being decreased
while the OGA activity decreased (143). O-GlcNAc processing
enzymes distribution in the sarcomere of skeletal muscle as
well as other compartments, such as mitochondria should be
also investigated to better understand the involvement of O-
GlcNAcylation in diabetic context. Indeed, different data support
a relocalization of O-GIcNAc in atrophy or exercise muscle
activity context (61, 62, 93). Recently, in C2C12 cells, an
OGA knockdown induced insulin resistance and a decrease
of the mitochondrial biogenesis with a decreased PGCla
expression (115).

In another context, it has been shown that the global
O-GIcNAc level in skeletal muscle is increased in some
human neuromuscular diseases (33). Especially, compared to
normal muscle fibers, the O-GIcNAc signal seemed to be
relocalized from the sarcolemma to the cytoplasm and nuclei
in regenerative muscle fibers of muscular dystrophies, myositis
and rhabdomyolysis. A strong O-GIcNAc content signal was
also displayed in vacuolated fibers in sporadic inclusion body
myositis, and distal myopathies with rimmed vacuoles, as well
as in neurogenic muscular dystrophy. This O-GlcNAc raise
could be associated with the stress response, since HSP70
expression is increased in the cytoplasmic compartment of these
neuromuscular diseases. Moreover, a mutation in the GNE gene
is known to cause distal myopathies with rimmed vacuoles.
Interestingly, UDP-GIcNACc is the substrate of the GNE enzyme,
and an impairment of GNE expression/activity could altered the
UDP-GIcNAc content and so the O-GlcNAcylation mediated by
OGT (33).

CONCLUSION AND PERSPECTIVES

In the past ten years, more and more studies concerned
O-GlcNAcylation in the skeletal muscle physiology and

physiopathology. This glycosylation is mostly related to
glucose metabolism, and skeletal muscle is one of the largest
consumers of glucose; in addition, numerous studies showed
that skeletal muscle is essential for glucose homeostasis and
insulin sensitivity. Moreover, muscle plasticity allows skeletal
fibers adaptations to physiological conditions in terms of
contractile but also metabolism properties. Consequently,
the glucose utilization will change depending on resting,
wasting or exercise, as well as the fiber type composition.
Interestingly, the global O-GlcNAcylation pattern in skeletal
muscle changed, depending on these different conditions
and fiber types. O-GlcNAcylation may be both a cause or a
consequence of the modulation of the glucose utilization, in a
virtuous or deleterious cycle, since most of the enzymes from
the carbohydrate metabolism are known to be O-GlcNAcylated.
This concept clearly raises the O-GlcNAcylation as a potential
key regulator of the skeletal muscle glucose metabolism.
O-GlcNAcylation has been also shown to regulate some key
signaling pathways, as well cellular stress response, involved in
the maintenance of the protein synthesis/degradation balance in
the skeletal muscle. From these novel insights, a new paradigm
is emerging considering the O-GlcNAcylation as a key factor
involved in skeletal muscle physiopathology such as atrophy
or insulin resistance, and more generally in neuromuscular
diseases. However, O-GIcNAc involvements as a cause or
consequence of skeletal muscle impairments are currently in
debate. After all, it is now clear that O-GlcNAcylation is getting
many involvements in the skeletal muscle physiopathology
and would be confirmed in the future by larger studies of
interest.

Indeed, with the exponential development of mass-
spectrometry and innovative enrichment techniques, the
identification of O-GIcNAc sites which are modulated
subsequently to any stimuli/condition/disease will be clearly
the challenge of tomorrow. In fact, O-GlcNAcylation
regulates protein activity, protein localization, protein-
protein interactions, and can interplay with phosphorylation
or ubiquitination. This strategy will lead to a deeper
understanding of the precise mechanisms by which O-
GlcNAcylation can regulate skeletal muscle metabolism.
Secondly, O-GIcNAc processing enzymes behavior should
be more precisely investigated, since their localizations
and/or interactions, and as consequence, the pattern of O-
GlcNAcylation, seemed to be changed through different
stimuli in skeletal muscle fibers, especially around the
myofilaments. Exercise is one of these stimuli inducing
complex O-GIcNAc variations, depending on the muscle
phenotype, but also the kind of exercise. Importantly, due
to the enhancement of glucose utilization during exercise,
the O-GlcNAcylation process in skeletal muscle could be
considered as a potential target to alleviate metabolic disorders.
Finally, O-GlcNAcylation should be investigated in some
precise muscular dystrophies or congenital myopathies, since
glucose utilization is often impaired, the sarcomere could be
disorganized, the mitochondria biogenesis altered, the nuclei
delocalized, or the muscle plasticity changed. It will be worth
knowing if O-GlcNAcylation could contribute or alleviate
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neuromuscular disorders or being considered as a marker of
these diseases.
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O-GlcNAcylation is an important posttranslational modification governed by a single pair
of enzymes—O-GIcNAc transferase (OGT) and O-GlcNAcase (OGA). These two enzymes
mediate the dynamic cycling of O-GIlcNAcylation on a wide variety of cytosolic, nuclear
and mitochondrial proteins in a nutrient- and stress-responsive fashion. While cellular
functions of O-GlcNAcylation have been emerging, little is known regarding the precise
mechanisms how the enzyme pair senses the environmental cues to elicit molecular
and physiological changes. In this review, we discuss how the OGT/OGA pair acts as
a metabolic sensor that integrates signaling pathways, given their capability of receiving
signaling inputs from various partners, targeting multiple substrates with spatiotemporal
specificity and translocating to different parts of the cell. We also discuss how the
pair maintains homeostatic signaling within the cell and its physiological relevance. A
better understanding of the mechanisms of OGT/OGA action would enable us to derive
therapeutic benefits of resetting cellular O-GIcNAc levels within an optimal range.

Keywords: O-GIcNAc transferase, O-GlcNAcase, signaling integrator, homeostasis, O-GIcNAcylation,
spatiotemporal dynamics, metabolic sensor, posttranslational modification

INTRODUCTION

Proteins are extensively post-translationally modified, with over 450 different types of
posttranslational modifications (PTM) that play important roles in cellular signaling, protein-
protein interactions or modulation of gene expression (1). The availability of such a PTM code,
in addition to spatiotemporal dimensions, provides cells with greater dynamic range to respond
to a myriad of stimuli and cellular environment (2). O-GlcNAcylation is a prevalent PTM that is
found on serine and threonine residues of proteins in the nucleus, cytoplasm and mitochondria
(3, 4). Up to 4,000 and potentially more proteins have been found to be O-GlcNAcylated (5).
Remarkably, there is only one enzyme, O-GlcNAc transferase (OGT) (6, 7), that catalyzes the
addition of O-GlcNAc to proteins and one that removes the modification, namely O-GlcNAcase
(OGA) (8).

O-GlcNAcylation uses the substrate UDP-GIcNAG, the final product of nutrient flux through
the hexosamine biosynthetic pathway (HBP) which integrates amino acid, carbohydrate, fatty acid,
nucleotide, and energy metabolism (Figure 1A). The HBP fluctuates with cellular metabolism
and may be dramatically altered under physiological and pathological conditions. The extent of
O-GlcNAcylation can reflect metabolic dynamics in the cell. This sets up the OGT/OGA pair
to be an “all-in-one” metabolic and nutrient sensor and has been understood to alter diverse
cellular processes such as apoptosis, gluconeogenesis, calcium signaling, insulin signaling, and
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FIGURE 1 | OGT/OGA enzyme pair acts as an integrator for cellular signaling. (A) OGT and OGA catalyze the addition and removal of O-GIcNAc on proteins,
respectively. The availability of UDP-GIcNAc, the product of amino acid, carbohydrate, fatty acid, nucleotide and energy metabolism, is crucial for OGT function. (B)
OGT can be phosphorylated by signaling partners (such as AMPK, CamKIl, Chk1, GSK, and the insulin receptor), which integrates various inputs and results in
O-GlcNAcylation of protein substrates involved in diverse biological responses. (C) Temporal control is critical for O-GlcNAcylation of protein subtrates, where
OGT/OGA activity is responsive to signaling input changes. (D) A unigque feature of O-GlcNAcylation is the ability of OGT to shuffle in and out of the nucleus. OGT and
OGA isoforms are present in the cytosolic, nuclear and mitochondrial space, whereby the spatial control of signaling can be achieved efficiently.
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mitochondrial homeostasis. Physiologically, disruption of OGT
and OGA function has been implicated in the pathogenesis of
several major health problems, such as diabetes, cancer and
neurodegenerative diseases (9). Constitutive deletion knockout
of the ogt and oga gene causes early postnatal lethality in
mammals (10, 11).

Remarkable progress in understanding the signaling
properties of O-GlcNAcylation has suggested that O-
GlcNAcylation and the OGT/OGA enzyme pair may play a
key regulatory role in coordinating cellular signaling (3). In this
Review, we explore major concepts regarding the role of OGT
and O-GlcNAcylation and provide a conceptual understanding
of how OGT can potentially act as a metabolic sensor to integrate
signaling inputs transduced by other signaling components in
the cell.

Traditionally, intracellular signaling has been thought of
as linear modules of signaling architecture, from activation
of receptors via ligands to information flow through
phosphorylation cascades and subsequent activation of

transcription and protein synthesis. However, recent advances
in mass spectrometry and proteomics have allowed a more
holistic assessment of protein and lipid modifications that result
from singular events, and the results have indicated that a
single stimulus could result in complex responses with multiple
pathways being activated simultaneously with feedback loops
and cross-talks in place (12, 13). The spatiotemporal dynamics
of signaling also contributes to the complexity of the system.

OGT/OGA PAIR AS A SIGNAL INTEGRATOR

A simple way to re-think about signaling proteins and
their organization would be to identify key signaling hubs,
termed “integrators.” A signaling integrator within the cellular
environment could be defined as a protein complex which could
receive multiple forms of inputs from other signaling molecules,
elicit multiple outputs simultaneously with spatiotemporal
control and the ability to reset itself in a timely fashion. Its role
would be critical in allowing quick coordination of the activity

Frontiers in Endocrinology | www.frontiersin.org

October 2018 | Volume 9 | Article 599


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Ong et al.

O-GIcNAc as a Signaling Integrator

of several signaling modalities and modulating their signaling
dynamics to provide a homeostatic balance or amplification of
signaling intensity. While the idea that several signals converge
on a specific substrate to elicit defined biological events is a
common theme in cellular regulation, the existing ideas prevalent
in the field focusses primarily on specific activities of effectors
downstream and is limited on the scale of proteome involved.
Ideally, the most effective and efficient signal integration would
be able to take place almost instantly, allowing the cells to
effect quick responses upon gathering external stimuli via
global modification and activation of proteins and genetic
machinery. The OGT/OGA signaling complex possesses the
above-mentioned characteristics that allow them to be an ideal
integrator of signaling inputs within cells.

An All-Encompassing Metabolic Sensor
While the substrate of OGT, UDP-GIcNAc, integrates
information about nutrient flux within the cell, OGT and
OGA are also uniquely positioned to receive information
from several key nutrient-sensitive signaling pathways and
appropriately transduce this information.

One of the prevailing views in the field is that OGT
makes use of its N-terminal tetratricopeptide repeats (TPR)
domain, which is an extended superhelical structure of up
to 13.5 TPRs, to act as a scaffold for interacting substrates

(14). Besides allowing substantial binding plasticity for
its downstream signaling substrates, the TPR domain
is subject to different posttranslational modifications

that regulate its activity, including phosphorylation from
adenosine-monophosphate-activated protein kinase (AMPK),
calcium/calmodulin-dependent protein kinase II (CaMKII)
and insulin-regulated mitotic protein glycogen synthase kinase
(GSK3) (Figure 1B).

AMPK is an energy sensor that maintains cellular energy
level with regard to cellular stress and nutrient availability.
Upon its activation, AMPK phosphorylates OGT at threonine
444, resulting in the dissociation of OGT from the chromatin
and inhibition of gene expression. Conversely, OGT could
mediate O-GlcNAcylation of AMPK, and positively regulate
AMPK activity through its phosphorylation at threonine 172
(15, 16). Glucagon signaling is also intricately linked with O-
GlcNAcylation activity of OGT, where CaMKII directly activates
OGT by phosphorylation at serine 20 (17). On the other
hand, in hyperglycemia, CaMKII can be O-GlcNAcylated and
activated at serine 279 autonomously, resulting in persistent
activation of CaMKII even after the level of calcium declines
(18). In the case of AMPK/OGT and CaMKII/OGT signaling,
this type of cooperative signaling facilitates feedback mechanisms
and allow signaling events to propagate. Checkpoint kinase
1 (Chkl) is also found to induce OGT phosphorylation
at serine 20, which stabilizes OGT and is required for
cytokinesis (19).

OGT is well known to be involved in insulin-mediated
signaling pathways. One of the downstream partners, GSK3p, has
been shown to phosphorylate OGT at serine 3 or 4, which leads
to increased OGT activity and potential reciprocal regulation
(20). Other than the N-terminus, the C-terminal domain of OGT

also plays a role in receiving information from protein partners.
Insulin stimulation enhances tyrosine 976 phosphorylation of
OGT by the insulin receptor and promotes OGT activity (21).
Looking further downstream of the insulin receptor, OGT is
identified to bind to phosphatidylinositol-3,4,5-trisphosphate
(PIP3) while not possessing the pleckstrin-homology domain
like PDK1 and AKT, suggesting different binding affinity toward
PIP3; production (22). This allows OGT to moderate insulin-
mediated signaling transduction within 30 min of activation (22).
After insulin signaling activation, OGT will be recruited to
the plasma membrane where it O-GlcNAcylates and attenuates
the multiple components of the insulin signaling pathway
(23).

Comparatively, the functions and implications of
OGA posttranslational modifications have been less well-
studied (as previously reviewed (24, 25). OGA can be
O-GlcNAcylated at serine 405 and act as a substrate of OGT
(26); however, the implications of O-GlcNAcylation of OGA are
unexplored.

Modulation of Major Signaling Pathways in
the Cell

O-GlcNAcylation has been well described in previous reviews
to regulate and modulate diverse signaling pathways, thus
positioning it as an excellent integrator of signals to many
effectors within the cell and regulate a wide variety of cellular
processes (3, 27-29). O-GlcNAcylation can trigger changes
in protein activity, stability and subcellular localization,
thereby facilitating signal transduction and propagation.
In addition, the dynamic interplay between O-GlcNAc
and other posttranslational modifications gives rise to the
enormous diversity in signaling modules, which can be mainly
classified as reciprocal same-site occupancy and different-
site occupancy (29). For the former, phosphorylation and
O-GlcNAcylation occur on the same serine and threonine
residues and compete with each other. For the latter, the
occupancy of one protein region by O-GlcNAc can influence
PTMs in another region, and thus affect protein function.
The focus in this section is to review and consolidate several
exciting new areas in which O-GlcNAcylation plays a key role
(Figure 1B).

O-GlcNAcylation of Stress Sensors

Global O-GlcNAc levels often show drastic changes in
response to cellular stress including heat shock, hypoxia and
nutrient deprivation. The targets and functional consequences
of stress-mediated O-GlcNAcylation are beginning to be
unveiled (3).

Sirtuin 1 (SIRT1) has been established to be a stress sensor
(30). Upon genotoxic, oxidative or metabolic stress, SIRT1 is
able to deacetylate proteins that regulate stress responses, such
as p53 (31) and NF-kB (32). O-GlcNAcylation of SIRT1 at Ser
549 directly increases its deacetylase activity in vitro and in vivo
and protects the cells from apoptosis (33). A recent study showed
that an overall increase in O-GIcNAc levels in breast cancer
cells reduces SIRT1 levels and activity in an AMPK-dependent
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manner. This leads to a decrease in SIRT1-mediated proteosomal
degradation of oncogenic transcription factor FOXM1, which
promotes cancer cell metastasis (34).

Upon glucose deprivation, chromatin-associated fumarase
(FH) is phosphorylated by AMPK at Ser 75, which triggers its
association with ATF2 and facilitates gene expression for cell
growth arrest (35). In cancer cells, upregulated OGT activity
results in O-GlcNAcylation of FH at Ser 75. This impedes FH
binding to ATF2 under glucose deficiency and confers survival
advantage to these cancer cells (35).

0O-GlIcNAcylation of Hippo/YAP Pathway in Growth
Control

The Hippo/YAP pathway controls organ size in animals and
its dysregulation results in cancer (36). Under glucose-rich
conditions, O-GlcNAcylation of YAP at Ser 109 by OGT prevents
YAP phosphorylation at adjacent Ser 127 and allows YAP
translocation into the nucleus. This facilitates expression of
genes for proliferation while inhibiting those genes for apoptosis.
As a result, glucose-induced YAP O-GlcNAcylation promotes
tumorigenesis (37). This study reveals the functional importance
of OGT in the Hippo pathway and growth control, further
supporting a prevalent role for O-GlcNAcylation in major
signaling pathways.

0O-GlcNAcylation for Development and Differentiation
O-GlcNAcylation has been known to regulate the activity of
proteins involved in embryonic stem cell (ESC) pluripotency and
differentiation, such as SOX2 and OCT4 (38). It has also been
shown that O-GlcNAcylation is especially important for brain
development, where many proteins for neuronal signaling and
synaptic plasticity are O-GlcNAcylated (39, 40). OGT inhibition
is recently shown to promote human neural cell differentiation
(41). In Oga knockout models, anatomical defects include
delayed brain differentiation and neurogenesis with pronounced
changes in expression of pluripotency markers (42). These
studies reinforce the importance of OGT and OGA in neural
development and function.

Temporal Dynamics of O-GlcNAcylation

For comprehensive integration of signals coming from different
signaling partners, timing is an important aspect that is gradually
recognized to be extremely important for signal transduction.
One important feature of PTMs is that they should enable
cells to respond quickly to cues in a reversible fashion, and
that these signals could be defined for their intensity and
duration (Figure 1C). Protein O-GlcNAcylation can be transient,
persistent or periodic. These temporal modules can affect
different signaling outputs such as protein location, activity, and
genetic/epigenetic regulation.

Some studies have indicated the dynamic changes of O-
GlcNAcylation during insulin signaling (22, 23), lymphocyte
activation  (43), calcium stimulus (44) and neuronal
depolarization (45). In these scenarios, the fluctuation of
O-GlcNAcylation occurs in the order of a few minutes, which
indicates that the OGT/OGA signaling integrator is sensitive to

intricate regulation of each other. Such dynamic ability of the
OGT/OGA complex to influence the O-GlcNAcylation levels in
the cell makes it an ideal integrator.

Other than short-term regulation, O-GlcNAcylation can result
in long-term changes within the cell, which has been elaborated
in many previous reviews (3, 28, 29, 46). O-GlcNAcylation
or de-O-GlcNAcylation of proteins may result in their activity
and stability to be shifted. O-GlcNAcylation may also regulate
transcription and epigenetic programs, engaging in diverse
protein complexes in a context-dependent manner to produce
longer-term changes within the cell.

Subcellular Distribution and Translocation
of OGT/OGA

Signal transduction is profoundly non-uniform in space, and
the space in which signaling activities are carried out creates a
code for signaling specificity. Alternative splicing results in three
variants of OGT, namely nucleocytoplasmic OGT (ncOGT),
mitochondrial OGT(mOGT) and short form OGT(sOGT). The
longest OGT isoform, ncOGT, is mostly localized in the nucleus
but is able to shuttle toward the cytoplasm and plasma membrane
in response to signaling cues (7, 47) (Figure 1D). One prime
example is the recruitment of OGT from the nucleus toward
the plasma membrane upon prolonged insulin activation and
PIP; production (22). OGT is also found to alter its nuclear
localization upon acute AMPK activation (15). The mechanism
underlying how OGT can be localized in both nucleus and
cytosol has recently been elucidated where three amino acids
(DFP; residues 451-453) in OGT is able to act as a nuclear
localization signal. In addition to the DFP sequence, O-
GlcNAcylation of the TPR domain of OGT is required for
its direct nuclear translocation (48). The ability to translocate
between different cellular locations places OGT at a unique
position in coordinating signaling activities within different
cellular compartments.

Two isoforms of OGA have been identified and characterized.
The long isoform of OGA resides mainly within the cytosol
(49), whereas the short isoform (sOGA) localizes at the nucleus
and lipid droplets (50). In vitro experiments indicate that SOGA
exhibits lower enzymatic activity compared to OGA (51, 52).
A recent structural study has suggested that these two isoforms
may be distinguished by the ability of OGA, but not sOGA,
to form dimers (53). The varying location and activity of these
OGA isoforms add another layer of complexity in regulation of
O-GlcNAc signaling (Figure 1D).

LEVELS OF O-GLCNACYLATION SIGNAL
PHYSIOLOGICAL NEEDS

As in our proposed integrator model, the OGT/OGA complex
integrates many signals to effect modifications on proteins,
allowing it to achieve metabolic homeostatic control. Some
of these modifications may be transient. Yet in many cases,
persistent O-GlcNAcylation is required in several proteins, and
chronic disruption in O-GlcNAcylation of these proteins may
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have serious consequences for the cell and the organism. One
prime example is the hyperphosphorylation of tau, which is
involved in the pathogenesis of Alzheimer’s Disease (54).

To reconcile the diverse functions and roles of O-
GlcNAcylation, it is important to consider the concept of
O-GIcNAc homeostasis occurring only at certain cellular O-
GlcNAcylation levels within the safe limits (Figure 2A). In the
“optimal zone” of signaling, O-GlcNAcylation levels are well
buffered within a certain range of activity (3, 9). A minimum level
of O-GlcNAc levels would be present to ensure O-GlcNAcylation
of proteins for their proper functions, while there will be a
variable component of O-GlcNAc levels tuned by the OGT/OGA
pair for signaling. To further enhance the effectiveness of this
pool of O-GlcNAg, the cells could control OGT/OGA activity
in the spatiotemporal dimensions to amplify or dampen cellular
responses.

Hypo-O-GlcNAcylation usually arises from low UDP-GIcNAc
levels or a dramatic imbalance between OGT/OGA expression
and activity. Given the observation that some of OGT’s protein
substrates are constitutively modified at physiological UDP-
GlcNAc levels while some vary widely (55), it can be envisioned
that the cells would preferentially feed O-GIcNAc moieties
toward protein residues that are required for essential structural
and functional integrity of the protein (56). At this point,
dynamic O-GlcNAc signaling may dampen its amplitude and
achieve limited effectiveness. In the event of persistent hypo-
O-GlcNAcylation, proteins would then be prone to structural
changes without the protective effects from O-GlcNAcylation,
thus manifesting states that may have deleterious effects for the
cell.

On the other hand, in the hyper-O-GlcNAcylation regime,
serine or threonine residues of proteins may shift the equilibrium
of phosphorylation toward O-GlcNAcylation. In many types of
cancer, tumor cells have altered glucose metabolism, resulting
in higher hexosamine flux toward UDP-GIcNAc (57, 58).
Oncogenes such as Myc (59, 60) and NF-kB (61) are stabilized
with persistent O-GlcNAcylation, thus promoting cancer growth.
As such, in an extended duration of hyper-O-GlcNAcylation, O-
GIcNAc cycling is not well-buffered and homeostatic signaling by
OGT/OGA can be compromised.

It is important to note that O-GlcNAcylation and nutrient
availability is not always in a linear relationship. Numerous
studies have reported a global increase in cellular O-
GlcNAcylation in response to nutrient starvation, a condition
in which low UDP-GIcNAc levels are expected (35, 62-64).
Furthermore, OGT has preferential selectivity for certain
substrates under different UDP-GIcNAc concentrations. For
instance, O-GlcNAcylation of PGC-1a peaks at 5mM glucose
and is lower under hypo- and hyperglycemic conditions,
indicating that other factors are involved in the nutrient
sensitivity of this modification (65). Overall, O-GlcNAc
homeostasis is determined by nutrient availability, OGT/OGA
expression and activity, protein substrate selectivity, as well as
other co-factors (Figure 2B).

O-GlcNAcylation of specific proteins can be described as
an equilibrium between the forward reaction driven by OGT

(denoted as k;) and the reverse reaction driven by OGA
(denoted as k_;) (Figure 2B). This equilibrium is dictated by
the local microenvironment, including local concentrations of
UDP-GIcNAc, protein substrates, and OGT/OGA complexes.
Local UDP-GIcNAc levels are affected by the availability of
extracellular nutrients, the local activities of metabolic enzymes
and the HBP flux rate. In addition to their local concentrations,
the conformation and activity of protein substrates, OGT and
OGA, and binding partners can have a profound influence on
ki and k_;. In particular, OGT and OGA can receive various
signaling inputs in the form of posttranslational modifications
that modulate k; and k_; of specific proteins (Figures 1B, 2B).

MACHINERY MAINTAINING O-GLCNAC
HOMEOSTASIS

Given that O-GlcNAcylation levels of specific proteins may not
be linearly correlated with nutrient availability, the expression
and activity of OGT and OGA have to be tightly regulated.
The observation that the levels of OGT and OGA transcripts
and proteins fluctuate in many processes, such as cell cycle
progression, stress response and tissue development, hint at the
intricacies of this regulatory machinery at work (24, 66).

Studies have demonstrated that the levels of OGT and OGA
would compensate for one another. Upon OGT knockout,
inhibition or knockdown, OGA protein levels are reduced (67).
This might be a consequence of reducing O-GlcNAc levels within
cells, and OGA protein levels are sensitive to such changes at
the posttranscriptional level. It has also been suggested that the
Oga gene is situated within the highly conserved NK homeobox
gene cluster. Since this region is targeted by the PcG repressor
complex which comprises OGT, it is likely that OGT modulates
OGA expression at the transcriptional level (68). Conversely,
upon OGA inhibition, OGT levels are downregulated while
OGA levels are upregulated (69). Our recent work provides
mechanistic insight into mutual regulation of OGT and OGA at
the transcriptional level. Specifically, we found that OGA acts as
a co-activator that directly promotes OGT transcription through
cooperation with C/EBPP and p300 histone acetyltransferase
(70). Another recent work has suggested that there is a conserved
OGT intronic splicing silencer that is necessary for OGT intron
retention (71). The OGT intron retention is dynamically sensitive
to cellular O-GIcNAc levels. At high O-GlcNAc levels, the intron
is retained and results in the degradation of OGT transcripts.
However, upon low O-GIcNAc levels, the intron is spliced out
and OGT proteins are produced, thereby increasing its protein
level. These studies highlight the multiple layers of regulation of
OGT and OGA expression to ensure O-GlcNAc homeostasis.

While the OGT and OGA levels are well controlled by
intricate transcriptional and posttranscriptional mechanisms, it
is likely that such regulation can only exist within a well-
tolerated “optimal zone” for a limited period of time. Chronic
hypo- or hyper-O-GlcNAcylation would potentially undermine
the effectiveness of O-GlcNAc signaling, thus contributing to the
pathogenesis of human disease.
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FIGURE 2 | Global and local levels of O-GlcNAcylation gauge signaling responses. (A) Global O-GIcNAcylation levels have to be maintained within an optimal range
as depicted by an “O-GIcNAc meter” in analogy to a speedometer. Hyper-O-GlcNAcylation, as a result of hyper-OGT activity or high UDP-GICNAc levels, would result
in persistent O-GIcNAcylation of growth signaling proteins, leading to human diseases such as cancer. Hypo-O-GlcNAcylation would impair the structural integrity of
protein substrates and their relevant functions. (B) The rates of O-GlcNAcylation and de-O-GIcNAcylation of specific proteins, denoted by k1 and k_4, are tuned by
the local microenvironment. The reactions are determined by local concentrations of UDP-GICNAc, protein substrates, binding partners, and OGT/OGA activity.
Signaling inputs converging on posttranslational modifications of OGT and OGA dictate k1 and k_4 of specific proteins.

PERSPECTIVES AND FUTURE
DIRECTIONS

While the promiscuity of OGT substrate recognition has made it
technically challenging to define the specificity of OGT action,
it represents a huge ground of opportunities to be exploited.
More tools and technologies have to be developed to understand
O-GIcNAc signaling. Due to the diversity of substrates that
OGT and OGA can act on to regulate cellular function, and
the complex compensatory pathways that could take place,
delineating the cause and effect remains a major challenge. Future
studies are required to investigate the “O-GIcNAc proteomics”
with temporal precision and identify potentially the subsets of
proteins that are sensitive to different UDP-GIcNAc levels and
in different temporal contexts.

One understudied component of O-GIcNAc signaling is
the spatial contexts of O-GlcNAcylation. In various cellular

compartments of the cell, such as the nucleus, mitochondria,
cytosol and plasma membrane, OGT and OGA have different
physiological roles. Within each cellular region, there are
different potential binding partners for both OGT and OGA.
Local concentrations of UDP-GIcNAc may also contribute to O-
GlcNAcylation of specific substrates (Figure 2B). Profiling the
variability of local UDP-GIcNAc levels and O-GlcNAcylation of
proteins in real-time and within individual cells would provide a
powerful tool to understand the dynamics of this modification.
Developing the tools to visualize the kinetics of OGT/OGA
interactions with their signaling partners would also help our
understanding of O-GlcNAc regulation in spatial dimensions.

A better understanding of the roles of O-GlcNAylation
in diverse signaling pathways would be another major
direction to be pursued. Development of site-specific O-GlcNAc
antibodies would be essential in accelerating our understanding
of the function of specific protein O-GlcNAcylation. As
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O-GlcNAcylation is tightly linked with different PTMs in the
cellular metabolic network, it would be useful to identify the
intricate relationships among various types of PTMs on proteins.
Crosstalk between phosphorylation and O-GlcNAcylation
has been relatively well studied, where O-GlcNAcylation can
occur reciprocally or sequentially with phosphorylation on
the same or different residues. Such studies could be extended
to explore the link between O-GlcNAcylation and other
PTMs, such as acetylation, methylation, and succinylation and
ubiquitination.

CONCLUSIONS

The cellular signaling machinery is a complex network of
components which is only partially understood. The complexity
is not only due to the sheer quantity of participants and its
high degree of connectivity, but also to the spatiotemporal
dimensions of signaling which confers different functions on
the same proteins under various contexts. In this review, we
have proposed the OGT/OGA pair as a metabolic sensor and
an integrator of cellular signaling processes. This relies on the
ability of the OGT/OGA complex to receive metabolic and stress
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The formation of intraneuronal fibrillar inclusions of tau protein is associated with
several neurodegenerative diseases referred to as tauopathies including Alzheimer’s
disease (AD). A common feature of these pathologies is hyperphosphorylation of
tau, the main component of fibrillar assemblies such as Paired Helical Filaments
(PHFs). O-B-linked N-acetylglucosaminylation (O-GIlcNAcylation) is another important
posttranslational modification involved in regulation of tau pathophysiology. Among the
benefits of O-GlcNAcylation, modulation of tau phosphorylation levels and inhibition
of tau aggregation properties have been described while decreased O-GlcNAcylation
could be involved in the raise of tau phosphorylation associated with AD. However,
the molecular mechanisms at the basis of these observations remain to be defined.
In this study, we identify by NMR spectroscopy O-GIcNAc sites in the longest isoform
of tau and investigate the direct role of O-GlcNAcylation on tau phosphorylation and
conversely, the role of phosphorylation on tau O-GlcNAcylation. We show here by a
systematic examination of the quantitative modification patterns by NMR spectroscopy
that O-GlcNAcylation does not modify phosphorylation of tau by the kinase activity of
ERK2 or a rat brain extract while phosphorylation slightly increases tau O-GlcNAcylation
by OGT. Our data suggest that indirect mechanisms act in the reciprocal regulation of
tau phosphorylation and O-GlcNAcylation in vivo involving regulation of the enzymes
responsible of phosphate and O-GIcNAc dynamics.

Keywords: Tau protein, phosphorylation, O-GlcNAcylation, crosstalk, NMR spectroscopy

INTRODUCTION

O-GlcNAcylation is a dynamic posttranslational modification (PTM) based on addition of a single
sugar, the B-D-N-acetylglucosamine, on serine and threonine residues of nuclear and cytoplasmic
proteins (1). The function of O-GlcNAcylation is still not fully understood and may act, at least
partially, by regulating phosphorylation. The interplay between both PTMs has been observed
upon global elevation of O-GlcNAcylation at the phospho-proteome level for which decreases
have been detected for some site-specific phosphorylation but also increases, although to a lesser
extent, at other sites (2). O-GlcNAcylation can compete reciprocally with phosphorylation at the
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same site or alternatively, both O-GlcNAc and phosphate can
modify and regulate proximal sites (3). Additionally, the crosstalk
between both PTMs may extend to the reciprocal modification
of enzymes implicated in phosphorylation and O-GlcNAcylation
dynamics (2). No consensus sequence has been identified so
far for the O-GlcNAc modification complicating site mapping.
However, frequently occurring motifs exist such as sequences
clustering Ser/Thr residues, and bioinformatics tools for O-
GIcNAc site prediction have been developed that will be of
help (4, 5). Recently, a motif frequently occurring in the
phosphorylation/O-GlcNAcylation crosstalk has been defined
involving Ser/Thr proline-directed phosphorylation sites, i.e.,
sites targeted by proline-directed kinases, that are enriched in the
phospho-proteome (6). As a PTM involved in various biological
processes, the O-GIcNAc modification has been implicated
in numerous human diseases including neurodegenerative
disorders (7-10).

Variations of O-GIcNAc levels in Alzheimer’s disease (AD)
brain have been detected and are still a matter of debate. It has
been shown in some studies that O-GlcNAcylation of proteins is
lowered in AD brain (9, 11, 12) likely due to decreased glucose
uptake/metabolism that is one of the main metabolic changes
in aging brain (13). In contrast, overall O-GlcNAc levels were
also found to be upregulated in AD brain, as associated with a
specific increase of O-GIcNAc levels of the detergent insoluble
protein fraction of cytoskeleton (14) and an imbalance of protein
levels involved in the O-GlcNAc dynamics as compared to age-
matched controls (15). Tau protein, the main component of
neurofibrillary tangles (NFTs) (16), one of the two molecular
hallmarks of AD with amyloid plaques, is subjected to O-GlcNAc
modification which was initially estimated to 4 O-GlcNAc group
per tau molecule on at least 12 Ser/Thr sites (17). It has been
shown that tau O-GlcNAcylation impairs its phosphorylation and
toxicity (11, 18). Furthermore, pharmacological increase of O-
GlcNAcylation leads to neuroprotective effects and constitutes
a potential strategy of treatment of neurodegenerative diseases
involving tau pathology.

In AD, tau is hyperphosphorylated (it contains 9-10 moles
of phosphate per mol of tau while normal tau contains 2-
3 moles of phosphate) (19, 20), undergoes conformational
changes (21) and is converted into toxic oligomers and fibrillar
aggregates, the straight (SFs) and paired helical filaments
(PHFs) (22, 23). Abnormal hyperphosphorylation could be
responsible for the conformational changes, oligomerization,
fibrillization, and spreading of tau pathology through the
brain in specific areas along the course of AD progression
(24, 25). Dysregulation of kinase and phosphatase balance is

Abbreviations: Da, Dalton; gS, O-GlcNAc serine; HSQC, heteronuclear
single quantum correlation; IPTG, isopropyl-p-D-1-thiogalactopyranoside;
MALDI-TOF MS, Matrix-Assisted Laser Desorption-Ionization Time-Of-
Flight mass spectrometry; M.W., molecular weight; O-GlcNAc, O-B-linked
N-acetylglucosamine; pS, phospho-serine; PTM, posttranslational modification;
PUGNAC, O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino-N-
phenylcarbamate; RBE, rat brain extract; RP-HPLC, reverse phase high
performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; TAMRA, tetramethylrhodamine; TFA,
trifluoroacetic acid; THP, Tris(hydroxypropyl)phosphine.

involved in the abnormal phosphorylation of tau but other
factors modulate tau phosphorylation. Among them, O-GIcNAc
has been described in the regulation of tau phosphorylation and
reciprocally. O-GlcNAc modification is dynamically regulated by
only two enzymes, O-GlIcNAc transferase (OGT) and O-GlcNAc
hydrolase (OGA), involved in the addition and removal of the
GIcNAc moiety, respectively (1, 26-28). Igbal et al. found that
O-GlcNAc negatively regulates tau phosphorylation in a site-
specific manner in cultured cells, in vivo and in metabolically
active brain slices (11, 18). In particular, in a mouse model
of starvation that mimics impaired glucose metabolism in AD
brain, a reduction of tau O-GlcNAcylation together with an
elevation of tau phosphorylation at specific sites were observed
(18). Conversely, inducing hyperphosphorylation of tau with
the phosphatase inhibitor okadaic acid leads to a reduction of
tau O-GlcNAcylation in human neuroblastoma cells together
with a reduced transfer into the nucleus (29). Interestingly,
hyperphosphorylated tau is less O-GlcNAcylated than forms of
tau that are less phosphorylated (11, 29). Furthermore, deletion
of the ogt gene in mice in a neuron-specific manner promotes
both an increase of tau amounts and tau hyperphosphorylation,
two features that are associated with tau pathology in AD
(30). In contrast, stimulating tau O-GlcNAcylation by OGT
overexpression decreases tau phosphorylation at specific sites
(12). Chronic treatment of hemizygous JNPL3 mice carrying the
gene for human tau-P301L mutant with Thiamet-G, an OGA
inhibitor, leads to a significant reduction of NFTs without altering
global tau phosphorylation levels at AD-relevant sites (AT8
and pS422) while O-GIcNAc levels were increased significantly,
only AT8 immunoreactivity of tangles was reduced (31). The
same observation has been made in rTg4510 mice expressing
the human tau-P301L protein for which chronic Thiamet-
G administration leads to increased tau O-GlcNAcylation
associated with a decrease of pathological tau aggregates
without affecting phosphorylation of non-pathological tau
species (32). Hence, OGA inhibition reduces neurofibrillary
tangles and neurodegeneration without interfering with tau
hyperphosphorylation. Another study has shown that chronic
Thiamet-G treatment of tau.P301L transgenic mice although
increasing protein O-GlcNAcylation has no effect on tau O-
GlcNAcylation and phosphorylation while improvements of
survival and motor deficits have been observed (33). These
data suggest that the beneficial effects obtained by elevating O-
GIcNAc levels may result from enhanced O-GlcNAcylation of
target proteins other than tau. Furthermore, it was shown that
the O-GlcNAc modification can directly act on tau aggregation
properties by intrinsically decreasing in vitro aggregation of
recombinant tau induced by heparin without altering its
conformation (31, 34).

Recently, however, O-GlcNAcylation of endogenous tau
has been investigated in mouse models by mass spectrometry
identifying a single O-GIcNAc modification (at S400) at
a low stoichiometry (35) putting into questions the role
and mechanism of the O-GlcNAc-mediated regulation
of tau phosphorylation and pathological aggregation.
As O-GlcNAcylation could interfere with tau pathology
and neurodegeneration, and could be pharmacologically
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targeted to prevent the pathological formation of toxic
tau species (31, 36, 37), a detailed examination of O-
GlcNAcylation-phosphorylation crosstalk of tau protein is
required to fully understand the functional role of tau O-
GlcNAcylation. NMR proved to be a powerful method to
investigate PTMs in intrinsically disordered proteins and
disordered regions of globular proteins where posttranslational
modifications frequently occur (38-40). Based on this strategy,
phosphorylation of tau protein was extensively investigated
providing phosphorylation patterns of various kinases in a
site-specific manner (41-46). O-GlcNAc modification of tau
was explored in peptides to identify new O-GlcNAc sites (47)
and in a fragment of the C-terminal region containing the
$400-O-GlcNAc modification to probe potential conformational
changes (34). Native chemical ligation afforded a site-specific
and quantitative S400-O-GlcNAc tau using the expressed protein
ligation strategy as a useful tool to decipher the molecular role
of O-GlcNAcylation in tau functions (48, 49). For the first time,
we investigate here the O-GlcNAc modification in the entire tau
protein obtained by enzymatic activity of OGT and its direct
crosstalk with phosphorylation by NMR spectroscopy. We found
that tau is not extensively O-GlcNAcylated since we detected
after O-GlcNAc enrichment three major O-GlcNAc sites in the
C-terminal domain and two O-GlcNAc sites of lower level in
the proline-rich region. We showed that O-GlcNAcylation does
not modify phosphorylation of tau by the kinase activity of
recombinant ERK2 or rat brain extract while phosphorylation
leads to a slight increase of tau O-GlcNAcylation by OGT. Our
findings contrast with previous models in which phosphorylation
and O-GlcNAcylation of tau were shown to directly compete
in vivo in a reciprocal manner, supporting the idea of a
more intricate relationship between both PTMs than a direct
crosstalk.

MATERIALS AND METHODS

Expression and Purification of Tau Protein

BL21 (DE3) E. coli strains were transformed with the pET5b
plasmid (Novagen, Merck) carrying the longest isoform of tau
(2N4R isoform) with the S262A mutation for recombinant
production. 20ml of a LB preculture grown at 37°C for 6-
8h were diluted in 21 of M9 minimal medium. For uniform
ISN/BC-labeling, cells were grown at 37°C in M9 minimal
medium containing 2 g/L '3Cs-glucose, 1 g/L >N-ammonium
chloride, 0.5 g/L '"N/!*C-Isogro® (Sigma), 1 mM MgSO4, MEM
vitamin cocktail (Sigma) and 100 mg/L ampicillin. The induction
phase was performed by addition of 0.5mM isopropyl B-D-
1-thiogalactopyranoside for 3h at 37°C. For uniform °N-
labeling, the same growth medium was used except that it
contained 4 g/L glucose and 0.5 g/L *N-Isogro®. Cells were
harvested by centrifugation at 5,000 x g for 30 min and the
pellet was resuspended in 50 mM NaH;PO4/NayHPOy, pH 6.2,
2.5mM EDTA, 2mM DTT and 0.5% Triton X-100 supplemented
with a Complete™ protease-inhibitor cocktail. The lysate was
obtained by homogenizing this suspension using a high-pressure
homogenizer followed by centrifugation at 30,000 x g for 30 min
at 4°C. The extract was incubated at 75°C for 15min and

centrifuged at 4,000 x g for 20 min at 4°C as a first purification
step. The tau protein was then purified by cation-exchange
chromatography (HiTrap SP HP 5 ml, GE Healthcare) in 50 mM
NaH,;PO04/Na;HPOy4, pH 6.4, 2mM EDTA (buffer A). After
loading the extract onto the column and column washing with
buffer A, the protein was eluted with a gradient from 0 to 50%
buffer B (buffer A supplemented with 2M NaCl) over 20ml
(i.e. 4 column volumes). Fractions were analyzed by SDS-PAGE
and fractions containing tau protein with highest purity were
pooled together for a next step of purification by RP-HPLC
on a Zorbax 300SB-C8 semi-preparative 9.4 x 250 mm column
(Agilent) equilibrated in a solution of 0.1% TFA:2% acetonitrile.
Proteins were eluted by a 30-min linear gradient from 16% to
40% acetonitrile at 5 ml/min. Fractions containing full-length tau
protein are pooled, lyophilized, and buffer-exchanged in 50 mM
ammonium bicarbonate (HiPrep 26/10 desalting, GE Healthcare)
to avoid acidification of solutions due to residual TFA, and
lyophilized again before storage at —20°C until further use (50).
Using this procedure, the yield of tau protein was 10 mg per liter
of culture.

Expression and Purification of the

Nucleocytoplasmic Form of OGT

BL21 (DE3) E. coli strains were transformed with the pET24d
plasmid (Novagen, Merck) carrying the nucleocytoplasmic
isoform of human ogt for the recombinant production of ncOGT
(51). Freshly plated bacteria were picked up to inoculate a
20 ml culture which was grown at 37°C overnight. The 20 ml
culture then inoculated a 21 culture in LB rich medium that was
grown at 37°C for 3h until O.D. at 600 nm reached 0.6, then
the culture was cooled down to 16°C. The protein induction
was performed at 16°C for 24h upon addition of 0.2mM
IPTG. Cells were harvested at 6,000x g for 30 min at 4°C and
the pellet was resuspended in 100 ml extraction buffer (50 mM
KH,PO4/K,;HPOy4 pH 7.60, 250 mM NaCl, 40 mM imidazole,
5% glycerol, 1% Triton X-100 complemented with a 0.3 mg
DNase I and EDTA-free protease inhibitor cocktail). Cell lysis was
performed with a high-pressure homogenizer at 4°C followed by
a brief sonication step. Soluble proteins were isolated from the
bacterial extract by centrifugation at 30,000 x g for 30 min at 4°C.
An affinity purification step was performed on a 1 ml-HiTrap
Chelating column (GE Healthcare) loaded with Ni?* ions. The
full-length OGT was eluted with 250 mM imidazole after a
truncated form was eluted with 110 mM imidazole. Homogenous
fractions containing the full-length recombinant ncOGT as
checked on a 10% polyacrylamide-SDS gel were pooled (in a final
volume 10 ml) and dialysed at 4°C overnight in 21 of sample
buffer (50 mM KH,PO4/K,HPOy4 pH 7.60, 150 mM NaCl, 1 mM
EDTA). After dialysis, the sample was supplemented with 0.5 mM
THP and stored at —80°C. Starting from a 2 l-culture, we
obtained 5 mg of ncOGT. The O-GlcNAc-transferase activity of
the recombinant ncOGT was checked on a peptide substrate
from casein kinase II (CKII) indicating that the recombinant
ncOGT is fully active as it provides an O-GlcNAcylated CKII
peptide with 95% O-GlcNAcylation after 30 min incubation
at 37°C (52, 53).
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In vitro O-GlcNAc Transferase Reaction of

Tau by Recombinant ncOGT

10mg of I5N/13C-labeled tau protein (M.W. 48,070 kDa)
were solubilized at 0.83mM in a solution of ncOGT at
10uM in a final volume of 250 pl of reaction buffer
(50mM KH,PO4/K;HPO4 pH 7.6, 150mM NaCl, 1mM
EDTA, 0.5mM THP, 12.5mM MgCl,, 10 mM UDP-GIcNAc).
As a negative control, a reaction was carried out in the
same conditions without UDP-GIcNAc. The O-GlcNAcylation
reactions were performed at 31°C for 3 days. O-GlcNAcylation
of tau was checked after incubation periods of 6 and
24h but higher O-GlcNAcylation levels were obtained for
longer timescale. After 3 days, the reaction mixtures were
heated at 75°C, centrifuged and purified by RP-HPLC on a
Zorbax 300SB-C8 semi-preparative column (9.4 X 250 mm,
Agilent) equilibrated in buffer A (0.1% TFA: 2% acetonitrile).
Proteins were eluted with a linear gradient from 25 to
50% of buffer B (0.1% TFA: 80% acetonitrile) of 25min.
Fractions enriched in O-GIcNAc were identified by MALDI-
TOF MS and Click-iT™ O-GIcNAc labeling and TAMRA
detection kits (Molecular Probes) on SDS-PAGE following the
manufacturer’s instructions (Figure S1). Fractions containing
protein with low levels of O-GlcNAcylation were pooled,
lyophilized, desalted in 50 mM ammonium bicarbonate (HiTrap
Desalting 5ml, GE Healthcare) prior to another round of O-
GlcNAcylation and purification. At the end, the O-GlcNAc-
enriched fractions corresponding to the two rounds of O-
GlcNAcylation/purification were lyophilized. This procedure
affords about 3-3.5mg of O-GIcNAc enriched tau (hereafter
referred to as tau-O-GIcNAc) from 10mg of tau. For an
estimation of site-specific O-GlcNAc modification by NMR
spectroscopy, this procedure was performed twice with two
distinct batches of ncOGT.

’N-tau  phosphorylated by  ERK2, N/PC-tau
phosphorylated by a rat brain extract or >N-tau as a control
were subjected to O-GlcNAcylation reactions at 0.4mM in a
solution of ncOGT at 10 uM in OGT reaction buffer (50 mM
KH,PO,/K,HPO, pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.5 mM
THP, 12.5mM MgCl,, 10mM UDP-GIcNAc) at 31°C for 2
days. As a negative control, reactions were carried out in the
same conditions without UDP-GIcNAc. To stop the O-GlcNAc
reactions, the reaction mixtures were heated at 75°C and
centrifuged at 16,000 x g for 15min at 4°C. Then, the proteins
were purified by reverse phase chromatography on a Zorbax
300SB-C8 semi-preparative column (9.4 x 250 mm, Agilent) for
NMR analyses. Unlike non-phosphorylated tau, no O-GlcNAc
enrichment was observed along the elution step of reverse phase
chromatography for phosphorylated tau proteins as detected by
MALDI-TOF MS. O-GlcNAcylation levels of phosphorylated
vs. non-phosphorylated tau were quantitatively assessed using
the Click-iT™ O-GIcNAc labeling and TAMRA detection
kits following the manufacturer’s instructions. 20 and 5 pg
of proteins dissolved at ~ 2 pg/pl in Laemmli sample buffer
3X were loaded on SDS-PAGE for TAMRA detection and
Coomassie staining, respectively. Quantification of TAMRA
fluorescence was performed with ImageQuant™ LAS 4000 (GE
Healthcare).

For the preparation of NMR samples as well as for the
phosphorylation assays, the amount of various protein samples
in their O-GlcNAcylated and non O-GlcNAcylated forms was
calculated based on the peak integration at 280 nm assuming that
the molar extinction coefficient is the same between O-GlcNAc
and non O-GlcNAc proteins.

MALDI-TOF MS Analyses of Tau Proteins

MALDI-TOF mass spectrometry analyses were performed with
sinapinic acid matrix on an Axima Assurance mass spectrometer
(Shimadzu) in a linear positive ion mode.

Expression and Purification of ERK2 and
MEKS Kinases and Phosphorylation of Tau

Recombinant mitogen-activated protein kinase ERK2 and
a constitutively active mutant of mitogen-activated protein
kinase kinase MEK3 (hereafter referred to as MEK3), that
phosphorylates and activates ERK2, were produced as described
previously (41, 46, 50). Briefly, ERK2 carrying a polyhistidine
tag and MEK3 carrying a GST tag were purified by affinity
chromatography from 11 culture in LB after an induction phase
at 30°C for 4h with 0.5mM IPTG. ERK2 was purified on
a 1-ml HisTrap HP column (GE Healthcare) equilibrated in
50mM NaH,;PO4/Na,HPOy4, pH 7.5, 300 mM NaCl, 20 mM
imidazole (buffer A) and eluted with a buffer containing 50 mM
NaH,;PO4/Na;HPOy, pH 7.5, 300 mM NaCl, 250 mM imidazole
(buffer B). MEK3 was purified on glutathione sepharose beads
(2 ml) equilibrated in 50 mM Tris.Cl pH 7.5, 300 mM NaCl, 1 mM
EDTA (buffer C). After loading of the bacterial extract at 4°C
for 3h and washing beads 5 times with 10 ml of buffer C then 3
times with 10 ml of phosphorylation buffer (50 mM Hepes. KOH,
pH 7.8,12.5 mM MgCl,, 50 mM NaCl, 1 mM EGTA), GST-MEK3
was left on resin beads for phosphorylation reactions.

For the phosphorylation reactions, fractions containing ERK2
eluted from the affinity chromatography step was buffer-
exchanged in phosphorylation buffer on a 5ml Zeba™ Spin
desalting column (Thermo Fischer) and mixed with GST-MEK3
beads.

ERK2 activation and tau phosphorylation were performed
simultaneously. >N/!3C-tau-O-GIcNAc  (3mg) that was
previously O-GlcNAcylated by OGT and '°N-tau (10mg) as
a control were dissolved at 100 uM with ERK2 and MEK3 in
phosphorylation buffer complemented with 6.25 mM ATP and
ImM DTT and incubated at 37°C for 5h. Phosphorylation
reactions were stopped by centrifugation of the reaction
mixtures at 4,000 x g for 10min to precipitate the resin
beads and incubating the supernatant at 75°C for 15min
followed by centrifugation at 4,000 x g for 15min. Then, the
supernatants were buffer-exchanged in 50 mM ammonium
bicarbonate on a 5ml HiTrap Desalting column (GE Healthcare)
and lyophilized. Prior to NMR analyses, phosphorylation was
qualitatively checked by a shift in the apparent mobility of the
protein band on SDS-PAGE and by MALDI-TOF MS (41, 46).
Phosphorylation of tau with activated ERK2 was performed
twice with two different batches of ERK2 and MEK3. An average
phosphorylation level of 17 & 2 phosphate per tau molecule was
determined by mass spectrometry on intact proteins.
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Phosphorylation of Tau by a Rat Brain

Extract

A rat brain extract was prepared from adult Sprague-Dawley rats
by homogenizing whole brains (~2g) in 5mL of homogenizing
buffer, containing 10mM Tris-HCl, pH 7.4, 5mM EGTA,
2mM DTT, 1 pM okadaic acid (OA), 20 pug/mL Leupeptin,
and 40mM Pefabloc®. Insoluble material was precipitated
by ultracentrifugation at 100,000 x g and 4°C for 1h. The
supernatant was directly used for its kinase activity. Total protein
concentration was estimated at 9 mg/mL by a BCA colorimetric
assay. 1°N/P*C-tau and 1*N/13C-tau-O-GIcNAc were dissolved at
10 M in 4.5mL of phosphorylation buffer containing 40 mM
Hepes.KOH, pH 7.3, 2mM MgCl,, 5mM EGTA, 2mM DTT,
2mM ATP, 1uM OA and supplemented with a Complete™
protease-inhibitor cocktail. PUGNAc (Sigma), an inhibitor of -
hexosaminidases and O-GlcNAc hydrolase, was added at 10 puM
in the phosphorylation reaction of tau-O-GIcNAc to prevent
deglycosylation. The proteins were incubated with 500 pL
of rat brain extract at 37°C for 24h. Then, reactions were
stopped by heating the mixture at 75°C for 15 min followed by
centrifugation at 16,000 x g for 20 min. The supernatants were
buffer-exchanged in 50 mM ammonium bicarbonate and the
proteins were lyophilized. Evaluation of protein phosphorylation
was performed by SDS-PAGE and MALDI-TOF MS, and then
the phosphorylation sites were determined by NMR analyses.

NMR Spectroscopy

NMR experiments were performed at 293K on Bruker 900
MHz Avance NEO and 600 MHz Avance III HD spectrometers
(Bruker, Karlsruhe, Germany) equipped with a 5-mm TCI and
QCI cryogenic probes, respectively. For NMR experiments, tau
protein samples were dissolved at a concentration of 200-400 M
in a buffer containing 50 mM NaH,PO4/Na;HPO4 pH 6.5,
25mM NaCl, 2.5mM EDTA, 1 mM DTT, 10% D,0 either in
a volume of 200 pl (in 3 mm tubes) or in 300 pl (in Shigemi
tubes). 'H spectra were calibrated with 0.25mM of sodium 3-
(trimethylsilyl) propionate-2,233,3’-d4 as internal standard. Iy
spectra were acquired with