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O-linked conjugation of ß-N-acetyl-glucosamine (O-GlcNAc) to serine and threonine residues is
a post-translational modification process that senses nutrient availability and cellular stress and
regulates diverse biological processes that are involved in neurodegenerative diseases and
provide potential targets for therapeutics development. However, very little is known of the
networks involved in the brain that are responsive to changes in the O-GlcNAc proteome.
Pharmacological increase of protein O-GlcNAcylation by Thiamet G (TG) has been shown to
decrease tau phosphorylation and neurotoxicity, and proposed as a therapy in Alzheimer’s
disease (AD). However, acute TG exposure impairs learning and memory, and protein
O-GlcNAcylation is increased in the aging rat brain and in Parkinson’s disease (PD) brains.
To define the cortical O-GlcNAc proteome that responds to TG, we injected young adult mice
with either saline or TG and performed mass spectrometry analysis for detection of
O-GlcNAcylated peptides. This approach identified 506 unique peptides corresponding to
278 proteins that areO-GlcNAcylated.Of the 506 unique peptides, 85 peptides are elevated by
> 1.5 fold in O-GlcNAcylation levels in response to TG. Using pathway analyses, we found TG-
dependent enrichment of O-GlcNAcylated synaptic proteins, trafficking, Notch/Wnt signaling,
HDAC signaling, and circadian clock proteins. Significant changes in the O-GlcNAcylation of
DNAJC6/AUXI, and PICALM, proteins that are risk factors for PD and/or AD respectively, were
detected. We compared our study with two key prior O-GlcNAc proteome studies using
mouse cerebral tissue and humanADbrains. Among those identified to be increased by TG, 15
are also identified to be increased in human AD brains compared to control, including those
involved in cytoskeleton, autophagy, chromatin organization and mitochondrial dysfunction.
These studies provide insights regarding neurodegenerative diseases therapeutic targets.
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INTRODUCTION

First discovered in the 1980s, the O-GlcNAcylation of proteins is
now widely accepted as playing a key role in the regulation of
diverse biological processes integrating nutrient availability and
cellular stress (Zachara and Hart, 2004; Love and Hanover, 2005;
Slawson et al., 2006; Paruchuri and Zachara, 2011; Darley-Usmar
et al., 2012; Bond and Hanover, 2013; Alonso et al., 2014;
Hardivillé and Hart, 2014; Marsh et al., 2014; Wani et al.,
2015). System biology studies implicate perturbation of
O-GlcNAc transferase (OGT) as one of the nine genes
identified to impact transcriptome regulation in similar
fashion as caloric restriction/intermittent fasting (Hou et al.,
2016). Changes in O-GlcNAc levels have been linked to aging
and a number of neurodegenerative diseases (Zhang, 2020;
Mueller et al., 2021). For example, several investigators
reported age-dependent changes of overall protein
O-GlcNAcylation in animal models (Fülöp et al., 2008; Liu
et al., 2012). However, there is substantial controversy as to
the outcome and mechanisms involved. In human postmortem
brains, total O-GlcNAcylation has been found to increase in
Alzheimer’s disease (AD) brains in detergent-insoluble fractions
(Griffith and Schmitz, 1995). A recent more comprehensive
proteomics study has reported dynamic changes in protein
O-GlcNAcylation in AD patients with 12 peptides decreased
and 119 peptides increased compared to controls (Wang et al.,
2017).

In animal models, pharmacological approaches to increase
O-GlcNAc levels, such as inhibition of O-GlcNAcase (OGA) by
Thiamet G (TG), increased tau O-GlcNAcylation and decreased
tau phosphorylation and associated neurodegenerative
phenotypes (Yuzwa et al., 2008; Yuzwa et al., 2012; Yuzwa
et al., 2014; Zhu et al., 2014; Hastings et al., 2017). These
putative beneficial effects of increasing tau O-GlcNAc
modification suggest a potential utility of OGA inhibitors such
as TG or its derivatives, for treatment of AD. However, we have
shown that in aged rats overall brain O-GlcNAc levels were
increased compared to younger animals (Fülöp et al., 2008),
suggesting a dysregulation in O-GlcNAcylation occurs with
aging, which is a well-established risk factor for AD.
Moreover, we have demonstrated that increases in O-GlcNAc
levels in vivo impaired learning and memory (Taylor et al., 2014).

In the context of PD, the impact of O-GlcNAcylation is also
complex. For example, recent studies have reported that increased
O-GlcNAcmodification of α-synuclein blocks its aggregation and
toxicity in vitro (Marotta et al., 2012; Marotta et al., 2015; Lewis
et al., 2017). However, in a C. elegans model of
neurodegeneration, the OGA inactive mutant, which is
associated with increased O-GlcNAc levels, has been shown to
increase proteotoxicity (Wang et al., 2012). Interestingly, we
found a significant increase in overall protein
O-GlcNAcylation levels in postmortem brain specimens of PD
patients compared to control (Wani et al., 2017). Our recent
studies have shown that in primary neurons, pharmacologically
increased neuronal O-GlcNAc levels by TG enhanced MTOR
phosphorylation, suppressed autophagy and increased α-synuclein
accumulation (Wani et al., 2017). Considering these interesting

and complex observations, a better understanding of the
O-GlcNAc proteome and the effects of OGA inhibition are needed.

There are several approaches that have been used to catalog
the brain O-GlcNAcylated proteins and O-GlcNAc proteomes.
For example, wheat germ agglutinin (WGA)-based lectin weak
affinity chromatography (LWAC) was used to enrich O-GlcNAc-
modified peptides that were then identified bymass spectrometry.
The first of these studies revealed 145 unique O-GlcNAcylated
peptides in mouse brain postsynaptic preparations (Vosseller
et al., 2006). Using the same enrichment approach with mouse
synaptic membrane preparations and high pH reverse phase
chromatography, one study identified over
1750 O-GlcNAcylation sites in 676 proteins (Trinidad et al.,
2012). The O-GlcNAcylation process does not appear to be
indiscriminate or always reciprocal to phosphorylation. For
example, 46 Ser or Thr phosphorylation sites were identified
on the microtubule associated protein tau which is extensively
phosphorylated in animal models of AD, yet no tau
O-GlcNAcylation was found (Trinidad et al., 2012). In
addition, it appears that OGT and kinases do not favor the
same amino acid residues and statistically the
O-GlcNAcylation and phosphorylation sites are independent
of one another. Indeed, there are at least 11-fold more
phosphorylation than O-GlcNAcylation sites in synaptosomes
(Trinidad et al., 2012). However, in cerebrocortical tissue using a
different method (CEPC, see the next paragraph), it was found
that O-GlcNAcylation sites were either at or near known
phosphorylation sites, suggesting mutual exclusion (at the
same site) or synergy (at the same site or those in close
proximity) (Alfaro et al., 2012). Another study identified
463 O-glycopeptides corresponding to 122 proteins, though
the modifications included both O-GlcNAcylation and other
types of glycosylation (Trinidad et al., 2013). A similar
approach was utilized in a more recent study, which identified
926 and 919 O-GlcNAcylated proteins in substantia nigra -
ventral tegmental area, and the striatum, respectively (Lee
et al., 2020). Although without any information regarding the
sites of modification, 26 proteins were increased and 11 proteins
with decreased O-GlcNAcylation levels in the dopaminergic
neuron-specific Oga knockout mice compared to control (Lee
et al., 2020).

Using a chemoenzymatic approach with an unnatural UDP
substrate and Y289L GalT enzyme, coupled with biotinylation
and avidin enrichment, an earlier study identified
25 O-GlcNAcylated proteins from the rat forebrain (Khidekel
et al., 2004). Later studies used similar chemoenzymatic
approaches coupled with photochemical cleavage (CEPC) to
enrich O-GlcNAc peptides, which enhances analytical
sensitivity by tagging the peptides with a photochemical
cleavable-biotin probe and have a low false rate due to the
specific enzymatic chemical reactions. One such study
discovered 274 O-GlcNAcylated proteins from cerebrocortical
tissues of 1 year old normal and 3xTg AD mice (Alfaro et al.,
2012). Several synaptic, cytoskeletal, transcriptional regulators,
membrane proteins, and notably extracellular domains of
membrane proteins, were identified (Alfaro et al., 2012). A
comprehensive meta-analysis of 378 human studies including
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those focusing on overall protein O-GlcNAcylation with an
O-GlcNAc antibody based approach, those using focused
approaches on individual proteins, and those with mass
spectrometry-based omics approach suggested that the overall
human O-GlcNAcome may include more than 5000 proteins and
7,000 sites (Wulff-Fuentes et al., 2021). Due to the nature of this
meta-analysis, published articles with false positives were also
included (Wang et al., 2014; Ma et al., 2021a). The critically
curated O-GlcNAcAtalas (https://oglcnac.org) reports 4554
proteins with unambiguous O-GlcNAc sites in different species.

In this study, we used quantitative isobaric tandem mass tag
(TMT) labelling combined with CEPC method to enrich
O-GlcNAcylated peptides in the mouse brain coupled to
tandem mass spectrometry (LC-MS/MS) to identify proteins
that are modified by O-GlcNAcylation in the mouse cortex,
and to compare O-GlcNAcylation levels between mice injected
with saline and with the OGA inhibitor Thiamet G (TG). We
identified 506 unique O-GlcNAc peptides corresponding to
278 O-GlcNAcylated proteins in the mouse cortex from both
groups. Of these, 67 were not previously identified in the two
most extensive studies of the O-GlcNAcome in the mouse
cerebrocortical tissues (Alfaro et al., 2012) and in the human
mid frontal gyrus region (Wang et al., 2017). Furthermore,
O-GlcNAc levels of 155 out of the 506 unique peptides were
significantly changed (p < 0.05) by systemic administration of
TG. O-GlcNAc modification of 85 peptides corresponding to 65
proteins increased at >1.5-fold in the TG treatment group
compared to controls. Network analysis of these changes
revealed that pathways involved in synaptic function are
enriched.

Of note, we found that O-GlcNAcylation of DNAJC6/AUXI
was increased 12-fold in response to OGA inhibition. DNAJC6
has been shown to be important for clathrin uncoating
(Edvardson et al., 2012), and recent studies identified
mutations in DNAJC6, which appear to be responsible for
juvenile and early onset PD (Edvardson et al., 2012; Köroğlu
et al., 2013; Elsayed et al., 2016; Olgiati et al., 2016). Of relevance
to AD, phosphatidylinositol binding clathrin assembly protein
(PICALM) (which is a highly validated risk factor in late-onset
AD (Harold et al., 2009)) is O-GlcNAcylated and its
O-GlcNAcylation was increased by 2-fold in response to OGA
inhibition. These findings suggest that DNAJC6 and PICALM
O-GlcNAcylation are potential contributing factors to
neurodegenerative diseases.

RESULTS AND DISCUSSION

Quantitative Profiling of O-GlcNAcylated
Proteins and Peptides in Mouse Cortex
To detect the proteins undergoing dynamic changes in
O-GlcNAcylation we injected mice (i.p.) with saline or the
OGA inhibitor TG (10 mg/kg) which inhibits O-GlcNAc
removal and elevates overall levels of protein O-GlcNAcylation.
Three hours after injection, we harvested half of the cortex
for western blot (n � 3 each control versus TG) and half for
proteomics analyses to assess the global impact on protein

O-GlcNAcylation. Using hemi-cortical extracts, we found that
there was a significant increase of the overall protein
O-GlcNAcylation as detected by the CTD110.6 antibody
(Figure 1A). There were limited numbers of bands (<10 bands)
that were visible and ∼5 bands exhibited higher intensity in the TG
group compared to the saline group. The patterns obtained by
using western blot methodology for O-GlcNAc proteins are
strongly representative of the high abundance of some
O-GlcNAcylated proteins and, as is evident from the mass
spectrometry analysis, a small subset of the total O-GlcNAc
proteome.

Using the chemoenzymatic photocleavage (CEPC) approach
coupled with TMT labeling and LC-MS/MS analyses (Alfaro
et al., 2012; Wang et al., 2014; Wang et al., 2017), we
identified 506 unique O-GlcNAcylated peptides corresponding
to 278 proteins in cortex samples from mice administered either
saline or TG (Supplementary Table S1). Figure 1B shows the
distribution of the number of O-GlcNAcylated sites among the
detected proteins. Some proteins have multiple O-GlcNAcylated
sites whereas the majority have only one or two detected sites of
modification. Notably, the proteins Bassoon (BSN) and Piccolo
(PCLO) have 53 and 43 O-GlcNAcylated sites, respectively
(Figure 1B).

To assess which biological pathways are affected by protein
O-GlcNAcylation, we used ToppGene tools (Shannon et al.,
2003) for pathway enrichment analysis and Cytoscape
(Asanuma et al., 2006; Guo et al., 2018; Ji et al., 2019) to
visualize the genetic network. We found that the identified
278 O-GlcNAcylated proteins are highly enriched for cellular
component morphogenesis, cytoskeleton organization, synapse
organization, and cell projection morphogenesis (Figure 1C).
Furthermore, the identified O-GlcNAcylated proteins are
associated with key neuronal cellular components including
synapse and dendrite.

Synaptic and Trafficking Proteins Are Highly
Enriched in the 65 O-GlcNAcylated Proteins
Regulated by TG Administration
Compared to the saline group, out of the 506 peptides there were
85 unique peptides (corresponding to 86 O-GlcNAcylation sites)
that have O-GlcNAcylation levels of >1.5 fold increase after TG
(p-value <0.02, Supplementary Table S2). Interestingly, five
peptides (corresponding to four proteins) exhibited lower
O-GlcNAcylation levels (p < 0.02) including peptides from
EMAL1, PCLO, HCFC1 and WNK1, and one PCLO and one
WNK1 peptide have <50% O-GlcNAcylation after TG compared
to saline (Supplementary Table S1). These results support the
hypothesis that OGA activity is an important regulator of
O-GlcNAcylation in the brain.

We next searched on databases to see if the 86 sites that
exhibited 1.5-fold increase in O-GlcNAcylation levels have been
reported or whether they are near phosphorylation sites. We
found that 53 sites are known O-GlcNAcylation sites as reported
on curated O-GlcNAcAtlas database (https://oglcnac.org/) (Ma
et al., 2021b), 28 are reciprocal phosphorylation sites, 75 have
proximal (±10 amino acids) phosphorylation sites, and 14 are not
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near known phosphorylation sites as reported on
PhosphoSitePlus® database (https://www.phosphosite.org/)
(Hornbeck et al., 2015) (Supplementary Table S2).

As the 85 peptides correspond to 65 proteins, we performed
pathway analyses of these 65 proteins that exhibited increased
O-GlcNAcylation levels following TG treatment. We found that
these proteins are primarily enriched in cytoskeleton
organization, vesicle-mediated transport in synapse, and
synaptic organization (Figure 1D), and that not all pathways
that are linked to the 278 O-GlcNAcylated proteins are equally
affected by TG.

Using protein-protein interaction data and information from
multiple sources including OMIM and specialized databases
related to neurodegenerative diseases (AlzGene, PDGene and
SZGene) stored in the ToppGene knowledgebase (Shannon et al.,
2003), we found that the 65 proteins are highly enriched for

synaptic signaling, neuron projection, membrane trafficking,
transcription, cytoskeletal protein binding, and circadian
regulation (Figure 2A, Supplementary Table S3). Of the 65
proteins, 10 of them have cytoskeletal protein binding functions,
nine proteins are associated with membrane trafficking, 18
proteins are associated with cell projection and neuron
development, and 13 proteins are associated with chromatin
and transcription factor binding functions.

The 10 O-GlcNAcylated proteins in the group of
cytoskeletal protein binding include: MAP2, ABLIM3,
SYNPO, TNKS1BP1, RAB11FIP5, RTN3, SNCB, EPB41L1,
DMTN and ANK2. Most of these are also in the groups of
protein-protein interactions at synapses, and synaptic
signaling. The combined group of cytoskeletal protein
binding, protein-protein interactions at synapses, and
synaptic signaling have ∼20 proteins. Microtubule-

FIGURE 1 | Proteomics analysis of mouse cortical O-GlcNAcome (A)Western blot analyses with cortical protein extracts demonstrated that 3 h post i. p. Thiamet
G (TG) injection at 10 mg/kg, there was an increase of overall levels of protein O-GlcNAcylation (quantified using the entire lane) as detected by the CTD110.6 antibody
(n � 3, *p < 0.05 Student t-test) (B)Using isobaric tandemmass tag labelling combined with CEPCmethod we identified 506 peptides corresponding to 278 proteins that
were O-GlcNAcylated in the mouse cortex (n � 3 for control and n � 2 for TG). Of these, 215 proteins have one modification site, 34 proteins have two sites, 14
proteins have 3 sites, six proteins have four sites, two proteins have five sites, and one protein each has 7, 8, 10, 20, 43, and 53 sites (C, D) Network visualization of the
top 10 Gene Ontology biological process terms enriched for the total 278 O-GlcNAcylated proteins identified in both Saline and TG groups (C), and the 65 proteins that
exhibited significant increases in O-GlcNAcylation levels following acute TG treatment (D).
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associated protein 2 (MAP2) is proposed to be important for
microtubule stabilization and may be involved in dendritic
morphology (Dehmelt and Halpain, 2005). Actin binding
LIM protein 3 (ABLIM3) is involved in cell-cell contacts
and modulates learning and memory (Guo et al., 2018).
Synaptopodin (SYNPO) may be involved in actin
organization, cell motility and autophagy (Asanuma et al.,
2006; Ji et al., 2019). Tankyrase-1-binding protein
(TNKS1BP) regulates actin cytoskeleton rearrangement
and is dysregulated both in blood and brain in AD (Ohishi
et al., 2017; Pang et al., 2017). RAB11-interacting protein 5
(RABFIP5) is important for protein trafficking via binding to
RAB11 GTPase (Grant and Donaldson, 2009). Reticulon 3
(RTN3) may be involved in regulation of ER autophagy,
BACE1 activity and amyloid β production (Murayama
et al., 2006; Grumati et al., 2017). β-synuclein (SNCB) is
important for synaptic function and a negative regulator of
α-synuclein aggregation (Clayton and George, 1999;
Hashimoto et al., 2001). Band 4.1-like protein 1 (EPB41L1)
may be involved in cortical actin cytoskeleton organization
and its missense mutations were found in nonsyndromic
intellectual disability patients (Hamdan et al., 2011).
Dematin actin binding protein (DMTN) also plays a role

in actin dynamics (Khan et al., 2008). Ankyrin 2 (ANK2)
interacts with PINK2/Parkin-target proteins and ANK2
variants are associated with the risk of PD (Auburger
et al., 2019).

O-GlcNAcylated proteins involved in membrane trafficking
include: 1) DNAJC6, which is important for clathrin uncoating
(Edvardson et al., 2012); 2) phosphatidylinositol binding
clathrin assembly protein (PICALM), which can interact
with LC3 and regulate amyloid precursor protein cleaved
C-terminal fragment (APP-CTF) degradation (Tian et al.,
2013); 3) cytoplasmic dynein one light intermediate chain 1
(DYNC1LI1) whose knockdown led to dendritic atrophy (Liu
et al., 2016); 4) Perilipin 3 (PLIN3, tail-interacting protein
47 kDa, TIP47, Mannose-6-Phosphate Receptor-Binding
Protein 1, M6PRBP1), which is required for endosome-to-
Golgi transport and delivery of lysosomal hydrolases from the
Golgi to endosomes (Diaz and Pfeffer, 1998; Carroll et al.,
2001); 5) clathrin interactor 1 (CLINT1), which may be
involved in clathrin coated vesicles and trans-Golgi
network-endosome trafficking (Pimm et al., 2005); 6)
ArfGAP with FG repeats 1 (AGFG1), which may be
involved in both nucleocytoplasmic transport and clathrin-
mediated endocytosis, 7) ankyrin2 ANK2, 8) casein kinase I

FIGURE 2 | Integrated network visualizations of the involvement of the 65 proteins with significantly increased O-GlcNAcylation levels following TG administration in
cellular functions, biological processes, and phenotypes (A) We found that 52 of the 65 proteins (orange ellipses) are involved in key pathways (green rectangles),
biological processes (aqua blue rectangles), cellular functions (blue rectangles), and cellular components (jungle green rectangles). Several are targets for AP-1 family of
transcription factors (purple rectangles), and many of them are in Allen Brain Atlas’s top 500-gene list and Chen-Plotkin’s 747 genes that are related to human
frontotemporal lobar degeneration (other colored rectangles) (B) 31 of the 65 proteins (orange hexagons) are involved in abnormal neuron morphology and abnormal
synaptic morphology, as well as neurodegenerative diseases including AD and PD (sky blue and violet rectangles). Eight proteins are involved both in abnormal neuron or
synaptic vesicle morphology and AD. Three are involved both in abnormal neuron or synaptic vesicle morphology and Parkinson’s disease. Seven proteins are shared
between AD and PD (including DNAJC6, MEF2C and PICALM).
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delta (CSNK1D), and 9) cortactin (CTTN), which are all
thought to be involved in membrane trafficking.

Proteins Relevant to Neurodegenerative
Diseases Are Dynamically Regulated by
O-GlcNAcylation
Many of the 65 proteins with O-GlcNAcylation levels changed
after TG administration are involved in abnormal neuron
morphology and synaptic vesicle morphology, AD and PD
pathogenesis (Figure 2B, Supplementary Table S3). Relevant
to PD, α-synuclein in this study is O-GlcNAcylated at T72, T53
and T81 (Table 1), sites previously identified (Alfaro et al., 2012;
Levine et al., 2019). As discussed above, nine proteins involved in
membrane trafficking exhibit dynamic O-GlcNAcylation with
O-GlcNAcylation levels sensitive to systemic TG administration.
The most highly regulated O-GlcNAcylated protein by TG is
DNAJC6 (with 12-fold difference between TG and saline injected
mouse cortex). Mutations of DNAJC6 have been found to be
responsible for juvenile and early onset PD (Edvardson et al.,
2012; Köroğlu et al., 2013; Elsayed et al., 2016; Olgiati et al., 2016).
Relevant to AD, one of the 65 peptides is phosphatidylinositol-
binding clathrin assembly protein (PICALM) (showing a 2-fold
difference between TG and saline injectedmouse cortex), which is
associated with late-onset AD in genome wide association studies
(Harold et al., 2009). Both DNAJC6 and PICALM are involved in
protein trafficking. Furthermore, MAP2 is associated with both
AD and PD and is increased by 2-fold by TG at S472, but not S361
nor S788. The O-GlcNAcylation sites for DNAJC6 and PICALM
that have changed O-GlcNAcylation levels by TGwere previously
known, while the MAP2 O-GlcNAcylation site S472 which is
changed by TG was a previously un-identified site. While
DNAJC6 and PICALM O-GlcNAcylation have not been
investigated thoroughly, O-GlcNAcylation of MAP2 related
protein tau has been extensively studied with various TG
administration strategies (i.v., i.c.v., i.p., and drinking water),
on multiple S/T residues, especially in transgenic mice
overexpressing human tau or tau mutations (Mueller et al., 2021).

Related to synaptic pathway function, acute TG injection in
rats impairs learning and memory (Taylor et al., 2014), in rat

hippocampal slices induces long-term depression (Taylor et al.,
2014), in rodent hippocampal slices attenuated epileptiform
activity at CA3-CA1 synapses as well as spontaneous CA3
pyramidal cell activity (Stewart et al., 2017), and in rodent
hippocampal slices decreased GABAAR currents and intrinsic
excitability (Stewart et al., 2020). O-GlcNAcylation has been
shown to regulate cellular clock oscillation, the level and
stability of clock regulators (Li et al., 2013), as perturbation of
the sleep/wake cycle occurs in neurodegenerative disease patients,
O-GlcNAcylation of circadian regulators may be important for
disease pathogenesis and/or therapeutic considerations (Austad
et al., 2021).

Unique and Common Proteins Identified
Compared to Two Extensive Cortical
O-GlcNAcome Studies
Comparing our dataset with the two most extensive studies on
O-GlcNAcome in the mouse (274 proteins) and human (530
proteins) cortex (Alfaro et al., 2012; Wang et al., 2017), we found

TABLE 1 | O-GlcNAcylation sites of DNAJC6 (AUXI), PICALM, alpha-synuclein (SYUA), and MAP2 identified in the present study in comparison with the two cortical
O-GlcNAcome studies.

Protein Gene name Study Subject Accession number O-GlcNAcylation
sites/regions

AUXI DNAJC6 Present study Mouse Q80TZ3 S591
— — Alfaro et al Mouse Q80TZ3 V600-R640
— — Wang et al Human Not detected Not detected
PICAL PICALM Present study Mouse Q7M6Y3 S453
— — Alfaro et al Mouse Q7M6Y3 K349-K388, S443-R461
— — Wang et al Human Q13492 S565, T291
SYUA SCNA Present study Mouse O55042 T53, T72, T81
— — Alfaro et al Mouse O55042 T53, T64, T72
— — Wang et al Human P37840 T54, T64, T72, T81
MTAP2 MAP2 Present study Mouse P20357 S361, S472, S788
— — Alfaro et al Mouse P20357 T466-K483, V776-K795
— — Wang et al Human P11137 S199, T241, T335, S502, T522, T851, S1082

FIGURE 3 | Comparison of our dataset to the two most extensive
datasets of cortical O-GlcNAcome. Venn diagram showing the number of
proteins that are unique or common among our current datasets, Alfaro et al.
(Alfaro et al., 2012) and Wang et al. (Wang et al., 2017).
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that there are a total of 714 proteins identified combining our
current and the two prior studies, with 115 in common and 67
unique proteins in our study (Figure 3, Supplementary Figure
S1). The 115 proteins shared among the three datasets include cell
junction proteins BSN and PCLO, which is expected since they
are abundant and possess numerous O-GlcNAcylation sites
(Supplementary Figure S1A). There are also proteins involved
in cellular component organization and morphogenesis
processes, such as cytoskeleton proteins ABLM2, ANK2, and
MAP1B; synaptic proteins SYN1, SYN2, SYNPO, SYUA, and
SYUB. Among synaptic signaling proteins, ULK2 and STAT3 are
regulators of autophagy. The 67 proteins unique to the present
study are also involved in cellular component organization and
morphogenesis processes. These include synapse organization
proteins such as DAB2IP, NPTN, and CTTNBP2 and localized in
dendrite and microtubule components (Supplementary Figure
S1B). They also include HDAC6 a histone deacetylase; signaling
proteins INP4A and INPP; and LRP5 which is involved in
endocytosis, mTOR signaling and AD. DNAJC6/AUXI has
been shown to be O-GlcNAcylated in both mouse studies but
not in human postmortem mid frontal gyrus O-GlcNAcome.
Potential autophagy regulators including MAP1A, MEF2C,
NUP62, TFE3 and TPPP are present in both the human
O-GlcNAcome and our current study but not in the prior
mouse cerebrocortical tissue study. Although the Alfaro study
also used mouse cortex, they used 1 year old female mice (1 each
WT and 3xTg AD model). In contrast, our study used male
C57BL/6J strain 2–3 each WT with Saline or Thiamet G injection
at 2 months of age. Additionally, the TMT labeling might change
the ionization efficiency of some peptides. These differences likely
contribute to the differences in the O-GlcNAc proteome observed
between our studies.

We also compared the 65 proteins with O-GlcNAcylation
levels significantly increased by TG with the 81 proteins with
O-GlcNAcylation levels significantly changed in human AD
brains versus control brains (Wang et al., 2017). We found 15
proteins in common, which are ANK2, EPN4, EMSY, EP400,
P66B, HCFC1, JHD2C, GCR, PRC2C, QRIC1, RBP2, MINT,
SYNPO, ZFR, and ZYX (Supplementary Table S4). All of
these proteins showed higher O-GlcNAcylation levels in AD
brains compared to matched controls except for SYNPO,
which showed lower levels in AD brains, and has been
suggested to be involved in actin organization, cell motility
and autophagy (Grant and Donaldson, 2009; Grumati et al.,
2017). In addition, six of these 15 proteins are enriched in
chromatin organization process, which include EP400,
HCFC1, JMJD1C, EMSY, GATAD2B, and NR3C1. HCFC1
loss of function resulted in brain development deficits (Jolly
et al., 2015). EP400 is required for oligodendrocyte survival
(Elsesser et al., 2019). NR3C1 is a nuclear receptor of the
steroid/thyroid/retinoic acid superfamily and whose
methylation has been found to be involved in stress
response (Oberlander et al., 2008). JMJD1C is involved in
mitochondrial dysfunction in response to MPP+ in SH-SY5Y
cells (Wang et al., 2016). GATAD2B is associated with
neurodevelopmental disorders and intellectual disabilities
(Willemsen et al., 2013; Kaur et al., 2019; Trubnykova et al.,

2019; Ueda et al., 2019; Shieh et al., 2020a; Shieh et al., 2020b;
Vera et al., 2020). There are 50 proteins that are changed with
their O-GlcNAcylation by TG in our study, but the change of
their O-GlcNAcylation in AD compared to control has not
reached significance. This include MAP2, the abundance of
which is increased in AD (with log2∼05 and q∼0.01) but not
O-GlcNAcylation, and PICALM (Wang et al., 2017).Whether the
O-GlcNAcylation of these proteins is linked to AD phenotypes
and whether modulating their O-GlcNAcylation after AD
pathogenesis can impact disease progression is an important
question for future studies.

SUMMARY

In this study we first assessed the impact on total levels of protein
O-GlcNAcylation in response to TG using the lower resolution
western blotting techniques and found a robust 3-fold increase in
protein O-GlcNAcylation (Figure 1). Using the isobaric tandem
mass tag labelling combined with chemoenzymatic photocleavage
(CEPC) method we examined the O-GlcNAc proteome with and
without the i. p administration of the inhibitor of OGA TG
(Wang et al., 2017). This approach allowed us to characterize the
O-GlcNAc proteome and those sensitive to acute inhibition of
OGA. We identified 506 O-GlcNAcylated peptides, and of these,
85 peptides corresponding to 65 proteins were at least 50% more
O-GlcNAcylated from the TG treated mouse cortex compared to
saline control. Of those sensitive to OGA inhibition the
O-GlcNAcylated proteins were highly enriched for synaptic
signaling, neuron projection, membrane trafficking,
transcription, and cytoskeletal protein binding. The most
regulated protein DNAJC6 is associated with the risk for PD,
raising the question whether its O-GlcNAcylationmay contribute
to pathogenesis. MAP2, which is associated with both AD and
PD, and PICALM which is associated with AD are also regulated
by TG by 2-fold.

One important feature of this study is that the observed
increase in the levels of O-GlcNAcylation of 85 peptides
corresponding to 65 protein (5 peptides corresponding to four
proteins exhibited decreased levels of O-GlcNAcylation)
occurred within only 3 h of TG administration. These
peptides/proteins are likely the most sensitive to changes of
OGA/OGT activities and/or substrates in response to
intracellular and extracellular stimuli. It is also of interest that
pharmacological inhibition of OGA affects a sub-O-GlcNAc
proteome suggesting the potential for selectivity in its
mechanisms of action. Despite that these highly dynamic
changes are likely to be the “first responders.” they have been
often ignored in studies of pathologies associated with altered
levels of O-GlcNAcylation. The numbers of O-GlcNAc
modification sites on a given protein range from 0 to over 50
on different proteins. The implications for the impact of the
O-GlcNAcylation pathway on the network of pathway in the
brain is still poorly understood. Determining how different
O-GlcNAcylated proteins in different regions of the brain
impact neuronal function and survival will be important for
understanding cognition and neurodegeneration. Future
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studies will define the role of O-GlcNAcylation in neuronal
function as well as in aging and neurodegenerative disease
pathogenesis.

DATA AVAILABILITY STATEMENT

The raw datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below:
Massive.ucsd.edu with accession: MSV000088053. The data
will also be available through ProteomeXchange with
accession: PXD028204.

ETHICS STATEMENT

The animal study was reviewed and approved by UAB
IACUC.

AUTHOR CONTRIBUTIONS

SW, XO, WW contributed to data generation. VH, MJ, BC, AJ,
W-JQ, JC, VDU and JZ contributed to data analyses. VH, VDU

and JZ wrote the manuscript. All authors edited and reviewed the
manuscript.

FUNDING

This work was supported in part by UAB Nathan Shock Center
P30 AG050886 (VDU, JZ), R01 DK122160 (WJQ),
R56AG060959 (JCC and JZ), and I01 BX-004251-01 (JZ).

ACKNOWLEDGMENTS

Mass spectrometry-based proteomics described herein was
performed in the Environmental Molecular Sciences
Laboratory, Pacific Northwest National Laboratory, a national
scientific user facility sponsored by the Department of Energy
under Contract DE-AC05-76RL0 1830.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fragi.2021.757801/
full#supplementary-material

REFERENCES

Alfaro, J. F., Gong, C.-X., Monroe, M. E., Aldrich, J. T., Clauss, T. R. W., Purvine, S.
O., et al. (2012). Tandem Mass Spectrometry Identifies many Mouse Brain
O-GlcNAcylated Proteins Including EGF Domain-specific O-GlcNAc
Transferase Targets. Proc. Natl. Acad. Sci. 109 (19), 7280–7285. doi:10.1073/
pnas.1200425109

Alonso, J., Schimpl, M., and van Aalten, D. M. F. (2014). O-GlcNAcase:
Promiscuous Hexosaminidase or Key Regulator of O-GlcNAc Signaling?
J. Biol. Chem. 289 (50), 34433–34439. doi:10.1074/jbc.r114.609198

Asanuma, K., Yanagida-Asanuma, E., Faul, C., Tomino, Y., Kim, K., and Mundel,
P. (2006). Synaptopodin Orchestrates Actin Organization and Cell Motility via
Regulation of RhoA Signalling. Nat. Cel Biol. 8 (5), 485–491. doi:10.1038/
ncb1400

Auburger, G., Gispert, S., Torres-Odio, S., Jendrach, M., Brehm, N., Canet-Pons, J.,
et al. (2019). SerThr-PhosphoProteome of Brain from Aged PINK1-Ko+a53t-
SNCA Mice Reveals pT1928-MAP1B and pS3781-ANK2 Deficits, as Hub
between Autophagy and Synapse Changes. Int. J. Mol. Sci. 20 (13), 3284.
doi:10.3390/ijms20133284

Austad, S. N., Ballinger, S., Buford, T. W., Carter, C. S., Smith, D. L., Jr, Darley-
Usmar, V., et al. (2021). Targeting Whole Body Metabolism and Mitochondrial
Bioenergetics in the Drug Development for Alzheimer’s Disease. Acta Pharm.
Sin. B. doi:10.1016/j.apsb.2021.06.014

Bond, M. R., and Hanover, J. A. (2013). O-GlcNAc Cycling: a Link between
Metabolism and Chronic Disease. Annu. Rev. Nutr. 33, 205–229. doi:10.1146/
annurev-nutr-071812-161240

Carroll, K. S., Hanna, J., Simon, I., Krise, J., Barbero, P., and Pfeffer, S. R. (2001).
Role of Rab9 GTPase in Facilitating Receptor Recruitment by TIP47. Science
292 (5520), 1373–1376. doi:10.1126/science.1056791

Clayton, D. F., and George, J. M. (1999). Synucleins in Synaptic Plasticity and
Neurodegenerative Disorders. J. Neurosci. Res. 58 (1), 120–129. doi:10.1002/
(sici)1097-4547(19991001)58:1<120:aid-jnr12>3.0.co;2-e

Darley-Usmar, V. M., Ball, L. E., and Chatham, J. C. (2012). Protein O-Linked β-N-
acetylglucosamine: A Novel Effector of Cardiomyocyte Metabolism and
Function. J. Mol. Cell Cardiol. 52 (3), 538–549. doi:10.1016/j.yjmcc.2011.08.009

Dehmelt, L., and Halpain, S. (2005). The MAP2/Tau Family of Microtubule-
Associated Proteins. Genome Biol. 6 (1), 204. doi:10.1186/gb-2004-6-1-204

Diaz, E., and Pfeffer, S. R. (1998). TIP47: a Cargo Selection Device for Mannose 6-
phosphate Receptor Trafficking. Cell 93 (3), 433–443. doi:10.1016/s0092-
8674(00)81171-x

Edvardson, S., Cinnamon, Y., Ta-Shma, A., Shaag, A., Yim, Y.-I., Zenvirt, S., et al.
(2012). A Deleterious Mutation in DNAJC6 Encoding the Neuronal-specific
Clathrin-Uncoating Co-chaperone Auxilin, Is Associated with Juvenile
Parkinsonism. PLoS ONE 7 (5), e36458. doi:10.1371/journal.pone.0036458

Elsayed, L. E. O., Drouet, V., Usenko, T., Mohammed, I. N., Hamed, A. A. A.,
Elseed, M. A., et al. (2016). A Novel Nonsense Mutation in DNAJC 6 Expands
the Phenotype of Autosomal-Recessive Juvenile-Onset Parkinson’s Disease.
Ann. Neurol. 79 (2), 335–337. doi:10.1002/ana.24591

Elsesser, O., Frob, F., Kuspert, M., Tamm, E. R., Fujii, T., Fukunaga, R., et al. (2019).
Chromatin Remodeler Ep400 Ensures Oligodendrocyte Survival and Is
Required for Myelination in the Vertebrate central Nervous System. Nucleic
Acids Res. 47 (12), 6208–6224. doi:10.1093/nar/gkz376

Fülöp, N., Feng, W., Xing, D., He, K., Nőt, L. G., Brocks, C. A., et al. (2008). Aging
Leads to Increased Levels of Protein O-Linked N-Acetylglucosamine in Heart,
Aorta, Brain and Skeletal Muscle in Brown-Norway Rats. Biogerontology 9 (3),
139–151. doi:10.1007/s10522-007-9123-5

Grant, B. D., and Donaldson, J. G. (2009). Pathways and Mechanisms of Endocytic
Recycling. Nat. Rev. Mol. Cel Biol. 10 (9), 597–608. doi:10.1038/nrm2755

Griffith, L. S., and Schmitz, B. (1995). O-linked N-Acetylglucosamine Is
Upregulated in Alzheimer Brains. Biochem. Biophys. Res. Commun. 213 (2),
424–431. doi:10.1006/bbrc.1995.2149

Grumati, P., Morozzi, G., Holper, S., Mari, M., Harwardt, M. I., Yan, R., et al.
(2017). Full Length RTN3 Regulates Turnover of Tubular Endoplasmic
Reticulum via Selective Autophagy. Elife 6, e25555. doi:10.7554/
eLife.25555

Guo, N., Soden, M. E., Herber, C., Kim, M. T., Besnard, A., Lin, P., et al. (2018).
Dentate Granule Cell Recruitment of Feedforward Inhibition Governs Engram
Maintenance and Remote Memory Generalization. Nat. Med. 24 (4), 438–449.
doi:10.1038/nm.4491

Hamdan, F. F., Gauthier, J., Araki, Y., Lin, D. T., Yoshizawa, Y., Higashi, K., et al.
(2011). Excess of De Novo Deleterious Mutations in Genes Associated with

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 7578018

Huynh et al. O-GlcNAc Proteome and Effect of TG

https://www.frontiersin.org/articles/10.3389/fragi.2021.757801/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fragi.2021.757801/full#supplementary-material
https://doi.org/10.1073/pnas.1200425109
https://doi.org/10.1073/pnas.1200425109
https://doi.org/10.1074/jbc.r114.609198
https://doi.org/10.1038/ncb1400
https://doi.org/10.1038/ncb1400
https://doi.org/10.3390/ijms20133284
https://doi.org/10.1016/j.apsb.2021.06.014
https://doi.org/10.1146/annurev-nutr-071812-161240
https://doi.org/10.1146/annurev-nutr-071812-161240
https://doi.org/10.1126/science.1056791
https://doi.org/10.1002/(sici)1097-4547(19991001)58:1<120:aid-jnr12>3.0.co;2-e
https://doi.org/10.1002/(sici)1097-4547(19991001)58:1<120:aid-jnr12>3.0.co;2-e
https://doi.org/10.1016/j.yjmcc.2011.08.009
https://doi.org/10.1186/gb-2004-6-1-204
https://doi.org/10.1016/s0092-8674(00)81171-x
https://doi.org/10.1016/s0092-8674(00)81171-x
https://doi.org/10.1371/journal.pone.0036458
https://doi.org/10.1002/ana.24591
https://doi.org/10.1093/nar/gkz376
https://doi.org/10.1007/s10522-007-9123-5
https://doi.org/10.1038/nrm2755
https://doi.org/10.1006/bbrc.1995.2149
https://doi.org/10.7554/eLife.25555
https://doi.org/10.7554/eLife.25555
https://doi.org/10.1038/nm.4491
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Glutamatergic Systems in Nonsyndromic Intellectual Disability. Am. J. Hum.
Genet. 88 (3), 306–316. doi:10.1016/j.ajhg.2011.02.001

Hardivillé, S., and Hart, G. W. (2014). Nutrient Regulation of Signaling,
Transcription, and Cell Physiology by O-GlcNAcylation. Cel Metab. 20 (2),
208–213. doi:10.1016/j.cmet.2014.07.014

Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., Hamshere, M. L.,
et al. (2009). Genome-wide Association Study Identifies Variants at CLU and
PICALM Associated with Alzheimer’s Disease. Nat. Genet. 41 (10), 1088–1093.
doi:10.1038/ng.440

Hashimoto, M., Rockenstein, E., Mante, M., Mallory, M., and Masliah, E. (2001).
Beta-Synuclein Inhibits Alpha-Synuclein Aggregation: a Possible Role as an
Anti-parkinsonian Factor. Neuron 32 (2), 213–223. doi:10.1016/s0896-
6273(01)00462-7

Hastings, N. B., Wang, X., Song, L., Butts, B. D., Grotz, D., Hargreaves, R., et al.
(2017). Inhibition of O-GlcNAcase Leads to Elevation of O-GlcNAc Tau and
Reduction of Tauopathy and Cerebrospinal Fluid Tau in rTg4510 Mice. Mol.
Neurodegener. 12 (1), 39. doi:10.1186/s13024-017-0181-0

Hornbeck, P. V., Zhang, B., Murray, B., Kornhauser, J. M., Latham, V., and
Skrzypek, E. (2015). PhosphoSitePlus, 2014: Mutations, PTMs and
Recalibrations. Nucleic Acids Res. 43 (Database issue), D512–D520.
doi:10.1093/nar/gku1267

Hou, L., Wang, D., Chen, D., Liu, Y., Zhang, Y., Cheng, H., et al. (2016). A Systems
Approach to Reverse Engineer Lifespan Extension by Dietary Restriction. Cel
Metab. 23 (3), 529–540. doi:10.1016/j.cmet.2016.02.002

Ji, C., Tang, M., Zeidler, C., Hohfeld, J., and Johnson, G. V. (2019). BAG3 and
SYNPO (Synaptopodin) Facilitate Phospho-MAPT/Tau Degradation via
Autophagy in Neuronal Processes. Autophagy 15 (7), 1199–1213.
doi:10.1080/15548627.2019.1580096

Jolly, L. A., Nguyen, L. S., Domingo, D., Sun, Y., Barry, S., Hancarova, M., et al.
(2015). HCFC1 Loss-Of-Function Mutations Disrupt Neuronal and Neural
Progenitor Cells of the Developing Brain.Hum.Mol. Genet. 24 (12), 3335–3347.
doi:10.1093/hmg/ddv083

Kaur, P., Mishra, S., Rajesh, S. M., Girisha, K. M., and Shukla, A. (2019).
GATAD2B-related Intellectual Disability Due to Parental Mosaicism and
Review of Literature. Clin. Dysmorphol. 28 (4), 190–194. doi:10.1097/
mcd.0000000000000288

Khan, A. A., Hanada, T., Mohseni, M., Jeong, J. J., Zeng, L., Gaetani, M., et al.
(2008). Dematin and Adducin Provide a Novel Link between the Spectrin
Cytoskeleton and Human Erythrocyte Membrane by Directly Interacting with
Glucose Transporter-1. J. Biol. Chem. 283 (21), 14600–14609. doi:10.1074/
jbc.m707818200

Khidekel, N., Ficarro, S. B., Peters, E. C., and Hsieh-Wilson, L. C. (2004). Exploring
the O-GlcNAc Proteome: Direct Identification of O-GlcNAc-Modified Proteins
from the Brain. Proc. Natl. Acad. Sci. 101 (36), 13132–13137. doi:10.1073/
pnas.0403471101

Köroğlu, Ç., Baysal, L., Cetinkaya, M., Karasoy, H., and Tolun, A. (2013). DNAJC6 Is
Responsible for Juvenile Parkinsonism with Phenotypic Variability. Parkinsonism
Relat. Disord. 19 (3), 320–324. doi:10.1016/j.parkreldis.2012.11.006

Lee, B. E., Kim, H. Y., Kim, H.-J., Jeong, H., Kim, B.-G., Lee, H.-E., et al. (2020).
O-GlcNAcylation Regulates Dopamine Neuron Function, Survival and
Degeneration in Parkinson Disease. Brain 143 (12), 3699–3716. doi:10.1093/
brain/awaa320

Levine, P. M., Galesic, A., Balana, A. T., Mahul-Mellier, A. L., Navarro, M. X., De
Leon, C. A., et al. (2019). Alpha-Synuclein O-GlcNAcylation Alters
Aggregation and Toxicity, Revealing Certain Residues as Potential Inhibitors
of Parkinson’s Disease. Proc. Natl. Acad. Sci. U S A. 116, 1511. doi:10.1073/
pnas.1808845116

Lewis, Y. E., Galesic, A., Levine, P. M., De Leon, C. A., Lamiri, N., Brennan, C. K.,
et al. (2017). O-GlcNAcylation of α-Synuclein at Serine 87 Reduces Aggregation
without Affecting Membrane Binding. ACS Chem. Biol. 12 (4), 1020–1027.
doi:10.1021/acschembio.7b00113

Li, M. D., Ruan, H. B., Hughes, M. E., Lee, J. S., Singh, J. P., Jones, S. P., et al. (2013).
O-GlcNAc Signaling Entrains the Circadian Clock by Inhibiting BMAL1/
CLOCK Ubiquitination. Cell Metab 17 (2), 303–310. doi:10.1016/
j.cmet.2012.12.015

Liu, Y., Li, X., Yu, Y., Shi, J., Liang, Z., Run, X., et al. (2012). Developmental
Regulation of Protein O-GlcNAcylation, O-GlcNAc Transferase, and

O-GlcNAcase in Mammalian Brain. PLoS ONE 7 (8), e43724. doi:10.1371/
journal.pone.0043724

Liu, Z. D., Zhang, S., Hao, J. J., Xie, T. R., and Kang, J. S. (2016). Cellular Model of
Neuronal Atrophy Induced by DYNC1I1 Deficiency Reveals Protective Roles of
RAS-RAF-MEK Signaling. Protein Cell 7 (9), 638–650. doi:10.1007/s13238-
016-0301-6

Love, D. C., and Hanover, J. A. (2005). The Hexosamine Signaling Pathway:
Deciphering the "O-GlcNAc Code". Sci. Signal. 2005 (312), re13. doi:10.1126/
stke.3122005re13

Ma, J., Li, Y., Hou, C., and Wu, C. (2021). O-GlcNAcAtlas: A Database of
Experimentally Identified O-GlcNAc Sites and Proteins. Glycobiology 31 (7),
719–723. doi:10.1093/glycob/cwab003

Ma, J., Wu, C., and Hart, G. W. (2021). Analytical and Biochemical Perspectives of
Protein O-GlcNAcylation. Chem. Rev. 121 (3), 1513–1581. doi:10.1021/
acs.chemrev.0c00884

Marotta, N. P., Cherwien, C. A., Abeywardana, T., and Pratt, M. R. (2012).
O-GlcNAc Modification Prevents Peptide-dependent Acceleration of
α-Synuclein Aggregation. Chembiochem. 13 (18), 2665–2670. doi:10.1002/
cbic.201200478

Marotta, N. P., Lin, Y. H., Lewis, Y. E., Ambroso, M. R., Zaro, B. W., Roth, M. T.,
et al. (2015). O-GlcNAc Modification Blocks the Aggregation and Toxicity of
the Protein α-synuclein Associated with Parkinson’s Disease.Nat. Chem. 7 (11),
913–920. doi:10.1038/nchem.2361

Marsh, S. A., Collins, H. E., and Chatham, J. C. (2014). Protein O-GlcNAcylation
and Cardiovascular (Patho)physiology. J. Biol. Chem. 289 (50), 34449–34456.
doi:10.1074/jbc.r114.585984

Mueller, T. O. X., Johnson,M., Qian,W-J., Chatham, J. C., Darley-Usmar, V., and Zhang,
J. (2021). New Insights into the Biology of ProteinO-GlcNAcylation: Approaches and
Observations. Front. Aging 1, 620382. doi:10.3389/fragi.2020.620382

Murayama, K. S., Kametani, F., Saito, S., Kume, H., Akiyama, H., and Araki, W.
(2006). Reticulons RTN3 and RTN4-B/C Interact with BACE1 and Inhibit its
Ability to Produce Amyloid Beta-Protein. Eur. J. Neurosci. 24 (5), 1237–1244.
doi:10.1111/j.1460-9568.2006.05005.x

Oberlander, T. F., Weinberg, J., Papsdorf, M., Grunau, R., Misri, S., and Devlin, A.
M. (2008). Prenatal Exposure to Maternal Depression, Neonatal Methylation of
Human Glucocorticoid Receptor Gene (NR3C1) and Infant Cortisol Stress
Responses. Epigenetics 3 (2), 97–106. doi:10.4161/epi.3.2.6034

Ohishi, T., Yoshida, H., Katori, M., Migita, T., Muramatsu, Y., Miyake, M., et al.
(2017). Tankyrase-Binding Protein TNKS1BP1 Regulates Actin Cytoskeleton
Rearrangement and Cancer Cell Invasion. Cancer Res. 77 (9), 2328–2338.
doi:10.1158/0008-5472.can-16-1846

Olgiati, S., Quadri, M., Fang, M., Rood, J. P. M. A., Saute, J. A., Chien, H. F., et al.
(2016). D NAJC 6 Mutations Associated with Early-Onset Parkinson’s Disease.
Ann. Neurol. 79 (2), 244–256. doi:10.1002/ana.24553

Pang, X., Zhao, Y., Wang, J., Zhou, Q., Xu, L., Kang, D., et al. (2017). The
Bioinformatic Analysis of the Dysregulated Genes and MicroRNAs in
Entorhinal Cortex, Hippocampus, and Blood for Alzheimer’s Disease.
Biomed. Res. Int. 2017, 9084507. doi:10.1155/2017/9084507

Paruchuri, V. D. P., and Zachara, N. E. (2011). Defining the Heart and
Cardiovascular O-GlcNAcome. Circ. Cardiovasc. Genet. 4 (6), 710.
doi:10.1161/circgenetics.110.957779

Pimm, J., McQuillin, A., Thirumalai, S., Lawrence, J., Quested, D., Bass, N., et al.
(2005). The Epsin 4 Gene on Chromosome 5q, Which Encodes the Clathrin-
Associated Protein Enthoprotin, Is Involved in the Genetic Susceptibility to
Schizophrenia. Am. J. Hum. Genet. 76 (5), 902–907. doi:10.1086/430095

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: a Software Environment for Integrated Models of
Biomolecular Interaction Networks. Genome Res. 13 (11), 2498–2504.
doi:10.1101/gr.1239303

Shieh, C., Jones, N., Vanle, B., Au, M., Huang, A. Y., Silva, A. P. G., et al. (2020).
Correction: GATAD2B-Associated Neurodevelopmental Disorder (GAND):
Clinical and Molecular Insights into a NuRD-Related Disorder. Genet. Med. 22
(4), 822. doi:10.1038/s41436-020-0760-2

Shieh, C., Jones, N., Vanle, B., Au, M., Huang, A. Y., Silva, A. P. G., et al. (2020).
GATAD2B-associated Neurodevelopmental Disorder (GAND): Clinical and
Molecular Insights into a NuRD-Related Disorder.Genet. Med. 22 (5), 878–888.
doi:10.1038/s41436-019-0747-z

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 7578019

Huynh et al. O-GlcNAc Proteome and Effect of TG

https://doi.org/10.1016/j.ajhg.2011.02.001
https://doi.org/10.1016/j.cmet.2014.07.014
https://doi.org/10.1038/ng.440
https://doi.org/10.1016/s0896-6273(01)00462-7
https://doi.org/10.1016/s0896-6273(01)00462-7
https://doi.org/10.1186/s13024-017-0181-0
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1016/j.cmet.2016.02.002
https://doi.org/10.1080/15548627.2019.1580096
https://doi.org/10.1093/hmg/ddv083
https://doi.org/10.1097/mcd.0000000000000288
https://doi.org/10.1097/mcd.0000000000000288
https://doi.org/10.1074/jbc.m707818200
https://doi.org/10.1074/jbc.m707818200
https://doi.org/10.1073/pnas.0403471101
https://doi.org/10.1073/pnas.0403471101
https://doi.org/10.1016/j.parkreldis.2012.11.006
https://doi.org/10.1093/brain/awaa320
https://doi.org/10.1093/brain/awaa320
https://doi.org/10.1073/pnas.1808845116
https://doi.org/10.1073/pnas.1808845116
https://doi.org/10.1021/acschembio.7b00113
https://doi.org/10.1016/j.cmet.2012.12.015
https://doi.org/10.1016/j.cmet.2012.12.015
https://doi.org/10.1371/journal.pone.0043724
https://doi.org/10.1371/journal.pone.0043724
https://doi.org/10.1007/s13238-016-0301-6
https://doi.org/10.1007/s13238-016-0301-6
https://doi.org/10.1126/stke.3122005re13
https://doi.org/10.1126/stke.3122005re13
https://doi.org/10.1093/glycob/cwab003
https://doi.org/10.1021/acs.chemrev.0c00884
https://doi.org/10.1021/acs.chemrev.0c00884
https://doi.org/10.1002/cbic.201200478
https://doi.org/10.1002/cbic.201200478
https://doi.org/10.1038/nchem.2361
https://doi.org/10.1074/jbc.r114.585984
https://doi.org/10.3389/fragi.2020.620382
https://doi.org/10.1111/j.1460-9568.2006.05005.x
https://doi.org/10.4161/epi.3.2.6034
https://doi.org/10.1158/0008-5472.can-16-1846
https://doi.org/10.1002/ana.24553
https://doi.org/10.1155/2017/9084507
https://doi.org/10.1161/circgenetics.110.957779
https://doi.org/10.1086/430095
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/s41436-020-0760-2
https://doi.org/10.1038/s41436-019-0747-z
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Slawson, C., Housley, M. P., and Hart, G. W. (2006). O-GlcNAc Cycling:
How a Single Sugar post-translational Modification Is Changing the Way
We Think about Signaling Networks. J. Cel. Biochem. 97 (1), 71–83.
doi:10.1002/jcb.20676

Stewart, L. T., Abiraman, K., Chatham, J. C., and McMahon, L. L. (2020). Increased
O-GlcNAcylation Rapidly Decreases GABAAR Currents in hippocampus but
Depresses Neuronal Output. Sci. Rep. 10 (1), 7494. doi:10.1038/s41598-020-
63188-0

Stewart, L. T., Khan, A. U., Wang, K., Pizarro, D., Pati, S., Buckingham, S. C., et al.
(2017). Acute Increases in Protein O-GlcNAcylation Dampen Epileptiform
Activity in Hippocampus. J. Neurosci. 37 (34), 8207–8215. doi:10.1523/
jneurosci.0173-16.2017

Taylor, E. W., Wang, K., Nelson, A. R., Bredemann, T. M., Fraser, K. B., Clinton, S.
M., et al. (2014). O-GlcNAcylation of AMPA Receptor GluA2 Is Associated
with a Novel Form of Long-Term Depression at Hippocampal Synapses.
J. Neurosci. 34 (1), 10–21. doi:10.1523/jneurosci.4761-12.2014

Tian, Y., Chang, J. C., Fan, E. Y., Flajolet, M., and Greengard, P. (2013). Adaptor
Complex AP2/PICALM, through Interaction with LC3, Targets Alzheimer’s
APP-CTF for Terminal Degradation via Autophagy. Proc. Natl. Acad. Sci. U S
A. 110 (42), 17071–17076. doi:10.1073/pnas.1315110110

Trinidad, J. C., Barkan, D. T., Gulledge, B. F., Thalhammer, A., Sali, A., Schoepfer,
R., et al. (2012). Global Identification and Characterization of Both
O-GlcNAcylation and Phosphorylation at the Murine Synapse. Mol. Cell
Proteom. 11 (8), 215–229. doi:10.1074/mcp.o112.018366

Trinidad, J. C., Schoepfer, R., Burlingame, A. L., and Medzihradszky, K. F. (2013).
N- and O-Glycosylation in the Murine Synaptosome. Mol. Cell Proteom. 12
(12), 3474–3488. doi:10.1074/mcp.m113.030007

Trubnykova, M., Bazalar Montoya, J., La Serna-Infantes, J., Vasquez Sotomayor, F.,
Castro Mujica, M. D. C., and Abarca Barriga, H. H. (2019). GATAD2B Gene
Microdeletion Causing Intellectual Disability Autosomal Dominant Type 18:
Case Report and Review of the Literature. Mol. Syndromol. 10 (4), 186–194.
doi:10.1159/000499209

Ueda, K., Yanagi, K., Kaname, T., and Okamoto, N. (2019). A Novel Mutation in
the GATAD2B Gene Associated with Severe Intellectual Disability. Brain Dev.
41 (3), 276–279. doi:10.1016/j.braindev.2018.10.003

Vera, G., Sorlin, A., Delplancq, G., Lecoquierre, F., Brasseur-Daudruy, M., Petit, F.,
et al. (2020). Clinical and Molecular Description of 19 Patients with
GATAD2B-Associated Neurodevelopmental Disorder (GAND). Eur. J. Med.
Genet. 63 (10), 104004. doi:10.1016/j.ejmg.2020.104004

Vosseller, K., Trinidad, J. C., Chalkley, R. J., Specht, C. G., Thalhammer, A., Lynn,
A. J., et al. (2006). O-linked N-Acetylglucosamine Proteomics of Postsynaptic
Density Preparations Using Lectin Weak Affinity Chromatography and Mass
Spectrometry. Mol. Cell Proteom. 5 (5), 923–934. doi:10.1074/mcp.t500040-
mcp200

Wang, J., Le, T., Wei, R., and Jiao, Y. (2016). Knockdown of JMJD1C, a Target Gene
of Hsa-miR-590-3p, Inhibits Mitochondrial Dysfunction and Oxidative Stress
in MPP+-treated MES23.5 and SH-Sy5y Cells. Cel Mol. Biol. (Noisy-le-grand)
62 (3), 39–45. doi:10.14715/cmb/2016.62.3.8

Wang, P., Lazarus, B. D., Forsythe, M. E., Love, D. C., Krause, M. W., and Hanover,
J. A. (2012). O-GlcNAc Cycling Mutants Modulate Proteotoxicity in
Caenorhabditis elegans Models of Human Neurodegenerative Diseases. Proc.
Natl. Acad. Sci. 109 (43), 17669–17674. doi:10.1073/pnas.1205748109

Wang, S., Yang, F., Camp, D. G., Rodland, K., Qian, W.-J., Liu, T., et al. (2014).
Proteomic Approaches for Site-specific O-GlcNAcylation Analysis. Bioanalysis
6 (19), 2571–2580. doi:10.4155/bio.14.239

Wang, S., Yang, F., Petyuk, V. A., Shukla, A. K., Monroe, M. E., Gritsenko, M. A.,
et al. (2017). Quantitative Proteomics Identifies Altered O-GlcNAcylation of

Structural, Synaptic and Memory-associated Proteins in Alzheimer’s Disease.
J. Pathol. 243 (1), 78–88. doi:10.1002/path.4929

Wani, W. Y., Boyer-Guittaut, M., Dodson, M., Chatham, J., Darley-Usmar, V., and
Zhang, J. (2015). Regulation of Autophagy by Protein post-translational
Modification. Lab. Invest. 95 (1), 14–25. doi:10.1038/labinvest.2014.131

Wani, W. Y., Ouyang, X., Benavides, G. A., Redmann,M., Cofield, S. S., Shacka, J. J.,
et al. (2017). O-GlcNAc Regulation of Autophagy and α-synuclein
Homeostasis; Implications for Parkinson’s Disease. Mol. Brain 10 (1), 32.
doi:10.1186/s13041-017-0311-1

Willemsen, M. H., Nijhof, B., Fenckova, M., Nillesen, W. M., Bongers, E. M.,
Castells-Nobau, A., et al. (2013). GATAD2B Loss-Of-Function Mutations
Cause a Recognisable Syndrome with Intellectual Disability and Are
Associated with Learning Deficits and Synaptic Undergrowth in Drosophila.
J. Med. Genet. 50 (8), 507–514. doi:10.1136/jmedgenet-2012-101490

Wulff-Fuentes, E., Berendt, R. R., Massman, L., Danner, L., Malard, F., Vora, J.,
et al. (2021). The Human O-GlcNAcome Database and Meta-Analysis. Sci.
Data 8 (1), 25. doi:10.1038/s41597-021-00810-4

Yuzwa, S. A., Cheung, A. H., Okon, M., McIntosh, L. P., and Vocadlo, D. J. (2014).
O-GlcNAc Modification of Tau Directly Inhibits its Aggregation without
Perturbing the Conformational Properties of Tau Monomers. J. Mol. Biol.
426 (8), 1736–1752. doi:10.1016/j.jmb.2014.01.004

Yuzwa, S. A., Macauley, M. S., Heinonen, J. E., Shan, X., Dennis, R. J., He, Y., et al.
(2008). A Potent Mechanism-Inspired O-GlcNAcase Inhibitor that Blocks
Phosphorylation of Tau In Vivo. Nat. Chem. Biol. 4 (8), 483–490.
doi:10.1038/nchembio.96

Yuzwa, S. A., Shan, X., Macauley, M. S., Clark, T., Skorobogatko, Y., Vosseller, K.,
et al. (2012). Increasing O-GlcNAc Slows Neurodegeneration and Stabilizes
Tau against Aggregation. Nat. Chem. Biol. 8 (4), 393–399. doi:10.1038/
nchembio.797

Zachara, N. E., and Hart, G. W. (2004). O-GlcNAc a Sensor of Cellular State: the
Role of Nucleocytoplasmic Glycosylation in Modulating Cellular Function in
Response to Nutrition and Stress. Biochim. Biophys. Acta 1673 (1-2), 13–28.
doi:10.1016/j.bbagen.2004.03.016

Zhang, J. (2020). The Promise of a golden Era for Exploring the Frontiers of Aging,
Metabolism and Redox Biology. Front. Aging 1, 610406. doi:10.3389/
fragi.2020.610406

Zhu, Y., Shan, X., Yuzwa, S. A., and Vocadlo, D. J. (2014). The Emerging Link
between O-GlcNAc and Alzheimer Disease. J. Biol. Chem. 289 (50),
34472–34481. doi:10.1074/jbc.r114.601351

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Huynh, Wang, Ouyang, Wani, Johnson, Chacko, Jegga, Qian,
Chatham, Darley-Usmar and Zhang. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 75780110

Huynh et al. O-GlcNAc Proteome and Effect of TG

https://doi.org/10.1002/jcb.20676
https://doi.org/10.1038/s41598-020-63188-0
https://doi.org/10.1038/s41598-020-63188-0
https://doi.org/10.1523/jneurosci.0173-16.2017
https://doi.org/10.1523/jneurosci.0173-16.2017
https://doi.org/10.1523/jneurosci.4761-12.2014
https://doi.org/10.1073/pnas.1315110110
https://doi.org/10.1074/mcp.o112.018366
https://doi.org/10.1074/mcp.m113.030007
https://doi.org/10.1159/000499209
https://doi.org/10.1016/j.braindev.2018.10.003
https://doi.org/10.1016/j.ejmg.2020.104004
https://doi.org/10.1074/mcp.t500040-mcp200
https://doi.org/10.1074/mcp.t500040-mcp200
https://doi.org/10.14715/cmb/2016.62.3.8
https://doi.org/10.1073/pnas.1205748109
https://doi.org/10.4155/bio.14.239
https://doi.org/10.1002/path.4929
https://doi.org/10.1038/labinvest.2014.131
https://doi.org/10.1186/s13041-017-0311-1
https://doi.org/10.1136/jmedgenet-2012-101490
https://doi.org/10.1038/s41597-021-00810-4
https://doi.org/10.1016/j.jmb.2014.01.004
https://doi.org/10.1038/nchembio.96
https://doi.org/10.1038/nchembio.797
https://doi.org/10.1038/nchembio.797
https://doi.org/10.1016/j.bbagen.2004.03.016
https://doi.org/10.3389/fragi.2020.610406
https://doi.org/10.3389/fragi.2020.610406
https://doi.org/10.1074/jbc.r114.601351
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Defining the Dynamic Regulation of O-GlcNAc Proteome in the Mouse Cortex---the O-GlcNAcylation of Synaptic and Trafficking  ...
	Introduction
	Results and Discussion
	Quantitative Profiling of O-GlcNAcylated Proteins and Peptides in Mouse Cortex
	Synaptic and Trafficking Proteins Are Highly Enriched in the 65 O-GlcNAcylated Proteins Regulated by TG Administration
	Proteins Relevant to Neurodegenerative Diseases Are Dynamically Regulated by O-GlcNAcylation
	Unique and Common Proteins Identified Compared to Two Extensive Cortical O-GlcNAcome Studies

	Summary
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


