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Abstract

The modification of intracellular proteins by monosaccharides of O-linked β-N-acetylglucosamine 

(O-GlcNAc) is an essential and dynamic post-translational modification of metazoans. The 

addition and removal of O-GlcNAc is catalyzed by the O-GlcNAc transferase (OGT) and O-

GlcNAcase, respectively. One mechanism by which O-GlcNAc is thought to mediate proteins is 

by regulating phosphorylation. To provide insight into the pathways regulated by O-GlcNAc, we 

have utilized stable isotope labeling of amino acids in cell culture (SILAC)-based quantitative 

proteomics to carry out comparisons of site-specific phosphorylation in OGT wild-type (WT) and 

Null cells. Quantitation of the phosphoproteome demonstrated that out of 5,529 phosphoserine, 

phosphothreonine and phosphotyrosine sites, 232 phosphosites were upregulated and 133 

1To whom correspondence should be addressed: Akhilesh Pandey, M. D., Ph. D., McKusick-Nathans Institute of Genetic Medicine, 
Johns Hopkins University School of Medicine, 733 N. Broadway, MRB Room 527, Baltimore, MD 21205, USA, Tel: 
+1-410-502-6662, Fax: +1-410-502-7544, pandey@jhmi.edu. Natasha E. Zachara, B. Tech., Ph. D., Department of Biological 
Chemistry, Johns Hopkins University School of Medicine, 725 N. Wolfe St, WBSB 408, Baltimore, MD 21205, USA, Tel: 
+1-410-955-7049, Fax: +1-410-955-5759, nzachara@jhmi.edu. 

Data Availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repository [65] with the dataset identifier PXD001153.

Conflict of interest: Authors do not claim conflict of interest.

HHS Public Access
Author manuscript
Proteomics. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Proteomics. 2015 January ; 15(0): 591–607. doi:10.1002/pmic.201400339.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org


downregulated in the absence of O-GlcNAc. Collectively, these data suggest that deletion of OGT 

has a profound effect on the phosphorylation of cell cycle and DNA damage response proteins. 

Key events were confirmed by biochemical analyses and demonstrate a increase in the activating 

autophosphorylation event on ATM (Ser1987) and on ATM’s downstream targets p53, H2AX and 

Chk2. Together, these data support widespread changes in the phosphoproteome upon removal of 

O-GlcNAc, suggesting that O-GlcNAc regulates processes such as the cell cycle, genomic 

stability, and lysosomal biogenesis.
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1. Introduction

The addition of the monosaccharide β-N-acetylglucosamine through an O-glycosidic bond 

(O-GlcNAc) to intracellular proteins is a ubiquitous post-translational modification that 

serves to mediate protein function and regulate cellular signaling. In contrast to other post-

translational modifications cycled by hundreds of enzymes that mediate site specificity, O-

GlcNAc is cycled by just two enzymes. The O-GlcNAc transferase (OGT) [1, 2] and the O-

GlcNAcase (OGA) [3, 4], catalyze the addition and removal of O-GlcNAc from both serine 

and threonine residues, respectively. There are three splice variants of OGT termed nuclear/

cytoplasmic OGT (ncOGT), mitochondrial OGT (mOGT) and short OGT (sOGT) [5]. All 

variants contain a C-terminal catalytic domain [1, 2] with varying numbers of N-terminal 

tetratricopeptide repeats, which regulate protein-protein interactions and may dictate 

substrate specificity [1, 2, 5]. O-GlcNAcase exists as two splice variants, one that contains 

an N-terminal hexosaminidase domain and a C-terminal domain that bares similarity to a 

histone acetyltransferase domain. The shorter variant contains the hexosaminidase domain 

and a short alternative C-terminus [3, 6].

Thousands of proteins are modified by O-GlcNAc, and the dynamic cycling of this 

modification is essential for cellular homeostasis. Knockout of OGT is embryonic lethal in 

mice [7], and Caenorhabditis elegans exhibit shortened lifespan and produce deficiencies in 

macronutrient storage and dauer larvae formation [8, 9]. In mice, the O-GlcNAcase 

knockout is perinatal lethal [10] and in C. elegans, presents with similar macronutrient 

deficiencies as the OGT Null, but demonstrate increased dauer larvae formation [11]. O-

GlcNAc also appears essential for the response of cells and tissues to stress and injury. 

Studies in COS-7 cells have demonstrated elevated O-GlcNAc levels in response to 

oxidative, genotoxic, osmotic and heat stress, and a predisposition to cellular injury upon 

deletion of OGT [12]. Similarly, ischemic preconditioning produced a global increase of O-

GlcNAc levels in mice [13]. This study also demonstrated that inhibition of O-GlcNAcase to 

raise O-GlcNAc levels prior to myocardial infarction reduced infarct size comparable to 

ischemic preconditioning. These data indicate that O-GlcNAc mediates a pro-survival 

response, although the mechanisms by which it achieves this remain unclear. One possible 

mechanism by which O-GlcNAc promotes survival and cellular homeostasis is through the 

regulation of phosphorylation events.
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Due to the modification of the same serine and threonine residues by both O-GlcNAc and 

phosphorylation on proteins such as c-Myc and eNOS [14, 15], it has been proposed that 

crosstalk exists between these two modifications (Figure 1A). Several studies have shown 

that loss or inhibition of either OGT or O-GlcNAcase results in changes in serine and 

threonine phosphorylation profiles [11, 16, 17]. Similarly, inhibition of serine/threonine 

phosphatases 1, 2A, 2B with okadaic acid alters the profile of O-GlcNAc modified proteins 

[16]. Consistent with the idea that a subset of proteins can be rapidly cycled from 

phosphorylated to O-GlcNAcylated, both OGT and O-GlcNAcase are found in complexes 

with protein phosphatases and kinases [18, 19]. Many studies support a reciprocal regulation 

of serine and threonine residues by O-GlcNAc and O-phosphate [16, 20–22], which may 

depend on the active cycling of phosphorylation sites [16]. Indeed, a recent study identifying 

both O-GlcNAc modified proteins and phosphorylated proteins in the murine synapse 

showed that phosphorylated proteins are significantly more likely to be O-GlcNAc modified 

compared to non-phosphorylated proteins [23]. However, there did not appear to be an 

enrichment in sites that were reciprocally modified, indicating that O-GlcNAc may be 

modifying proteins at sites proximal to the phosphosite, possibly creating stearic hindrance 

for kinases and phosphatases (Figure 1B). An alternative mechanism by which OGT may 

regulate phosphorylation status is by modifying and regulating protein kinases and 

phosphatases (Figure 1D) [24, 25].

Previous phosphoproteomic studies have focused on identifying changes in phosphorylation 

in cells with increased O-GlcNAc levels either by pharmacological inhibition of O-

GlcNAcase or by overexpression of OGT [11, 20, 26]. We postulated that decreasing O-

GlcNAcylation may provide more insight into the essential role of O-GlcNAc in cells, 

tissues, and organisms. Here, we applied a stable isotope labeling of amino acids in cell 

culture (SILAC)-based strategy to study phosphoproteomic changes induced by the deletion 

of OGT in cells [17, 27]. Using TiO2- and anti-phosphotyrosine antibody-based 

phosphopeptide enrichment, we identified 6,370 phosphosites on 2,070 phosphoproteins. 

We were able to quantify changes on 5,529 phosphosites by SILAC. Amongst them, a total 

of 364 phosphosites have been modulated by the deletion of OGT. We not only identified 

increased phosphorylation of vimentin, a known phosphoprotein regulated by O-

GlcNAcylation, but also a number of novel proteins whose phosphorylation have not been 

reported to be regulated by OGT. These proteins include serine-protein kinase ATM, serine/

threonine-protein kinase Chk1, mitogen-activated protein kinase 14 (MAPK14) and lysine-

specific demethylase 2a. These proteins, and others identified in the screen, are 

predominantly involved in two different biological processes – cell cycle regulation and 

DNA damage response.

2. Material and methods

2.1 Reagents

Anti-ATM antibodies were purchased from Abcam (Cambridge, MA, USA), anti-ATM 

(pSer1987) antibodies from Calbiochem (Darmstadt, Germany), anti-OGT (DM17) and 

actin antibodies from Sigma (St. Louis, MO, USA), anti-γH2AX antibodies from Affinity 

Bioreagents (Golden, CO, USA), anti-H2AX and Stat3 from Santa Cruz Biotechnology 
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(Dallas, TX, USA). Anti-p53, p-p53 (pSer15), Chk2, pChk2 (pThr68), AKT 

phosphosubstrate, pAKT (pSer473) and (pThr308), AKT, pStat3 (Tyr705) and anti-

phosphotyrosine mouse mAb (pTyr-100) beads for immunoaffinity purification of 

phosphopeptides were purchased from Cell Signaling Technology (Danvers, MA, USA). 

Anti-O-GlcNAc antibodies (CTD 110.6) were supplied by Core C4 (Johns Hopkins 

University School of Medicine, Baltimore, MD, USA). DMEM medium with and without 

Lysine and Arginine, fetal bovine serum (FBS), L-glutamine and antibiotics were from 

Invitrogen (Carlsbad, CA, USA). SILAC amino acids, 13C6, 15N2-Lysine and 13C6, 14N4-

Arginine, were from Cambridge Isotope Laboratories (Andover, MA, USA). Titanspheres 

(TiO2, 5 μm beads) were from GL Sciences Inc. (Torrance, CA, USA). L-1-Tosylamide-2-

phenylethyl chloromethyl ketone (TPCK) treated trypsin was from Worthington 

Biochemical Corp. (Lakewood, NJ, USA). All other reagents used in this study were from 

Fisher Scientific (Pittsburgh, PA, USA).

2.2 SILAC labeling and peptide preparation for mass spectrometry analysis

An immortalized mouse embryonic fibroblast (MEF) cell line in which OGT can be 

inducibly deleted was described previously [27]. Briefly, as shown in Figure 2A, MEFs in 

which the OGT allele is flanked by loxP recombination sites (OGTf/y) have been stably 

transduced with Cre-ErT2-GFP (OGTf/y Cre-ErT2-GFP). OGTf/y Cre-ErT2-GFP MEFs 

were maintained in DMEM medium supplemented with FBS, L-glutamine, penicillin, 

streptomycin at 37 °C in 5% CO2, and adapted to the SILAC media as described earlier [28]. 

MEFs grown in 13C6, 15N2-lysine/13C6, 15N4-arginine-containing media (heavy) and normal 

media (light) were plated at 5 × 105 cells per 100 mm plate. After 6 h, MEFs grown in heavy 

media were treated with 500 nM 4-hydroxytamoxifen (4-OHT) in ethanol for 12 h at 37 °C 

to induce deletion of OGT, and MEFs grown in light medium were treated with ethanol for 

12 h at 37 °C as a control. 24 h prior to harvest, 4-OHT was removed and cells were fed 

complete medium.

Peptides were prepared by an in-solution tryptic digestion protocol with modifications [29]. 

Briefly, OGT Null (4-OHT treated) or OGT WT (ethanol treated) MEFs (N=3) were lysed in 

lysis buffer (20 mM HEPES pH 8.0, 9 M urea, 1 mM sodium orthovanadate, 2.5 mM 

sodium pyrophosphate, 1 mM β-glycerophosphate, 2 μM Thiamet-G), sonicated and cleared 

by centrifugation at 16,000 × g at 15 °C for 20 min. Equal amounts of protein (30 mg each) 

from the OGT WT and Null MEFs were mixed, reduced with 4.5 mM dithiothreitol and 

alkylated with 10 mM iodoacetamide. For tryptic digestion, protein extracts were diluted in 

20 mM HEPES pH 8.0 to a final concentration of 2 M urea and incubated with TPCK-

treated trypsin at 25 °C overnight. Protein digests were acidified by 1% v/v trifluoroacetic 

acid (TFA) and subjected to centrifugation at 2,000 × g at 25 °C for 5 min. The supernatant 

of the protein digests was loaded onto a Sep-Pak C18 column (Waters, Columbia, MD) 

equilibrated with 0.1% v/v TFA. Columns were washed with 6 ml of 0.1% v/v TFA twice 

and peptides were eluted in 2 ml of 40% v/v acetonitrile (ACN) with 0.1% v/v TFA three 

times. Eluted peptides were lyophilized and subjected to phosphopeptide enrichment.
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2.3 Phosphopeptide enrichment strategy

The enrichment of phosphopeptides was carried out using the strategy described previously 

[30] that combines immunoaffinity purification (IAP) of phosphopeptides [29] with TiO2-

based phosphopeptide enrichment following strong cation exchange chromatography 

fractionation (SCX) [31, 32]. Briefly, after lyophilization, 60 mg of peptides were split into 

two portions – 48 mg and 12 mg. 48 mg of peptide mixture was dissolved in 1.4 ml of IAP 

buffer (50 mM MOPS pH 7.2, 10 mM sodium phosphate, 50 mM NaCl) and subjected to 

centrifugation at 2,000 × g at room temperature for 5 min. Before IAP, pTyr-100 beads were 

washed with IAP buffer twice at 4 °C and the pH of the supernatant containing the peptides 

was adjusted to 7.2 by adding 1 M Tris base. For IAP, the supernatant was incubated with 

pTyr-100 beads (Cell Signaling Technology) at 4 °C for 30 min and the beads washed three 

times with IAP buffer and then twice with water. Peptides were eluted twice from beads by 

incubation with 0.15% TFA at room temperature.

The remaining 12 mg of lyophilized peptides were resuspended in 1 ml of solvent A (5 mM 

KH2PO4 pH 2.7, 30% v/v ACN) and fractionated by SCX on a PolySULPHOETHYL A (5 

μm, 200 Å) column (200 × 9.4 mm; PolyLC Inc., Columbia, MD) using a linear gradient of 

solvent B (5 mM KH2PO4 pH 2.7, 30% v/v ACN, 350 mM KCl) on an Agilent 1100 LC 

system (Santa Clara, CA, USA). A total of 96 fractions were collected. For the whole 

proteomic analysis, 10% of the peptides from each fraction were pooled into 12 fractions 

and dried using a vacuum concentrator (Eppendorf, Hamburg, Germany). For the 

phosphoproteomic analysis, the remaining peptides (90%) in each fraction were pooled into 

16 fractions, dried using a vacuum concentrator (Eppendorf) and subjected to TiO2-based 

phosphopeptide enrichment as described by Larsen et al. [31]. Briefly, TiO2 beads were 

pretreated by incubation with 2,5-dihydroxybenzoic acid (DHB) solution (80% v/v ACN, 

1% v/v TFA, 3% w/v (DHB) for 2–4 hours at room temperature. Each fraction was 

resuspended in DHB and incubated with pretreated TiO2 beads. Phosphopeptide-bound 

TiO2 beads were washed three times with DHB solution and twice with 40% v/v ACN. 

Peptides were eluted three times with 40 μl of 2% v/v ammonia into 20 μl of 20% v/v TFA. 

The enriched phosphopeptides along with the fractionated peptides were cleaned up by C18 

StageTip described previously [30].

2.4 Liquid chromatography tandem mass spectrometry

LC-MS/MS analysis of peptides and phosphopeptides was carried out using a reversed 

phase liquid chromatography system interfaced with an LTQ-Orbitrap Velos mass 

spectrometer. The mass spectrometer was operated in the “high-high” mode, where mass 

spectra of both precursor and product ions were acquired in the high resolution Orbitrap 

analyzer (Thermo Scientific). The peptides were loaded onto an analytical column (10 cm × 

75 μm, Magic C18 AQ 5 μm, 120 Å) in 0.1% v/v formic acid and eluted using an ACN 

gradient (0–60% v/v) containing 0.1% v/v formic acid. The settings were: a) Precursor scans 

(FTMS) from 350–1,800 m/z at 60,000 resolution; and b) MS2 scan (FTMS) of HCD 

fragmentation of the 10 most intense ions (isolation width: 1.90 m/z; normalized collision 

energy: 35%; activation time=0.1 ms) at 7,500 resolution.
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2.5 Mass spectrometry data analysis

The tandem mass spectra were searched using Andromeda algorithm [33] against a mouse 

UniProt database (released February 2014) through the MaxQuant platform (version 1.4.1.2) 

[34, 35]. The search parameters included: 2 SILAC states with Arg10 (13C6, 15N4-Arginine) 

and Lys8 (13C6, 15N2-Lysine); maximally-labeled amino acids of 3; a maximum of two 

missed cleavages; carbamidomethylation of cysteine as a fixed modification; oxidation of 

methionine; and phosphorylation of serine, threonine and tyrosine. The monoisotopic 

peptide tolerance was set to 10 ppm and the first search and main search for MS/MS were 

set to 20 ppm and 4.5 ppm, respectively. The maximum modifications per peptide was set to 

6 and the maximum charge was set at 7. The reward type of the target-decoy analysis was 

chosen. The peptide-spectrum match (PSM) false discovery rate (FDR), protein FDR and 

the site decoy fraction were set to 0.01. The minimum peptide length was set to 7. The 

minimal scores for unmodified and modified peptides were 0 and 40, respectively. The 

minimal delta score for unmodified and modified peptides were 0 and 17, respectively. The 

minimum of unique and razor peptides for identification was set to 1. The ratio of heavy/

light for each PSM was calculated using MaxQuant. The quantitation of identified proteins 

was carried out using at least 1 razor/unique non-phosphopeptide. The quantitation of each 

identified phosphosite was carried out using the least modified peptide and normalized. The 

probability of phosphorylation for each Ser/Thr/Tyr site on each peptide was calculated 

using Andromeda (MaxQuant).

2.6 Bioinformatics analysis

The Gene Ontology annotation of identified phosphoproteins was obtained from the 

PANTHER Classification System [36, 37] and the DAVID Bioinformatics Resource ver6.7 

[38, 39]. The DNA damage response pathway map was constructed by manual curation of 

literatures [40–42] combined with the information from the DAVID Bioinformatics 

Resource.

2.7 Western blotting analysis

For western blot analysis, MEFs were grown as described above in DMEM (1 g/L glucose), 

10% v/v FBS, Pen/Strep. As an alternative, U2OS cells were plated at 1×106 cells per 100 

mm plate in DMEM (4.5 g/L glucose), 10% v/v FBS, Pen/Strep. All cells were maintained 

in a humidified water-jacketed incubator at 37 °C 5% CO2. Cells were extracted in NP-40 

extraction buffer (1% v/v NP-40 in TBS, 2 mM EDTA, protease, phosphatase and 

glycosidase inhibitors) as described previously [27]. Total cell lysates were separated by 

SDS-PAGE, and proteins and phosphorylation events were detected by immunoblot as 

described previously [27]. Quantitation of western blots was performed using Image J.

2.8 Transfections and Transductions

O-GlcNAc levels were lowered in U2OS cells by viral transduction of O-GlcNAcase. 

Adenovirus expressing either GFP or O-GlcNAcase was placed on cells for 6 h at an 

multiplicity of infection of 50 [43]. For both transductions, reagents were removed at 6 h 

and cells were fed complete media. Media was changed at 24 h, and experiments initiated 18 

h later.
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2.9 Stress Treatments

U2OS and MEF cells in which O-GlcNAc levels had been suppressed (above) were 

subjected to 2 μM Doxorubicin (in DMSO) for the indicated lengths of time. Controls were 

treated with DMSO.

2.10 Nuclear and Cytoplasmic Extractions

Cells were washed in ice-cold PBS, pelleted and snap frozen. Nuclear and cytoplasmic 

extracts were performed as previously reported by Qing and co-workers [44]. The 

fractionation was assessed by immunoblotting for Tubulin (cytosolic) and Lamin-B 

(nuclear).

2.11 Statistical analysis

All statistical calculations were performed using GraphPad Prism 6 software® (San Diego, 

CA, USA). All data were assumed to be parametric. Student’s unpaired t-test was used to 

compare groups. Error bars represent the standard error of the mean. A p-value less than 

0.05 was considered statistically significant.

3. Results

3.1 Inducible deletion of OGT results in complex changes to cellular phosphorylation

Previously, we have generated an immortalized MEF cell line in which deletion of OGT can 

be induced by addition of 4-OHT (Figure 2A). We have shown that this treatment results in 

significantly reduced OGT expression and thus O-GlcNAc levels at 36 h. Deletion of OGT 

is ultimately lethal in these cells. However, significant cell death does not occur until ~50 h 

[27]. Using these OGT WT and Null cells, we assessed changes in phosphorylation levels by 

immunoblotting (Figure 2B). Tyrosine phosphorylation displayed complex changes upon 

deletion of OGT, with some proteins exhibiting an increase in phosphorylation and others a 

decrease. O-GlcNAc has previously been shown to inhibit the AKT signaling pathway [45]. 

Using a substrate specific antibody, we probed the levels of AKT substrate phosphorylation. 

Our data suggest that deletion of OGT suppresses AKT signaling, which may reflect the 

enhanced sensitivity of these cells to injury. Next we assessed phosphorylation of AKT 

itself, focusing on phosphorylation of Thr308 and Ser473 which are thought to activate 

AKT. Phosphorylation of Thr308 was unaffected by deletion of OGT, whereas 

phosphorylation at Ser473 was paradoxically elevated. Finally, we probed for 

phosphorylation of ERK1/2, which was elevated in response to deletion of OGT. This is in 

contrast to previous findings that ERK1/2 phosphorylation is promoted by O-GlcNAcylation 

[46]. Together these data support a model in which there is a complex interplay between O-

GlcNAc and phosphorylation that cannot simply be explained by competition between these 

two post-translational modifications for hydroxyl residues (Figure 1A). To provide insight 

into the phosphorylation events most affected by deletion of OGT, we performed a SILAC-

based quantitative phosphoproteomic analysis of OGT Null MEFs.
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3.2 A quantitative approach to identify changes in the phosphoproteome in response to 
OGT deletion

To systematically evaluate the effects of deleting OGT, and thus lowering O-GlcNAc levels 

on phosphorylation-based signaling pathways, we have used a SILAC-based approach 

outlined in Figure 3. Three separate biological replicates were assessed using this workflow. 

From each replicate, 80% of the peptides were first subjected to an anti-phosphotyrosine 

antibody-based phosphopeptide enrichment. The remaining peptides (20%) were 

fractionated into 96 fractions by SCX, 10% of which were merged into 12 fractions for 

quantifying changes in protein expression. The remaining 90% of peptides separated by 

SCX were merged into 16 fractions and subjected to a TiO2-based phosphopeptide 

enrichment. After the removal of salt by C18 StageTip cleanup, the fractionated peptides and 

the enriched phosphopeptides were analyzed by LC-MS/MS on an LTQ-Orbitrap Velos 

mass spectrometer.

From three biological replicate experiments, 88 LC-MS/MS runs were carried out. A total 

415,197 mass spectra were processed and searched against a Uniprot database using 

Andromeda [33] through MaxQuant (Version 1.4.1.2) [34, 35]. Using a FDR cut-off of 1% 

at both peptide and protein levels, a target-decoy analysis generated 152,700 PSM, of which 

41,750 were phosphopeptide-spectrum-matches. After excluding reverse and contaminating 

matches, we identified a total of 3,516 protein groups and 19,623 peptides. Among these 

identified peptides, 5,603 were phosphopeptides that contained 6,370 phosphorylation sites 

(5,217 phosphoserine, 894 phosphothreonine and 259 phosphotyrosine sites). These 

phosphopeptides mapped to 2,070 phosphoproteins. Figure 4A shows the numbers of these 

phosphoproteins, categorized by molecular function based on the annotation by the 

PANTHER classification system. The majority of these proteins are adapter proteins and 

enzymes, including kinases and phosphatases, which are statistically overrepresented in our 

study.

The quantitation of protein groups and phosphosites was carried out using the MaxQuant 

platform. The changes of identified proteins were carried out using the quantitation of non-

phosphopeptides (Supplementary Table 1), while changes in phosphosites were calculated 

using the least-modified phosphopeptides and then normalized to the changes of the 

corresponding protein, if possible (Supplementary Table 2). We chose 1.5 fold-cutoff for 

increased protein phosphorylation and a 0.67 fold-cutoff for decreased phosphorylation. 

Figure 4B shows the distribution of the fold changes in phosphorylation events, among 

which the majority remain unchanged by the deletion of OGT. Of the phosphorylation sites 

identified and quantified in this study, phosphorylation of 232 serine, threonine or tyrosine 

residues was increased (Table 1, Supplementary Table 3), whereas, 131 serine, threonine or 

tyrosine residues exhibited decreased phosphorylation (Table 2, Supplementary Table 3). 

We also observed that the deletion of OGT altered the phosphorylation of a number of 

kinases and a phosphatase, including the serine/threonine kinase, ataxia telangiectasia 

mutated (ATM), checkpoint kinase 1 (Chk1) and the receptor tyrosine kinase c-Met (Figure 

5; Table 3). Many of these enzymes are involved in the DNA damage response and 

regulation of the cell cycle, suggesting that OGT mediates signaling events within these 

pathways.
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3.3 Inducible deletion of OGT changes phosphorylation on proteins involved in cell cycle 
and DNA damage response

Previous studies have characterized the phosphoproteome in cells in which O-GlcNAc levels 

have been enhanced either by inhibition of O-GlcNAcase or overexpression of OGT [16, 

20]. In both mouse NIH3T3 cells [16] and Hela cells [20], elevation of O-GlcNAc appeared 

to positively and negatively regulate phosphorylation levels at distinct sites. We compared 

the phosphorylation sites regulated by deletion of OGT identified in our study with the 

phosphorylation sites regulated by elevating O-GlcNAc levels in mouse NIH3T3 cells. This 

comparison identified 13 phosphosites found in both studies (Supplementary Table 3). 

Among them, the phosphorylation of five sites that were upregulated by deletion of OGT 

were decreased by the inhibition of O-GlcNAcase. Similarly, the phosphorylation level of 

two sites that were downregulated by deletion of OGT were increased by the inhibition of 

O-GlcNAcase. The remaining six sites showed the same direction of changes in both 

studies. The results of this comparison suggest that increasing or decreasing O-GlcNAc 

levels may affect the cellular phosphoproteome at different points. Alternatively, these data 

may reflect the approaches used to modulate O-GlcNAc levels. In the OGT Null cells, there 

is no dynamic cycling of the O-GlcNAc modification, whereas in models where OGT has 

been overexpressed or O-GlcNAcase has been inhibited, cycling of the O-GlcNAc 

modification has been slowed. One other possibility is that modulation of OGT expression 

may affect cellular events in an O-GlcNAc independent manner, such as altering protein-

protein interactions.

The DAVID bioinformatics resource (ver. 6.7) was used to search the biological process 

ontology terms of proteins with increased phosphorylation by inducible deletion of OGT 

(Figure 6). The proteins mapped into numerous pathways, although consistently these 

pathways were involved in regulating the cell cycle or DNA damage response. Several of 

these proteins are involved in homologous recombination, such as structural maintenance of 

chromosomes 1 and 3 (SMC1, SMC3) and ATM, or mismatch repair like mutS homolog 6 

(MSH6). Due to incomplete annotation through DAVID, we sought to find whether other 

phosphoproteins quantified in our study are involved in DNA damage response by manual 

curation of the literature. The pathways and proteins outlined in Figure 6 demonstrate the 

phosphorylation events identified in our study in response to deletion of OGT, including 

those phosphoproteins identified that remain unchanged. These proteins appear to be most 

highly represented in double and single strand break repair pathways.

3.4 The DNA Damage Kinase Ataxia Telangiectasia Mutated (ATM) and its Substrates are 
Basally Active in the OGT Null

Because ATM regulates various cellular processes involved in the cellular stress response 

including, double strand break repair and cell cycle control [47], oxidative stress [48], and 

chromatin remodeling [49], we sought to further investigate the role of OGT in regulating 

ATM. ATM is a serine/threonine kinase belonging to the phosphatidylinositol 3-kinase 

related kinase (PIKK) family, and is activated by autophosphorylation of Ser1987 (Ser1981 

in humans) [50]. Quantitation by MS analysis indicated that phosphorylation of this residue 

was increased 2.5 fold in OGT Null over WT, which was confirmed by western blot analysis 

(Figure 7A, B). Consistent with enhanced activation of ATM, phosphorylation of the ATM 
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substrate p53 was elevated in response to OGT deletion (Figure 7A, D). Similarly, 

phosphorylation of the H2A histone family member X (H2AX), which is involved in DNA 

double strand break repair, was also elevated in OGT Null (Figure A, C). These data suggest 

that OGT regulates ATM, thus affecting downstream phosphorylation targets.

To further evaluate the effects of decreasing O-GlcNAc levels on ATM, H2AX and serine/

threonine-protein kinase Chk2 were examined in U2OS cells where O-GlcNAcase was 

overexpressed by viral transduction (Figure 7E, F, and G). Upon treatment of cells with the 

DNA intercalating agent, doxorubicin, γH2AX and pChk2 trended towards elevation in 

OGT Null compared to WT cells at 15 and 30 min.

Traditionally, induction of DNA double strand breaks causes ATM to become 

phosphorylated and translocate to the nucleus to participate in the repair process [50]. 

Recent studies suggest, however, that ATM is activated in response to other stressors [51]. 

ATM and pATM localization were evaluated in cytoplasmic and nuclear fractions. ATM 

was present in the cytoplasm and nucleus of both WT and OGT Null (Figure 7H). However, 

phosphorylated ATM is elevated in both the cytosolic and nuclear fractions of OGT Null 

cells. Thus, these data suggest that ATM phosphorylation may be regulated by O-GlcNAc in 

a manner independent of genomic instability.

3.5 Deletion of OGT alters the expression of a subset of proteins, including proteins 
involved in the biosynthesis of UDP-GlcNAc

We were able to compare the amount of 2,403 proteins from OGT WT and Null cells, of 

which 1,940 were quantified in at least two biological replicates. Surprisingly, only a modest 

number of proteins displayed increased expression or decreased expression (Table 4, 

Supplementary Table 4). We compared our data to a recent report in which O-GlcNAc 

levels were either elevated or suppressed using viral transduction of OGT or the O-

GlcNAcase, and the effect on mitochondrial protein expression was quantified [52]. 

Comparison of these datasets with ours did not identify any corresponding proteins between 

the two studies or changes in individual protein expression levels. This is likely due to 

differences in experimental design, including choice of cell type (human SY5Y 

neuroblastoma cells vs. mouse embryonic fibroblasts) and the cellular fraction assessed 

(mitochondrial vs. nuclear and cytoplasmic).

Many of the proteins identified in our study with changes in expression level appear to be 

involved in interferon based signaling pathways and ADP-ribosylation. In addition, several 

proteins involved in the synthesis of UDP-GlcNAc were upregulated. These proteins include 

UDP-N-acetylhexosamine pyrophosphorylase-1 (UAP1) and Glucosamine-6-phosphate 

isomerase 1 (Gnpda1). Previously, we and others have shown that the cell responds to 

pharmacological or genetic modulation of O-GlcNAc levels in an attempt to maintain basal 

O-GlcNAc levels [27, 43]. For instance, deletion of OGT results in suppression of 

expression of O-GlcNAcase. It’s possible that upregulation of enzymes within the 

hexosamine biosynthetic pathway is another mechanism used by the cell to maintain O-

GlcNAc levels when the expression of OGT is suppressed.
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4. Discussion

In this study we have evaluated and quantified the global phosphoproteome of OGT wild-

type and Null cells using a SILAC-based methodology. In total, 5,529 phosphoserine, 

phosphothreonine and phosphotyrosine sites were quantified. Of those, 232 phosphosites 

were upregulated and 133 downregulated in the OGT Null compared with WT. In addition, 

from the 2,403 proteins quantified, 60 proteins had increased and 33 had decreased 

expression levels (Table 4, Supplementary Table 4). Previous studies in C. elegans have 

demonstrated that O-GlcNAc robustly regulates transcription and translation events involved 

in phosphatidylinositol 3,4,5 trisphosphate (PIP3) signaling, hexosamine biosynthetic 

pathway and lipid/carbohydrate metabolism [53]. While we also observed changes in the 

hexosamine biosynthetic pathway, widespread changes in protein levels were relatively 

modest, which may suggest that OGT is not a global regulator of transcription or translation 

in our model.

Comparison of our study with previous research examining changes in the phosphoproteome 

induced by elevating O-GlcNAc by inhibiting O-GlcNAcase identified 13 sites common to 

both studies, only 7 of which tracked with O-GlcNAc levels [20]. The remaining 6 sites 

were altered in the same direction in both studies, suggesting that particular pathways may 

attempt to compensate for changes in O-GlcNAc levels within the cell by utilizing similar 

pathways. Despite identification of 428 and 364 altered phosphorylation sites in response to 

elevated and decreased O-GlcNAc levels, respectively [16], we observed very little overlap 

in the sites that were identified. This may be indicative of differences in the chosen cell lines 

and experimental design or may suggest that the direction of the change of the O-GlcNAc 

level within the cell affects cellular processes differentially. These data may also reflect the 

approaches used to modulate O-GlcNAc levels. Inhibition of O-GlcNAcase increases 

cellular O-GlcNAc levels and reduces the cycling of the O-GlcNAc modification, whereas 

deletion of OGT decreases cellular O-GlcNAc level and terminates cycling.

We identified 11 kinases and 1 phosphatase with changed phosphorylation profiles in 

response to OGT deletion (Table 3). Of the 12 phosphorylation regulating enzymes 

identified, 7 are involved in the DNA damage response or regulation of the cell cycle and 

include c-Met, Mitogen activated protein kinase 3 (MAPK3; also known as ERK1), Mitogen 

activated protein kinase 14 (MAPK14; also known as p38α), Serine/threonine protein kinase 

Nek4 (Nek4), Serine/threonine protein kinase Chk1, Thymidine kinase 1 (TK1) and M-

phase inducer phosphatase 2 (Cdc25B). For example, the phosphatase, Cdc25B, is 

phosphorylated by Aurora A kinase at Ser353 in human Hela cells [54]. This site is 

conserved in mouse, and was identified in our study. Phosphorylation of this residue results 

in co-localization with activated Aurora A kinase at the centrosome and induction of G-M 

phase transition via dephosphorylation of cyclins. As this site was found to have decreased 

phosphorylation levels, deletion of OGT may result in arrest at G-M phase. MAPK14 has 

also been shown to phosphorylate Cdc25B at Ser309 and Ser361, which results in binding to 

14-3-3 proteins and initiation of the G-M phase checkpoint [55]. Furthermore, Chk1 

phosphorylates Cdc25B in the non-catalytic N-terminus in response to DNA damage, 

inhibiting its phosphatase activity [56]. Together, these data may suggest that Cdc25B and 
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its regulators may play an as yet unappreciated role in OGT regulation of DNA damage and 

the cell cycle.

Functional analysis by DAVID indicated that many of the phosphoproteins identified in our 

study are involved in DNA damage response (Figures 6 and 7). Manual literature curation, 

along with the functional annotation by DAVID, demonstrated an enrichment in proteins 

involved in both single and double strand DNA break repair (Figure 6). ATM, a key 

regulator of DNA damage repair, as well as additional cellular stress response pathways, 

was identified in our study (Figure 5). Induction of double strand breaks or other cellular 

stressors causes dissociation of inactive dimers to active monomers via ATM 

autophosphorylation [50]. Phosphorylation of Ser1987, which is the ATM activation site and 

is located in the FAT domain [50], was elevated 2.5 fold in OGT Null cells over WT (Figure 

4). ATM is most noted for its role in DNA double strand break repair in which it has 

multiple roles. ATM participates in the MRN complex, composed of MRE11-RAD50-

NBS1, which is recruited to the break site and acts as a bridge spanning the broken ends 

[57]. During the repair process, ATM interacts with MDC1 bound to histone H2AX, which 

allows for ATM phosphorylation of additional H2AX molecules, subsequently generating a 

positive feedback loop [58]. ATM activates and stabilizes p53 both directly through 

phosphorylation of p53 itself and indirectly through phosphorylation of ATM targets of p53, 

such as heterologous nuclear ribonucleoprotein K (HRNRPK) [59] and Chk2 [60]. Activated 

p53 then induces expression of cell cycle checkpoint and apoptotic genes [61].

We evaluated the role of ATM in DNA damage by addition of the DNA intercalating agent, 

doxorubicin, to USOS cells following overexpression of O-GlcNAcase. While not 

statistically significant, pChk2 trended towards elevation in OGT Null cells following 

overexpression of O-GlcNAcase. In addition, both pChk2 and γH2AX trended toward an 

increased response to doxorubicin treatment at 15 and 30 min time points (Figure 7E, F, G). 

This data suggests that ATM is activated via phosphorylation at Ser1987 in response to 

decreased O-GlcNAc levels, resulting in phosphorylation of downstream targets such as 

H2AX and Chk2 and possible activation of the DNA damage response. Previous studies 

have determined ATM to be O-GlcNAc modified [62]. We therefore assessed the 

glycosylation status of ATM in OGT WT MEFs. While we were able to immunoprecipitate 

ATM, we were unable to detect O-GlcNAcylation of ATM (data not shown), suggesting that 

OGT mediation of ATM is not likely through glycosylation of the enzyme. O-GlcNAc is 

required for precise cell cycle control, mitosis and cellular proliferation [10]. Thus it is 

possible that deletion of OGT induces genomic instability causing activation of ATM and its 

translocation to the nucleus. However, we have also observed that ATM is 

hyperphosphorylated in the cytosol suggesting a more complicated role for the regulation of 

ATM by OGT, possibly involving oxidative or other cellular stress processes. Indeed, 

previous studies have demonstrated ATM regulation of the pentose phosphate pathway by 

induction of the rate-limiting enzyme, glucose 6-phosphate dehydrogenase, which resulted 

in cellular protection from reactive oxygen species and an increase in the production of 

nucleotides [63]. Thus, OGT may negatively regulate ATM activation of the pentose 

phosphate pathway indirectly, in order to shunt glucose through the hexosamine biosynthetic 

pathway in an unstressed environment. Furthermore, O-GlcNAc modification of Ser529 of 
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phosphofructokinase 1 (PFK1), the first committed step in glycolysis, inhibited the enzyme 

and redirected glucose flux through the pentose phosphate pathway [64]. Combined, the data 

from our group and others indicate that additional functional studies are necessary to 

evaluate the interplay between OGT and ATM in the regulation of the cellular stress 

response.

Here we have demonstrated that deletion of OGT results in global changes to both the 

proteome and phosphoproteome. The phosphoproteins identified in our study map primarily 

to DNA damage response and regulation of the cell cycle. Hence, future studies will be 

aimed at identifying the mechanisms by which OGT and O-GlcNAc regulate these pathways 

to maintain cellular homeostasis and the response to cellular stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. OGT regulates phosphorylation on serine, threonine and tyrosine residues of proteins
Schematic representation of the interplay between O-phosphorylation and O-GlcNAcylation. 

A-C) Effect of O-GlcNAc modification on O-phosphate addition. (A) O-GlcNAc can 

occupy the same site as O-phosphate (reciprocal). (B) O-GlcNAc can occupy a nearby site 

that may cause steric hindrance to the addition of O-phosphate (sterically hindered). (C) O-

GlcNAc may be added to a distinct site, separate from the phosphosite (independent). (D) O-

GlcNAc can modify kinases and phosphatases that affect activity and thus phosphorylation 

of downstream targets.
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Figure 2. Deletion of OGT in MEFs regulates phosphorylation events
(A) Addition of 4-OHT can induce the recombination of Lox-P sites flanking the OGT 

allele, by promoting the translocation of mutated estrogen receptor-Cre-recombinase fusion 

protein into nucleus. (B) The effect of deleting OGT (36h) on protein phosphorylation was 

assessed by SDS-PAGE and western blot as indicated. As a control, the levels of OGT, O-

GlcNAc and Actin were also assessed.
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Figure 3. The SILAC-based quantitative strategy to analyze changes in the phosphoproteome 
resulting from deletion of OGT in cells
A schematic illustration of the SILAC-based quantitative whole proteomic/

phosphoproteomic pipeline. Two populations of MEFs were cultured in ‘light’ or ‘heavy’ 

medium, separately. The cells grown in ‘light’ and ‘heavy’ medium were incubated in the 

presence of vehicle and 4-OHT, respectively. After lysis, the samples were mixed, digested 

with trypsin, desalted on a C18 column and subjected to lyophilization. 80% of the peptide 

mixture was subjected to anti-phosphotyrosine antibody-based phosphopeptide enrichment. 

The residual 20% of the peptide mixture was fractionated by SCX. The 90% of the SCX-

fractionated peptides were merged and subjected to TiO2-based phosphopeptide enrichment. 

The enriched phosphopeptides from both enrichment methods were analyzed by LC-

MS/MS. The residual 10% of SCX-fractionated peptides were also merged and analyzed by 

LC-MS/MS. The resulting high-resolution mass spectra reveal the changes of the 

phosphorylation status on each site and of the expression level of the protein by inducible 

deletion of OGT.
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Figure 4. Molecular function and relative distribution of changes in phosphoproteins regulated 
by OGT
(A) The Gene Ontology annotation describing the numbers of identified phosphoproteins 

with different molecular functions as obtained from the PANTHER and DAVID 

bioinformatics tools. (B) Distribution of changes in phosphorylation levels on identified 

sites.
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Figure 5. Phosphorylation of three kinases ATM, Chk1 and c-Met are changed by deletion of 
OGT
MS spectra of one representative peptide each from ATM (A), Chk1 (B) and c-Met (C) are 

shown on the left. The panels on the right show the corresponding MS/MS spectra along 

with the peptide sequence.
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Figure 6. Phosphoproteins regulated by deletion of OGT are involved in DNA damage response 
pathway
The phosphoproteins identified in our study were annotated in the DNA damage response 

pathway constructed through manual literature curation and DAVID bioinformatics 

resource. The legends are included in the inset. The data show that phosphoproteins 

involved in DNA damage response pathways are also upregulated by deletion of OGT.
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Figure 7. Deletion of OGT increases phosphorylation of ATM and its downstream signaling 
molecules
(A) Deletion of OGT in MEFs increases phosphorylation of ATM at serine 1981 (pATM) 

and its downstream signaling molecules, H2AX and p53. The changes of the 

phosphorylation on ATM (B), H2AX (C), and p53 (D) were quantified by densitometry 

analysis from three independent experiments. (E) Overexpression of OGA in MEFs 

increases phosphorylation of the downstream targets of ATM, H2AX and Chk2. The 

changes in phosphorylation of H2AX (F), and Chk2 (G) were quantified by a densitometry 

analysis from three independent experiments. (H) Deletion of OGT can increase the 

phosphorylation of ATM in both nuclear and cytoplasmic fractions. pATM is present in both 

nuclear and cytoplasmic fractions in response to deletion of OGT.
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Table 4

A partial list of proteins regulated in OGT NULL MEFs compared with WT MEFs.

Gene Symbol Protein Accession # Fold Change

Atp6v1f V-type proton ATPase subunit F Q9D1K2 1.7

Bst2 Bone marrow stromal antigen 2 Q8R2Q8 5.0

Col5a2 Collagen alpha-2(V) chain Q3U962 0.5

Fdps Farnesyl pyrophosphate synthase Q920E5 1.7

Glg1 Golgi apparatus protein 1 Q61543 0.5

Gng12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-12 Q9DAS9 3.9

Gnpda1 Glucosamine-6-phosphate isomerase 1 O88958 1.8

Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 Q64282 3.7

Igtp Protein Igtp Q9DCE9 8.8

Mt1 Metallothionein-1 P02802 1.8

Parp12 Poly [ADP-ribose] polymerase 12 Q8BZ20 2.6

Serpinc1 Antithrombin-III P32261 0.2

Serpinf1 Pigment epithelium-derived factor P97298 0.2

Snapc4 snRNA-activating protein complex subunit 4 Q8BP86 0.07

Sprr1a Cornifin-A Q62266 2.3

Timm8b Mitochondrial import inner membrane translocase subunit Tim8 B P62077 0.06

Uap1l1 UDP-N-acetylhexosamine pyrophosphorylase-like protein 1 Q3TW96 1.8

Ube2g1 Ubiquitin-conjugating enzyme E2 G1 P62254 1.7

Ubxn7 UBX domain-containing protein 7 Q6P5G6 3.0
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