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Abstract

The metabolic reprogramming associated with characteristic increases in glucose and glutamine 

metabolism common in advanced cancer is often ascribed to answering a higher demand for 

metabolic intermediates required for rapid tumor cell growth. Instead, recent discoveries have 

pointed to an alternative role for glucose and glutamine metabolites as cofactors for chromatin 

modifiers and other protein post-translational modification enzymes in cancer cells. Beyond 

epigenetic mechanisms regulating gene expression, many chromatin modifiers also modulate DNA 

repair, raising the question whether cancer metabolic reprogramming may mediate resistance to 

genotoxic therapy and genomic instability. Our prior work had implicated N-acetyl-glucosamine 

(GlcNAc) formation by the hexosamine biosynthetic pathway (HBP) and resulting protein O-

GlcNAcylation as a common means by which increased glucose and glutamine metabolism can 

drive double strand break (DSB) repair and resistance to therapy-induced senescence in cancer 

cells. We have examined the effects of modulating O-GlcNAcylation on the DNA damage 

response in MCF7 human mammary carcinoma in vitro and in xenograft tumors. Proteomic 

profiling revealed deregulated DNA-damage response pathways in cells with altered O-

GlcNAcylation. Promoting protein O-GlcNAc modification by targeting O-GlcNAcase (OGA) or 

simply treating animals with GlcNAc, protected tumor xenografts against radiation. In turn, 

suppressing protein O-GlcNAcylation by blocking O-GlcNAc transferase (OGT) activity led to 

delayed DSB repair, reduced cell proliferation, and increased cell senescence in vivo. Taken 

together, these findings confirm critical connections between cancer metabolic reprogramming, 
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DNA damage response, and senescence and provide a rationale to evaluate agents targeting O-

GlcNAcylation in patients as a means to restore tumor sensitivity to radiotherapy.

INTRODUCTION

Along with immortality and genomic instability, metabolic reprogramming is now 

recognized as a hallmark of cancer (1). Conventional wisdom holds that the increased 

glucose and glutamine metabolism in cancer cells reflects the greater demand for precursors 

to feed macromolecular biosynthesis in proliferating cells. However, recent studies have 

pointed to alternative roles for metabolic intermediates such as acetyl-CoA, S-adenosyl 

methionine, and α-ketoglutarate as cofactors of chromatin modifying enzymes, deregulating 

gene expression and driving epigenetic reprogramming (2–8). Often ignored is that along 

with their well-studied roles in epigenetic regulation of transcription, chromatin-modifying 

enzymes such as histone acetyltransferases (HATs) and histone methyltransferases (HMTs) 

also regulate the DNA damage response (DDR). Thereby, cancer metabolic reprogramming 

may be able to influence DNA repair, genomic instability, and recovery after genotoxic 

stress.

In our prior work, we probed the influence of cancer metabolism on DNA repair by using 

cell-permeable metabolic intermediates, small molecule inhibitors, and siRNA to perturb 

metabolic pathways in MCF7 human mammary adenocarcinoma cells responding to DNA 

damage after ionizing radiation (IR) (9). Exposure to IR leads to DNA double strand breaks 

(DSBs) and triggers the DDR pathway. Ionizing radiation-induced foci (IRIF), the multi-

kilobase domains of modified chromatin that form at DSBs and then resolve upon repair, can 

be readily detected by accumulation of γH2AX, the phospho-S139 form of histone H2AX, 

or other characteristic proteins and modifications, providing mechanistic reporters for DNA 

damage and repair (10–16). Using delayed IRIF resolution in irradiated cells as a screen for 

defects in DSB repair, we uncovered distinct roles for glycolysis and glutaminolysis as well 

as their joint influence via the hexosamine biosynthesis pathway (HBP) in regulating DSB 

repair and therapy-induced senescence (9).

Beyond roles in secretion, uridine diphosphate-N-acetyl glucosamine (UDP-GlcNAc) is 

synthesized by the HBP to serve as a cofactor for O-GlcNAc transferase (OGT), which 

transfers GlcNAc moieties to form O-glycosidic linkages to serine and threonine residues on 

intracellular proteins (Fig. 1A). Unlike the diversity of Ser/Thr protein kinases, there is only 

a single OGT gene and just two isoforms, responsible for nucleocytoplasmic and 

mitochondrial O-GlcNAcylation respectively. Protein O-GlcNAc modifications are highly 

dynamic and can be rapidly removed by the hexosaminidase O-GlcNAcase (OGA). 

Together, OGT and OGA regulate O-GlcNAcylation of thousands of cytosolic, 

mitochondrial, and nuclear proteins, affecting protein folding, stability, localization, and 

function (17–21). In many OGT substrates, residues modified by O-GlcNAcylation are also 

subject to phosphorylation by Ser/Thr kinases, providing a link between metabolism and 

diverse types of cell signaling (22–24). OGT has been implicated in coupling epigenetic 

regulation to cell metabolism via altered histone modifications (25–27), regulation of 
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Polycomb group proteins and other chromatin modifiers (21,28,29) and by its binding to and 

modification of TET DNA demethylases (19,26,30,31).

Importantly, DNA damage response factors are prominent among proteins that accumulate 

O-GlcNAc modifications under cell stress (32) and loss of O-GlcNAcylation after inhibition 

of OGT results in increased phosphorylation of DNA repair proteins, including activation of 

the DNA damage signaling kinase ATM (33). Strikingly, OGT also modifies H2AX on the 

ATM phosphorylation site S139, leading to decreased γH2AX formation at sites of DNA 

damage (34). In turn, our prior studies revealed functional links between cellular GlcNAc 

levels, O-GlcNAcylation, DNA damage response and DSB repair after irradiation (9). 

Feeding cells GlcNAc or blocking OGA accelerated DSB repair kinetics while targeting 

OGT resulting in unrepaired breaks, persistent IRIF and increased cellular senescence. 

Rather than conventional DNA repair factors, we identified the Polycomb Related Complex 

2 (PRC2) histone methyltransferase catalytic subunit Ezh2 as a potential link between cancer 

metabolism and DNA damage response. This built on related studies showing that Ezh2 is 

O-GlcNAcylated, stabilizing the protein and increasing histone methylation (28), and that its 

activity promotes DSB repair (35) and blocks cellular senescence (36). Here, we provide 

direct evidence that protein O-GlcNAcylation is a key regulator of multiple DNA damage 

response pathways and modulates DSB repair and accelerated senescence not only in vitro 
but also in tumors, suggesting that targeting cancer metabolism may be a selective means to 

sensitize cancer to radiation and other genotoxic therapies. Modeling therapy by blocking 

OGT with a small molecule inhibitor during radiation treatment induced dramatic 

phenotypes in tumors, suggesting feasibility for this approach.

MATERIALS AND METHODS

Cell line development

MCF7Tet-On Advanced and Lenti-X 293T cell lines (both from Clontech, Mountain View, 

CA, USA) were grown in high-glucose DMEM with 1% penicillin and streptomycin (Life 

Technologies, Carlsbad, CA, USA) and 10% Tet system-approved fetal bovine serum 

(Clontech-Takara Bio, Mountain View, CA, USA). TagRFP (Evrogen-Axxora, Farmingdale, 

NY, USA) (37) fused to the human 53BP1 IRIF binding domain (IBD) (gift from 

Halazonetis T.D.) was cloned into the pLVX-Tight-Puro lentiviral vector (Clontech-Takara). 

Sets of 3 gene-specific shERWOOD-UltramiR lentiviral inducible short hairpin RNA 

(shRNA) targeting expression of OGT or OGA (MGEA5) with untargeted scrambled control 

in pZIP-TRE3GS vector were obtained from transOMIC technologies (Huntsville, AL, 

USA). Lentiviruses were produced in the Lenti-X 293T cell line using a 3rd generation 

packaging system (Clontech-Takara). Plasmid transfections were performed using FuGENE 

HD reagent (Promega, Madison, WI, USA). The MCF7Tet-On Advanced cell line was 

transduced with pLVX-Tight-Puro TagRFP-IBD lentiviruses following transduction with 

individual pZIP-TRE3GS shRNA-miRs lentiviruses targeting OGT (shOGT), MGEA5 

(shOGA) or scrambled control (shScr). Transduced cell lines were selected and cultured in 

media supplemented with 0.7 μg/mL puromycin. In total, 7 cell lines were developed for this 

study. Following 48 h of induction with 1 μg/mL doxycycline (Sigma-Aldrich, St. Louis, 

MO, USA), most cells expressed both TagRFP-IBD as a reporter for DSB repair and 
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ZsGreen fluorescent protein as a reporter for shRNA-miR expression. The cells were tested 

for mycoplasma and authenticated by short tandem repeat profile (IDEXX BioResearch, 

Columbia, MO, USA) prior to performing experiments. All experiments were performed 

within 3 to 10 passages after cell line development.

The shRNA-miR sequences, with targeting sequence in lowercase, used in this study were:

Scrambled control

TGCTGTTGACAGTGAGCGaaggcagaagtatgcaaagcatTAGTGAAGCCACAGATGT

AatgctttgcatacttctgcctgTGCCTACTGCCTCGGA

OGT(1)

TGCTGTTGACAGTGAGCGactgaagcagaagattgttataTAGTGAAGCCACAGATGTAt

ataacaatcttctgcttcagcTGCCTACTGCCTCGGA

OGT(2)

TGCTGTTGACAGTGAGCGcaaccgaggacagattcaaataTAGTGAAGCCACAGATGTA

tatttgaatctgtcctcggttaTGCCTACTGCCTCGGA

OGT(3)

TGCTGTTGACAGTGAGCGcccgtatcattttttcacctgaTAGTGAAGCCACAGATGTAtca

ggtgaaaaaatgatacggtTGCCTACTGCCTCGGA

MGEA5(1)

TGCTGTTGACAGTGAGCGcaagatggacattcacaaaaaaTAGTGAAGCCACAGATGTA

ttttttgtgaatgtccatctttTGCCTACTGCCTCGGA

MGEA5(2)

TGCTGTTGACAGTGAGCGcagagagcatagctgaatcaaaTAGTGAAGCCACAGATGTA

tttgattcagctatgctctcttTGCCTACTGCCTCGGA

MGEA5(3)

TGCTGTTGACAGTGAGCGctaggatgttttgaaattgcaaTAGTGAAGCCACAGATGTAtt

gcaatttcaaaacatcctaaTGCCTACTGCCTCGGA

Cell line validation and Western blotting

To evaluate the targeting of OGT or OGA in MCF7TagRFP-IBD cells via shRNA, we 

examined O-GlcNAc protein modifications in the cell lines. MCF7TagRFP-IBD1 cells with 

inducible shRNA-miR targeting OGT, OGA or scrambled control were grown with 1 μg/mL 
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doxycycline for 48–72 h. Before harvesting, scrambled control cells were treated overnight 

with DMSO or the OGA inhibitor PUGNAc. Cells were lysed in M-PER mammalian protein 

extraction reagent (Thermo Fisher Scientific, Waltham, MA, USA) with protease and 

phosphatase inhibitors and 50 μM PUGNAc (Sigma-Aldrich, St. Louis, MO, USA). O-

linked GlcNAcylation was assessed in cell lysates by Western blotting using an anti-O-

GlcNAc antibody (ab2739, 1:1000 dilution, Abcam, Cambridge, MA, USA) and anti-mouse 

secondary antibody (1:3000, Jackson ImmunoResearch, West Grove, PA, USA). Equal 

loading was verified by anti-actin-HRP detection.

Protein sample preparation for proteomic analysis

2 × 106 shOGT or shOGA cells were seeded in 150 mm Petri dishes in duplicate and were 

grown with 1 μg/mL doxycycline for 48 h. Two sets of samples were irradiated with 6 Gy 

and samples taken after 1 h, along with controls. Cells were scraped from the dishes, washed 

in ice cold PBS with 50 μM of PUGNAc, pelleted, snap frozen in liquid nitrogen and stored 

at −80° C.

All steps were performed on ice or in 4° C cold room. Pellets of 6 × 105 - 7 × 106 cells were 

lysed with 500 μl cytoplasmic lysis buffer (10 mM TrisCl pH 8.0, 10 mM NaCl, 0.2% 

NP-40) in the presence of protease and phosphatase inhibitors and 50 μM PUGNAc, and 

passed through a 27 gauge needle 10 times. Lysates were kept on ice for 10 min, then 

centrifuged at 2000 × g for 5 min at 4° C. The supernatant was transferred to a new 1.5 mL 

tube, snap frozen in liquid nitrogen and stored at −80° C.

Nuclear lysate was prepared by resuspending the pellet in 300 μL nuclear lysis buffer (50 

mM TrisCl pH 8.0, 10 mM EDTA, 1% SDS) supplemented with (300 U MNase and 15 μL 

100 mM CaCl2 per sample). MNase digestion was carried out at 37° C for 10 min. The 

sample was centrifuged at 14,000 × g for 30 min at 4° C. The supernatant was transferred to 

a new 1.5 mL vial, snap frozen in liquid nitrogen and stored at −80° C.

In-gel trypsinization, HPLC for mass spectrometry and LC-MS/MS data acquisition and 

analysis were performed as described before (38,39) with modifications as detailed in 

Supplementary Methods.

IRIF imaging

For IRIF imaging, MCF7TagRFP-IBD cells were seeded on sterile cover glass in 24 well plates 

at 2.5 × 104 cells per well. Expression of TagRFP-IBD and ZsGreen shRNA-miR were 

induced with 1 μg/mL doxycycline for 48 h prior to irradiation. After 24 h, cells were fixed, 

stained with 5 μg/mL Hoechst 33342 and mounted using ProLong Gold (Life Technologies).

For immunofluorescence imaging of γH2AX and endogenous 53BP1, MCF7 cells with 

inducible shRNA were seeded on cover glass at 2.5 × 104 per well in 24 well plates. 

Expression of the shRNA was induced with 1 μg/mL doxycycline treatment for 48 h. After 

treatment with PUGNAc or alloxan, cells were fixed with 4% PFA at 24 h after irradiation 

with 6 Gy and permeabilized with 10% Triton-X 100 for 10 min. After blocking with 5% 

BSA, primary antibodies for γH2AX (Millipore, 05–636, 1:1000) or 53BP1 (Novus, 

NB100–304, 1:1000) were then incubated on cell slides overnight at 4° C. Following PBS 
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washes, fluorescent secondary antibodies (Jackson ImmunoReserch) were applied for 1 h at 

room temperature. After PBS washes, coverslips were mounted with ProLong Gold 

(Invitrogen) and 1 μg/mL DAPI. Images were captured on a Zeiss Axiovert 40 CFL 

microscope with a 40X Plan-Neofluar objective and Axiocam digital camera controlled by 

AxioVision 4.8 software and pseudo-colored using ImageJ or Adobe Photoshop. TagRFP-

IBD foci number was counted in ZsGreen shRNA-miR positive cells. Two or more 

replicates were performed.

Comet assay

For neutral comet assays, MCF7TagRFP-IBD1 cells with or without OGT or OGA shRNA-

miR were seeded at 1 × 105 cells per well in 6-well plates with 1 μg/mL doxycycline for 48 

h prior to irradiation. After 24 h, cells were mixed with Comet LM agarose and single cell 

electrophoresis was performed on Comet Slides (Trevigen, Gaithersburg, MD, USA) 

according to the manufacturer’s protocol. Slides were imaged on an Axiovert 40 with a 20X 

Plan-NeoFluar objective and AxioCam camera. Images were analyzed using an ImageJ 

comet assay macro (http://www.med.unc.edu/microscopy/resources/imagej-plugins-and-

macros/comet-assay).

Clonogenic assays

MCF7TagRFP-IBD1 cells expressing an shRNA-mir (shScr, shOGT and shOGA) were plated 

at 500 cells per p100 plate in triplicate in corresponding medium supplemented with 1 

μg/mL doxycycline for 48 h prior to irradiation. Radiation was delivered using a GammaCell 
60Co source (MDS Nordion) with dose rate 9.2 cGy/sec. Cells remained in culture for 3 

weeks and colonies of at least 50 cells were counted.

Immunostaining

Tumors were dissected from mice immediately following humane sacrifice and were fixed in 

10% formalin. Tissue processing, embedding, and sectioning were performed by the Human 

Tissue Resource Center at the University of Chicago. Embedded tissues were cut into 5 μm 

sections using a microtome (Leica Microsystems RM2125). After deparaffinization and 

serial rehydration, antigen retrieval was performed in 10 mM sodium citrate buffer pH 6.0, 

or 10 mM Tris base, 1 mM EDTA, 0.05% Tween 20 buffer pH 9.0, in a tissue steamer for 40 

min at 96° C. Slides were then allowed to cool to room temperature for immunostaining.

For immunostaining, blocking was performed using 5% normal goat serum + 5% bovine 

serum albumin (BSA) in PBS for 30 min at room temperature. Primary antibodies detecting 

γH2AX (EMD Millipore, ab05–636, 1:100) and O-GlcNAc (Abcam, ab2739, 1:100) were 

diluted in 1% BSA in 1X PBS were then applied on tissue sections overnight at 4° C in a 

humidity chamber. Slides were washed 3X briefly in 1X PBS-Tween 20 (0.05%), incubated 

in biotinylated anti-mouse secondary antibody (Vector Laboratories, MKB-2225, 1:250) 

diluted in 1% BSA in 1X PBS for 30 min at room temperature, followed by 3X brief washes 

in 1X PBS-T. Tissue sections were incubated in streptavidin:DyLight 594 (Vector 

Laboratories, SA-5594, 1:100) diluted in 1X PBS for 30 min at room temperature in the 

dark. Slides were rinsed with 1X PBS, then stained with 1 μg/mL 4′,6-diamidino-2-phenyl-
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indole (DAPI) for 20 min at room temperature in the dark. Tissue sections were briefly 

rinsed with dH2O, mounted using Aqua-Poly/Mount (Polysciences), and coverslipped.

For Ki-67 and EZH2 immunostaining, endogenous peroxidase activity was quenched 

through incubation in 1% H2O2 in methanol (Sigma-Aldrich) for 20 min. Slides were 

washed 3X briefly in 1X PBS-T (0.05% Tween-20), then incubated with ImmPRESS HRP 

polymer anti-rabbit IgG for 30 min at room temperature. Antigen-antibody binding was 

detected using the ImmPACT AMEC Red peroxidase substrate kit (Vector Laboratories, 

SK-4285) for Ki-67 or ImmPACT DAB peroxidase (Vector Laboratories, SK-4105) for 

EZH2. Ki-67 and EZH2 stained tissue sections were briefly immersed in hematoxylin for 

counterstaining, washed 3X in dH2O, mounted using Aqua-Poly/Mount and covered with 

cover glasses.

Imaging was performed at the University of Chicago Integrated Light Microscopy Facility. 

Digital image files were created with a 3D Histech Pannoramic Scan whole slide scanner 

(Perkin Elmer, Waltham, MA, USA) using either a Zeiss AxioCam MRm CCD camera 

(immunofluorescence) or a Stingray F146C color camera (chromogenic IHC, Allied Vision 

Technologies, Stadtroda, Germany). Individual images were created with the 3D Histech 

Pannoramic Viewer software (Perkin Elmer).

Animals and tumor models

Mice were maintained according to guidelines of the Institutional Animal Care and Use 

Committee and irradiated using a RadSource RS-2000 X-Ray generator operating at 160 kV 

and 25 mA at a dose rate of 2.20 Gy/minute, calibrated by NIST traceable dosimetry. 17β-

Estradiol pellets (1.7 mg, Innovative Research of America) were implanted s.c. dorsally in 

female athymic nude mice (Envigo, Indianapolis, IN, USA) 5 days before s.c. injection of 

1×107 MCF7TagRFP-IBD cells in 100 μL PBS into the animal’s flank. Once hindlimb tumors 

grew to a volume of 300 mm3, 2 mg/mL doxycycline was added to the drinking water 

supplemented with 1% sucrose, for 72 h before irradiation with 6 Gy. Mice were treated by 

oral gavage with N-acetyl-D-glucosamine (200 mg/kg), or alloxan (50 mg/kg) or PUGNAc 

(30 mg/kg) (all from Sigma-Aldrich) 2 days before, the day of, and for 7 days after 

irradiation.

IRIF analysis in tumors

For two-photon confocal imaging of IRIF in tumors, tissue was excised, counterstained with 

Hoechst 33342 and imaged as described (9).

Transparent Tissue Tomography (T3) (40) was applied for multiplex three-dimensional 

analysis of IRIF in tumors. In brief, tumors were harvested at 24 h after 6 Gy irradiation, 

washed with cold PBS, fixed with 2% paraformaldehyde in PBS for 10 min at room 

temperature, and washed with PBS. The washed tumors were cast in 2% agarose gel (LE 

Quick Dissolve Agarose, GeneMate, dissolved in distilled water) in 24 well plates. The gel 

plugs containing tumors were mounted on a vibrating microtome (VT1200S, Leica) 

equipped with a buffer tray. Sections cut at 0.4 mm thickness were collected in order in cold 

PBS. The macrosections were stained with DyLight 633-anti-CD31 (BioLegend, clone 

MEC13.3) antibody in staining buffer (SB, RPMI 1640 media with 10 mg/mL BSA and 
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0.1% Triton X-100) at 4° C overnight. Then, the macrosections were incubated in 10 ml of 

80% (w/v) D-fructose solution for 1 h at 25° C with gentle agitation. The stained sections 

were imaged by a Leica SP5 AOBS II tandem confocal laser scanning microscope using a 

HC PL APO 40X/1.25 NA oil objective (0.24 mm working distance) or HCX PL APO 

10X/0.4 NA dry objective (2.2 mm working distance) with 488 nm (Argon) excitation and 

495–528 nm emission filter for ZsGreen, 561 nm (DPSS) excitation and 585–614 nm filters 

for TagRFP, and 633 nm excitation and 637–655 nm filter for DyLight 633.

SA-β-Gal assay

Cells were seeded at 2.5 × 104 per well in 6 well plates with 1 μg/mL doxycycline for 48 h 

prior to irradiation. Cells were fixed 5 days after irradiation and assayed for SA-β-Gal as 

described (41). SA-β-Gal positive and negative cells were counted in multiple fields, 

yielding an average percent SA-β-Gal positive staining, indicated on each image as mean ± 

SEM.

To evaluate senescence in vivo, frozen sections of tumors excised 5 days after irradiation 

were fixed in 2% paraformaldehyde, stained for SA-β-Gal activity, counterstained with 

Nuclear Fast Red (Vector Laboratories), dehydrated, mounted and imaged.

Statistical analysis

Statistical significance for IRIF counting and comet assays was determined using the 

nonparametric Mann-Whitney test. Calculations were performed using Prism software 

(GraphPad). P value ≤ 0.05 was considered statistically significant.

RESULTS

In order to examine the effect of the HBP pathway and reversible protein O-GlcNAcylation 

(Fig. 1A) on DNA damage response, we developed dual reporter MCF7 cell lines. As a 

reporter for formation and resolution of ionizing radiation induced foci (IRIF), we adapted 

the previously reported doxycycline inducible GFP fusion to the 53BP1 IRIF binding 

domain (GFP-IBD) (9) by exchanging in the orange-red fluorescent protein TagRFP (λex 

555nm, λem 584 nm (37)) to form TagRFP-IBD (Fig. 1B). TagRFP-IBD was stably 

integrated by lentiviral transduction of MCF7 Tet-On Advanced cells that constitutively 

express a tetracycline transactivator (tTA) protein, yielding MCF7TagRFP-IBD. Directly 

comparable to our prior studies with the GFP-IBD reporter, treating MCF7TagRFP-IBD cells 

or xenograft tumors with doxycycline resulted in pan-nuclear red fluorescence. Upon 

irradiation, the TagRFP-IBD relocalized to form IRIF at presumptive DSBs. The TagRFP-

IBD foci resolved over the following two days with the kinetics of DSB repair 

(Supplementary Fig. S1). When MCF7 cells expressing TagRFP-IBD and GFP-IBD were 

coinjected to form flank tumors, they displayed similar numbers of basal foci in unirradiated 

tumors and comparable foci formation and resolution at 3 and 24 h after irradiation 

(Supplementary Movies 1, 2 and 3, respectively).

For knockdown of OGT or OGA expression in the MCF7TagRFP-IBD cells, we used sets of 

three gene-specific shERWOOD-UltramiR lentiviral short hairpin RNAs (shRNA-miR) 

targeting OGT or OGA (MGEA5) along with an untargeted scrambled control (Scr). Here, 
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each shRNA is encoded in the hairpin of a microRNA scaffold embedded at the 3’ end of an 

inducible ZsGreen fluorescent marker gene, leading to coexpression of ZsGreen and the 

shRNA-miR upon treatment with doxycycline (Fig. 1C). To examine effects of shRNA-miR-

mediated knockdown in MCF7TagRFP-IBD cells, we assayed protein O-GlcNAcylation by 

Western blot (Fig. 1D). Compared to shScr control, all three OGT-targeted shRNA-miRs 

decreased O-GlcNAc protein modification. In turn, protein O-GlcNAcylation was similarly 

increased by treating shScr cells with the OGA inhibitor PUGNAc or expression of each of 

the three OGA-targeted shRNA-miRs. The resulting dual reporter cell lines, hereafter 

denoted as shOGT, shOGA and shScr cells, allowed us to simultaneously visualize IRIF 

(TagRFP-IBD) and shRNA-miR expression (ZsGreen) in individual cells in vitro (Fig. 1E) 

or in tumors (Fig. 1F, Supplementary Movie 4) following doxycycline induction.

O-GlcNAc modification modulates DNA-damage response pathways in response to 
irradiation

To uncover the effect of O-GlcNAc modification on DNA damage response, we performed 

mass spectrometry analysis on nuclear extracts of shOGT and shOGA cells that had been 

treated with 0 or 6 Gy irradiation. A total of 2518 proteins were identified at 1% FDR. Of 

these, shOGT6 Gy yielded 2263, shOGT0 Gy, 2267, shOGA6 Gy, 2214, and shOGA0 Gy, 

2361, with 1993 in common among all four samples. For quantification, we applied a 

replicate filter of n ≥ 2 reducing the total to 2195 proteins with shOGT6 Gy yielding 2080, 

shOGT0 Gy, 1958, shOGA6 Gy, 1837, and shOGA0 Gy, 2055 (Fig. 2A).

We performed differential expression analysis, using a significance cutoff of ≥ 1.2 fold 

change (Log2 ≥ 0.26) “Up” and ≤ 0.8 fold change “Down” on the following comparisons: 

shOGT0 Gy/shOGA0 Gy, shOGT6 Gy/shOGT0 Gy, shOGA6 Gy/shOGA0 Gy, and shOGT6 Gy/

shOGA6 Gy. A quadrant plot of the 1993 proteins detected in all four samples, where the X 

axis represents fold change for shOGT6 Gy/shOGT0 Gy and the Y axis displays fold change 

for shOGT6 Gy/shOGA6 Gy, yielded several hundred candidates with significant change in 

abundance after irradiation that fell off the diagonal, potentially identifying proteins whose 

up- or down-regulation might be O-GlcNAc dependent (Fig. 2B). Considering the effects of 

the knockdowns alone without irradiation (shOGT0 Gy/shOGA0 Gy), we observed 435 

proteins significantly “up” in shOGT cell lines, and 533 “down” in shOGA cell lines. Upon 

irradiation, we observed upregulation of 499 proteins and downregulation of 599 proteins in 

shOGA cells (shOGA6 Gy/shOGA0 Gy) and upregulation of 604 proteins and downregulation 

of 389 proteins in shOGT cells (shOGT6 Gy/shOGT0 Gy). Finally, looking at differential 

effects of irradiation on the two knockdown cell lines (shOGT6 Gy/shOGA6 Gy), we observed 

689 proteins significantly “up” in shOGT but 463 significantly “down” in shOGA 

(Supplementary Table S1).

To identify pathways and biological processes that are differentially expressed in shOGT vs. 

shOGA cells, we performed Reactome pathway analysis (42) via Panther (43). The 

Reactome analysis identified multiple pathways including cell cycle (R-HSA-1640170), cell 

cycle checkpoints (R-HSA-69620), metabolism (R-HSA-1430728), NF-κB (R-

HSA-5676590), p53 (R-HSA-69541) p38 MAPK signaling (R-HSA-171007), SUMOylation 

of ubiquitylation proteins (R-HSA-3232142), apoptosis (R-HSA-109581), senescence (R-
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HSA-2559586), proliferation (GO:0008283), and others. Additionally, this analysis 

highlighted multiple pathways that contribute in DNA damage response and DNA repair, 

including chromatin organization (R-HSA-4839726), chromatin modification (R-

HSA-3247509), sensing of DNA double strand breaks (R-HSA-5693548), DNA double 

strand break response (R-HSA-5693606), DNA double strand break repair (R-

HSA-5693532), PRC2 methylation of histones and DNA (R-HSA-212300), and DNA 

methylation (R-HSA-5334118) (Supplementary Table S2). Many of the proteins most 

differentially expressed (farthest off the diagonal) between shOGT and shOGA were 

chromatin regulation and DNA-damage response-associated factors (red carets, Fig. 2B). 

Overall, irradiated shOGT cells displayed marked upregulation of multiple pathways linked 

to DNA damage response while unirradiated shOGT displayed basal activation of these 

same pathways. Indeed, hierarchical clustering of the differential expression of proteins in 

the chromatin modification, DNA-damage DNA-repair and cell proliferation pathways 

revealed a shared pattern placing the fold change between unirradiated shOGT and shOGA 

closest to the fold change between irradiated shOGA and unirradiated shOGA (Fig. 3). One 

interpretation is that inducing shOGT may result in cellular stress, resulting in constitutive 

activation of DNA damage responses.

OGT regulates radiation sensitivity in MCF7 human mammary adenocarcinoma cells

To further explore regulation of DNA damage-related pathways by O-GlcNAcylation, we 

examined radiation response in shOGT, shOGA and shScr cells. Compared to shScr, shOGT 

displayed IRIF persistence, marked by increased numbers of TagRFP-IBD foci when cells 

were examined 24 h after irradiation (Fig. 4A and B). Notably, shOGT also displayed 

increased basal TagRFP-IBD foci, with some cells displaying ten to twenty IRIF even 

without irradiation, suggesting high levels and/or lack of normal repair of spontaneous DNA 

damage. Compared to shScr, shOGA displayed a similar level of basal IRIF but greater IRIF 

resolution at 24 h. Examining longer times after 6 Gy irradiation, the majority of shScr, 

shOGT and shOGA cells returned to their basal levels of IRIF by 48 or 72 h. In each cell 

line, a fraction of cells retained numerous persistent foci (>60 per cell) even at 5 days after 

irradiation, consistent with the pattern of relative foci persistence at shorter time points, with 

shScr displaying 16%, shOGT, 24%, and shOGA, 10%, of these characteristic cells.

Overall, these data suggested a defect in DSB repair associated with shOGT. Indeed, comet 

assays confirmed a defect in DSB repair in shOGT cells and lower levels of residual DSBs 

in shOGA expressing cells as compared to shScr control cells (Fig. 4C).

A potential drawback of TagRFP-IBD is that it is an indirect reporter for IRIF where 

apparent foci intensity may vary depending on expression level. Thus, we also examined 

formation of γH2AX and relocalization of endogenous 53BP1 in shSCR, shOGT and 

shOGA cells by indirect immunofluorescence. As shown in representative images in Fig. 

4D, γH2AX and 53BP1 display similar patterns of colocalization in each cell line at 24 h 

after irradiation. Further, counting the γH2AX foci revealed IRIF persistence in shOGT as 

observed with the TagRFP-IBD reporter. As indicated by the 3D rendering in Fig. 4D, the 

γH2AX immunoreactivity of persistent IRIF was comparable in each cell line, though 

shOGA appeared to display lower total H2AX phosphorylation.
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Clonogenic assays revealed that compared with control (surviving fraction at 2 Gy, SF2 = 

0.89 ± 0.04) or shOGA cells (SF2 = 0.94 ± 0.04, P = 0.46 (NS)), shOGT cells displayed 

increased radiation sensitivity (SF2 = 0.58 ± 0.02, P < 0.003, Fig. 4E). However, the 

suppression of colony formation was not associated with significantly reduced cell viability 

after irradiation, suggesting only a minor contribution from apoptotic or necrotic cell death 

(Supplementary Fig. S2A). Instead, while surviving irradiated shScr and shOGT cells 

formed rapidly growing colonies, a large fraction of irradiated shOGT cells formed abortive 

microcolonies characterized by senescence-like morphology (Supplementary Fig. S2B). A 

direct assay for radiation-induced senescence revealed a significantly higher fraction of 

large, flat shOGT cells expressing senescence-associated beta-galactosidase (SA-β-Gal) at 7 

days after irradiation compared to shOGA or shScr cells (Fig. 4F).

A concern is that the pattern of cellular responses observed after irradiation upon 

suppression of O-GlcNAcylation, characterized by persistent IRIF, slow DSB repair, 

enhanced senescence and lack of cell death, might be specific to MCF7 cells, a human ER+ 

breast carcinoma cell line that is p53 wild type but does not express caspase 3, and thus 

displays an attenuated apoptotic response. We therefore examined multiple human and 

murine tumor cell lines to assay the effects of the OGA inhibitor PUGNAc and OGT 

inhibitor alloxan on IRIF resolution, apoptosis induction and cell viability upon irradiation. 

Consistent with our shOGA results in MCF7, treatment of MDA-MB-231 human breast 

cancer, MDA-MB-435 human melanoma, B16F10 murine melanoma or Panc02 murine 

pancreatic ductal adenocarcinoma cells with PUGNAc improved IRIF resolution at 24 h 

after irradiation (Supplementary Fig. S3). In turn, as observed for shOGT, alloxan-treated 

cells revealed IRIF persistence at 24 h. Similarly to MCF7, B16F10 and Panc02 cells did not 

demonstrate significantly increased apoptosis or cell death after irradiation with 6 Gy, alone 

or with PUGNAc or alloxan treatment (Supplementary Fig. S4, Supplementary Movie 5). 

Instead, alloxan increased radiation-induced senescence in Panc02 cells in a dose-dependent 

manner (Supplementary Fig. S5).

Silencing OGT and OGA mediate opposing effects on DNA damage response in irradiated 
xenograft tumors

To examine the influence of OGT, OGA and O-GlcNAcylation on DNA damage response in 
vivo, we established MCF7TagRFP-IBD tumor xenografts expressing shOGT, shOGA or shScr 

(control). Mice were treated with doxycycline for 2 days to induce TagRFP-IBD and 

shRNA-miR expression prior to irradiation with a single dose of 6 Gy. 3D imaging of intact 

tumor tissue at 24 h after 0 or 6 Gy revealed similar basal IRIF for unirradiated tumors but 

foci persistence after irradiation in shOGT (Fig. 5A, Supplementary Movie 3). Examining 

IRIF persistence at 24 h after irradiation at high resolution revealed that compared to shScr 

control, shOGA tumors displayed accelerated IRIF resolution while shOGT tumors 

displayed IRIF persistence (Fig. 5B and C). In a parallel group of animals, tumors were 

excised 7 days after 6 Gy. Immunofluorescence analysis of total protein O-GlcNAcylation in 

frozen sections revealed markedly increased immunoreactivity after induction of shOGA and 

a decrease in shOGT tumors (Fig. 5D). Immunohistochemistry in FFPE thin sections was 

performed probing for γH2AX to detect persistent DNA damage, Ki-67 to assess cell 

proliferation, and SA-β-Gal to evaluate radiation-induced senescence. The shOGT tumors 
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displayed persistent DNA damage, decreased proliferation and greater senescence compared 

to shScr control while the irradiated shOGA tumors were nearly indistinguishable from 

unirradiated tumors (Fig. 5E).

Targeting O-GlcNAcylation with small molecule inhibitors modulates radiation response in 
irradiated tumors

In order to assess the potential translational impact of our findings, we established shScr 

MCF7TagRFP-IBD tumors and treated the mice with GlcNAc to drive UDP-GlcNAc 

biosynthesis, PUGNAc to inhibit OGA or alloxan to block OGT. Much like for shOGA, 

imaging TagRFP-IBD foci in shScr tumors treated with GlcNAc or PUGNAc revealed 

increased IRIF resolution at 24 h after 6 Gy irradiation compared to untreated control (Fig. 

6A and B). In turn, as observed for shOGT, alloxan-treated tumors revealed IRIF persistence 

at 24 h. Immunofluorescence analysis in thin sections from tumors excised 7 days after 

irradiation revealed increased protein O-GlcNAcylation in tumors treated with GlcNAc or 

PUGNAc tumors treated with alloxan displayed lower O-GlcNAc levels (Fig. 6C). Analysis 

of γH2AX, Ki-67 and SA-β-Gal showed that treatment with GlcNAc or PUGNAc spared 

tumors from radiation damage whereas alloxan led to persistent DNA damage, decreased 

proliferation and increased senescence compared to untreated control (Fig. 6D).

Among pathways highlighted by the proteomic analysis was PRC2 methylation of histones 

and DNA (R-HSA-212300). We had previously identified the PRC2 histone 

methyltransferase catalytic subunit Ezh2 as a candidate mediator of O-GlcNAc-dependent 

regulation of DSB repair (9). Consistent with prior in vitro results that Ezh2 abundance is 

regulated by OGT (28), immunohistochemistry analysis of Ezh2 expression in the 

unirradiated and irradiated shOGT or alloxan-treated shScr tumors at 7 days after irradiation 

displayed decreased immunostaining compared with shOGA or GlcNAc- or PUGNAc-

treated shScr tumors or shScr controls (Supplementary Fig. S6A and S6B).

DISCUSSION

Metabolic reprogramming is a hallmark of cancer often described as a necessary adaptation 

to the increased demands for energy and building blocks for macromolecular biosynthesis to 

support cancer cell growth and proliferation (1–3). We have explored alternative pathways 

whereby cancer metabolism may impact other cancer hallmarks such as genomic instability 

and cell immortality. The recent discovery that 2-hydroxyglutarate (2-HG) acts as an 

oncometabolite to promote carcinogenesis without being further metabolized has led to the 

discovery of epigenetic enzymes as primary targets, suggesting mechanisms based on 

deregulated gene expression (44). Our prior work provided an alternative model, implicating 

2-HG along with the hexosamine biosynthetic pathway metabolite N-acetylglucosamine 

(GlcNAc) in promoting DNA double strand break repair and blocking onset of cellular 

senescence via their effects on chromatin modification (9).

While high levels of 2-HG are associated with relatively rare IDH mutations (45), increased 

cellular GlcNAc is likely a far more common feature of cancer (31,46–49). High O-

GlcNAcylation may be as simple as the result of increased flux through the HBP due to 

deregulated glycolysis and the Warburg effect, but other metabolic adaptations, feedback 
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loops, and activating mutations may be implicated. As such, targeting the HBP and/or 

protein O-GlcNAcylation might represent a relatively general, cancer cell-selective means to 

sensitize tumors to genotoxic stress. To explore this concept, in this study we examined how 

modulating protein O-GlcNAcylation by targeting O-GlcNAc transferase or O-GlcNAcase 

affects radiation response in cells and tumors.

Prior proteomic analysis has focused on discovery of OGT substrates, leading to more than 

4,000 O-GlcNAc modified proteins identified to date (50). Many of these proteins have links 

to DNA damage and repair and their dynamic O-GlcNAcylation is implicated in the cellular 

response to diverse forms of stress (23,51–53). Despite many leads, functional analysis has 

lagged considerably, leaving roles for O-GlcNAcylation in DNA damage response poorly 

defined. Thus, we performed quantitative proteomic differential expression profiling of the 

shOGT and shOGA cell lines with and without irradiation. Reactome pathway analysis 

revealed marked changes in regulation of multiple pathways associated with cell 

proliferation, cellular signaling, and DNA damage responses between shOGT and shOGA. 

Overall, our pathway analysis suggested that OGT functions in unperturbed cells to suppress 

genomic instability and decrease cellular stress but becomes critical in irradiated cells for 

DNA damage repair and recovery from checkpoint arrest.

Given these findings, we examined the radiation response in cells expressing inducible 

shOGT or shOGA and observed effects on DSB repair, IRIF resolution, cell viability and 

radiation-induced senescence consistent with a key role for O-GlcNAcylation in DNA 

damage response. In particular, shOGT delayed DNA repair, decreased clonogenicity and 

increased senescence after irradiation compared to knockdown of OGA or scrambled 

control. Taken together, our in vitro data suggest that increased O-GlcNAc modification 

promotes normal functions of DNA-damage and repair pathways in response to irradiation. 

As a result, preventing physiological O-GlcNAcylation of cellular proteins induces 

persistent DNA damage and increased DNA damage signaling upon irradiation. Further, 

blocking OGT appears to increase basal levels of DSBs even in unperturbed cells, 

suggesting a role in protection from oxidative stress and/or cell cycle defects.

To evaluate the impact of O-GlcNAc modification on radiation response in vivo, we 

examined O-GlcNAcylation dependent effects in tumors irradiated 48 h after inducing 

shRNA-mirs. Consistent with the in vitro experiments, irradiated tumors expressing shRNA-

miRs targeting OGT displayed decreased O-GlcNAc modification, persistent DNA damage, 

decreased cell proliferation and increased senescence. Importantly, treating animals bearing 

control tumors with alloxan, a non-specific small-molecule OGT inhibitor, recapitulated the 

phenotype of shRNA-miR targeting OGT.

Perhaps of equal importance, silencing OGA conferred a relatively dramatic radioresistance 

phenotype in vivo. OGA knockdown spared tumors from most of the deleterious effects of 

radiation, blocking accumulation of DNA damage, preserving cell proliferation and 

preventing radiation-induced senescence. Treating mice bearing control tumors with 

PUGNAc, a non-specific OGA inhibitor, or the HBP metabolite GlcNAc increased O-

GlcNAcylation and similarly protected irradiated tumors from persistent DNA damage, loss 
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of proliferation or senescence. Considering that GlcNAc is non-toxic and readily available, 

these results may suggest a new approach to radiation protection and mitigation.

Taken together, our studies suggest that the hexosamine biosynthetic pathway, via its impact 

on protein O-GlcNAcylation, is a key determinant of the DNA damage response in cancer, 

providing a mechanistic link between metabolic reprogramming, genomic instability and 

therapeutic response. Our findings also implicate the HBP as an important metabolic 

contributor to therapeutic resistance via promoting DNA repair and protecting cells from cell 

cycle arrest and senescence. These results provide a strong rationale for targeting O-

GlcNAcylation as a route to overcoming resistance to radiation and other genotoxic 

therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IMPLICATIONS

Finding that the hexosamine biosynthetic pathway, via its impact on protein O-

GlcNAcylation, is a key determinant of the DNA damage response in cancer provides a 

mechanistic link between metabolic reprogramming, genomic instability and therapeutic 

response and suggests novel therapeutic approaches for tumor radiosensitization.
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Figure 1. 
Tools to target protein O-GlcNAcylation and track impacts on DNA damage response in 
vitro and in vivo. A, The rate limiting step of the hexosamine biosynthetic pathway (HBP) is 

the transfer of an amine from glutamine to glucose as fructose 6-phosphate (F6P) to form 

glucosamine 6-phosphate (GlcN-6P) and glutamate. Once acetylated, N-acetylglucosamine 

6-phosphate (GlcNAc-6P) is linked to uridine diphosphate to form UDP-GlcNAc. 

Exogenous GlcNAc is readily phosphorylated and can drive the pathway without feeding 

glycolysis or glutaminolysis. Although UDP-GlcNAc is often considered as a key metabolite 

for secretory glycosylation, the enzyme O-GlcNAc transferase (OGT) modifies intracellular 

protein serines and threonines with the O-GlcNAc post-translational modification. Typically, 

O-GlcNAcase (OGA) rapidly removes the GlcNAc, restoring the hydroxyl form. Alloxan 

and PUGNAc are small molecule OGT and OGA inhibitors, respectively. B, The TagRFP-
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IBD reporter expresses TagRFP fused to residues 1–34 and 1220–1711 of human 53BP1. C, 
The ZsGreen-shRNA-miR reporter construct for silencing OGT or OGA. D, Western blot 

analysis of the O-GlcNAc protein modification in MCF7TagRFP-IBD cell lines with shRNAs 

targeting OGT (shOGT) or OGA (shOGA). Three gene-specific shRNA-miRs were tested 

for each target. Random scrambled control shRNA-miR (shScr) and the OGA inhibitor 

PUGNAc were used as negative and positive controls, respectively, for O-GlcNAc protein 

modification. E, Representative cell image with TagRFP-IBD and ZsGreen-shRNA-miR 

(Scr) fluorescence examined 2 h after irradiation with 6 Gy (TagRFP, red; ZsGreen, green; 

Hoechst 33342, blue). F, Intratumoral imaging of MCF7 cells with dual fluorescent reporters 

for IRIF (TagRFP, red) and shRNA-miR expression (ZsGreen, green) after irradiation with 6 

Gy. Anti-CD31 antibody was used for vascular staining (endothelium, cyan).
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Figure 2. 
Label-free quantitation (LFQ) of tandem mass spectrometry analysis of the nuclear 

proteomes of shOGT and shOGA cells treated with 0 or 6 Gy. A, Venn diagram showing 

distribution of the 2518 proteins identified in either shOGT or shOGA cells, with or without 

irradiation. Of these, 2214 proteins were identified in shOGT0 Gy, 2361 in shOGA0 Gy, 2263 

in shOGT6 Gy, and 2214 in shOGA6 Gy, of which 1993 were identified in all four samples. 

B, XY scatter plot of LFQ intensity ratios of shOGT6 Gy/shOGA6 Gy plotted against 

shOGT0 Gy/shOGA0 Gy, shown on Log2 scale. Statistically significant cutoffs of ≥1.2-fold 

change up (Log2, 0.26) and ≤0.8-fold change down (Log2, −0.32) are shown in dashed lines. 

Protein hits that fall in the DNA Damage and Chromatin pathways are highlighted in red and 

marked as indicated.
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Figure 3. 
Gene ontology analysis of O-GlcNAcylation-dependent protein expression in the DNA 

damage response. Hierarchal clustering represented with heat maps showing Log2 LFQ 

intensity ratios of proteins associated with DNA Damage, Chromatin Modification, DNA 

Repair, and Cell Proliferation pathways for shOGT0 Gy/shOGA0 Gy, shOGA6 Gy/

shOGA0 Gy, shOGT6 Gy/shOGT0 Gy, and shOGT6 Gy/shOGA6 Gy.
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Figure 4. 
Targeting the HBP pathway via silencing of either OGT or OGA alters DSB repair, IRIF 

resolution, viability and IR-induced senescence in MCF7TagRFP-IBD cells. A, Silencing of 

OGT or OGA has opposing effects on IRIF resolution in MCF7 cells. TagRFP-IBD foci in 

representative cells 24 h after 6 Gy are shown. Scale bar 20 μm. B, Plots of IRIF per nucleus 

in individual cells. Red bar indicates mean ± SEM; *, P <0.05; ***, P < 0.0001, (Mann-

Whitney test). C, Effects of OGT or OGA silencing on DSB repair. Cell lines with inducible 

shRNA-miRs targeting OGT, OGA or with scrambled control were grown in medium 

containing different concentrations of glucose for 24 h. Following irradiation with 6 Gy, 

neutral comet assays were performed 24 h post IR. Plots of percent tail DNA are shown. Red 

line indicates mean ± SEM. ***, P < 0.0001, (Mann-Whitney test). D, Immunofluorescence 

staining of endogenous 53BP1 and γH2AX in shScr control, shOGA, and shOGT cells 24 h 
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after 6 Gy. Shown are individual channels and overlay of anti-γH2AX (red), anti-53BP1 

(yellow), shRNA-miR expression (green), and DAPI (blue) for representative cells. Mean 

γH2AX foci per cell ± SEM is indicated. Below are perspective plots of γH2AX staining 

intensity. Scale bar 20 μm. E, Clonogenic survival of cells after irradiation. Normalized 

survival fractions indicating average of 3 replicates are shown. F, Senescence induction in 

cells bearing shRNA-miRs targeting OGT or OGA evaluated by SA-β-Gal (blue) staining 5 

days after 6 Gy. Representative images are shown. Percent SA-β-Gal positive cells are 

indicated as mean ± SEM. Scale bar 50 μm.
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Figure 5. 
Silencing of OGT or OGA alters the DNA damage response in irradiated tumors. A, Three-

dimensional imaging of MCF7 tumor xenografts with dual fluorescent reporters for IRIF 

(TagRFP, red) and shRNA-miR expression (ZsGreen, green). Anti-CD31 antibody was used 

for vascular staining (endothelium, cyan). B, Intratumoral imaging of the IRIF reporter 

TagRFP-IBD 24 h after 6 Gy. Number of foci per nucleus is shown (mean ± SEM). Scale bar 

10 μm. C, Quantification of IRIF per nucleus in individual cells 24 h after 6 Gy. Red bar 

indicates mean ± SEM. ***, P < 0.0001; * P < 0.05 (Mann-Whitney test). D, 
Immunofluorescence of O-GlcNAcylated proteins in xenograft tumors displays the increase 

in O-GlcNAcylation following shOGA knock down. DAPI (blue) was used as a nuclear 
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stain. Scale bar: 25 μm. E, Thin sections of tumors excised 7 days after 6 Gy immunostained 

for γH2AX (red), Ki-67 (brown) and SA-β-Gal activity (blue). Representative images are 

shown. Scale bar: 100 μm.
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Figure 6. 
Targeting of the HBP pathway with small molecule inhibitors alters the DNA damage 

response in irradiated tumors. A, Intratumoral imaging of the IRIF reporter TagRFP-IBD 24 

h after 6 Gy. Foci numbers per nucleus are shown (mean ± SEM). Scale bar: 10 μm. B, 
Quantification of IRIF per nucleus in individual cells 24 h after 6 Gy. Red bar indicates 

mean ± SEM. ***, P < 0.0001; * P < 0.05 (Mann-Whitney test). C, Immunofluorescence of 

O-GlcNAcylated proteins (red) in tumors treated with GlcNAc, OGA inhibitor PUGNAc or 

OGT inhibitor alloxan in comparison with control tumor tissue. DAPI (blue) was used as a 

nuclear stain. Scale bar: 50 μm. D, γH2AX (red), Ki-67 (brown) and SA-β-Gal (blue) in 

tumor sections at day 7 after 6 Gy. Representative images are shown. Scale bar: 100 μm.
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