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OGT restrains the expansion of DNA damage signaling
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ABSTRACT

O-linked N-acetylglucosamine linkage (O-GlcNAcyla
tion) to serine or threonine residues regulates numer-
ous biological processes; however, its role in DNA
damage response remains elusive. Here, we found
that O-GlcNAcylation is induced by DNA damage re-
sponse. O-GIcNAc transferase (OGT), the solo en-
zyme for O-GlcNAcylation, relocates to the sites of
DNA damage and induces the O-GicNAcylation of
histone H2AX and mediator of DNA damage check-
point 1 (MDC1). The O-GlcNAcylation negatively reg-
ulates DNA double-strand break-induced phospho-
rylation of H2AX and MDC1 by restraining the ex-
pansion of these phosphorylation events from the
sites of DNA damage. Therefore, our study reveals
the molecular mechanism and biological function of
OGT-dependent O-GlcNAcylation in response to DNA
damage.

INTRODUCTION

In response to DNA damage, multiple DNA damage repair
factors relocate to the sites of DNA damage for the acti-
vation of DNA damage repair and cell cycle checkpoints
(1-5). The dynamic relocation of DNA repair factors is me-
diated by DNA damage-induced post-translational modifi-
cations (PTMs) on histones and their binding partners at,
or adjacent to, the sites of DNA damage (6-8). One of the
key DNA damage-induced epigenetic modifications is the
phosphorylation of histone H2AX (aka yH2AX) (9,10).
This unique DNA damage-induced phosphorylation event
is catalyzed by a group of phosphatidylinositide 3 (PI-3)-
like kinases, including ataxia telangiectasia mutated (ATM)
(11-14), ATM and Rad3 related (ATR) (15), and DNA-
dependent protein kinase (DNA-PK) (16-18). yH2AX cre-
ates a phospho-epitope that is engaged by the mediator
of DNA damage checkpoint protein 1 (MDC1) BRCAI
carboxy-terminal (BRCT) domain (19,20). MDCI is sub-
sequently phosphorylated by ATM, which creates bind-
ing sites to recruit other DNA damage response proteins
(21,22). Although these phosphorylation events can grad-
ually expand to a mega-base region from the site of DNA

damage, they are still restrained to a relatively small com-
partment compared to the size of whole genome (10), and
underlying molecular mechanism is unclear. Furthermore,
these DNA damage-induced phosphorylation events can
last for more than 24 h (23), which is critical for DNA dam-
age response such as cell cycle checkpoint activation. There-
fore, it is intriguing to understand the molecular mechanism
by which DNA damage-induced signaling is limited.

The PI-3-like kinases, such as ATM, mainly phosphory-
late Serine (Ser) or Threonine (Thr) residues on their sub-
strates. Interestingly, Ser or Thr residues can also be mod-
ified by O-GlcNAcylation, a unique PTM catalyzed by the
O-GIcNAc transferase (OGT) (24-26). OGT is an evolu-
tionarily conserved polypeptide with 1046 residues, includ-
ing 13.5 N-terminal tetratricopeptide repeats (TPRs) and
a C-terminal catalytic domain (27). With UDP-GIcNAc
as the donor, OGT removes UDP and covalently links
the N-acetylglucosamine (GlcNAc residue) to the hydroxyl
side chain of Ser or Thr, resulting a single O-linked Glc-
NAc (O-GlcNAc) on the substrates (27). The same Ser and
Thr residues, on substrates such as c-Myc proto-oncogene
and RNA polymerase II, can be modified by both O-
GlcNAcylation and phosphorylation (28-30). Therefore, it
has been proposed that O-GIcNAcylation and phosphory-
lation may compete for the same amino acids on key cellular
proteins (31). In support of a complex relationship between
O-GlcNAcylation and phosphorylation (28-30,32-35), ele-
vating O-GlcNAc levels decreases phosphorylation (36) and
vice versa (34). Thus, it is likely that O-GlcNacylation antag-
onizes phosphorylation in many biological events and may
regulate yH2AX expansion after DNA damage.

Here, we tested the role of O-GlcNacylation in DNA
damage-induced signaling. We found that OGT relocates to
the sites of DNA damage and catalyzes O-GlcNAcylation
of H2AX and MDC1. These O-GlcNAcylation events sup-
press the expansion of DNA damage-induced phosphory-
lation events on the chromatin.

MATERIALS AND METHODS

Plasmids, antibodies, siRNAs and chemical reagents

The full-length cDNA of human OGT was cloned into
the pEGFP-C1 vector. Internal deletion mutants and the
enzyme-dead mutant (G598S) of OGT were generated us-
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ing the QuickChange site-directed mutagenesis kit (Strata-
gene). Deletion mutants of OGT were constructed as de-
scribed previously (37).

Antibodies used in this study include the follow-
ing: anti-OGT antibody (Novaus), anti-yH2AX (Up-
state Biotechnology, monoclonal and polyclonal), anti-
O-GIcNAc (RL2 monoclonal [Abcam] and CTDI110.6
monoclonal [Covance]), anti-FLAG (Sigma), anti-Myc
(Sigma), anti-Actin (Sigma), anti-Mdcl (Sigma), anti-
PAR (Genetex, monoclonal), anti-Ku80 (Cell Signal-
ing Technology), anti-Chkl (Cell Signaling Technol-
ogy), anti-phospho-Chk1 (Ser345,Cell Signaling Technol-
ogy) and anti-phospho-SQTQ (Cell Signaling Technol-
ogy). siRNA sequences were generated to target hu-
man OGT (5-GCACATAGCAATCTGGCTTCC-3' or 5'-
CCAAACTTTCTGGATGCTTAT-3).

The OGT inhibitor (ST045849) was purchased
from TimTec and the O-GlcNAcase (OGA) inhibitor
(PUGNAC) was purchased from Toronto Research Chem-
icals. The ATM inhibitor KU-55933 was purchased from
Calbiochem. For cell treatment, a final concentration of
2 wM KU-55933 was added to the cell medium at the
indicated timepoints.

Recombinant proteins and in vitro assays

Recombinant His-tagged H2AX proteins were purified
from Escherichia coli cells. Recombinant streptavidin bind-
ing peptide (SBP)-tagged OGT protein was purified from
Sf9 insect cells. For the in vitro O-GlcNAcylation as-
say, recombinant SBP-OGT protein (0.5 ng) was incu-
bated with 2 pg substrates and 0.5 mM (0.5 uCi) UDP-
[*H]GIcNAc (from American Radiolabeled Chemicals) in
25 pl reaction buffer (50 mM Tris-HCI, pH 7.5, 12.5
mM MgCI2 and 1 mM dithiothreitol [DTT]) for 1 h at
37°C. The reaction was stopped by 10 mM ethylenedi-
aminetetraacetic acid (EDTA). For the histone glycosyla-
tion analyses, the reaction was resolved with sodium do-
decyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE), and then subjected to autoradiography after in-
cubation with EN3HANCE (from PerkinElmer). For the
ATM-dependent in vitro kinase assays, FLAG-tagged ATM
was transiently transfected into 293T cells and immunopre-
cipitated using anti-FLAG M2-agarose (Sigma). The im-
munoprecipitates were extensively washed and then incu-
bated with substrates in the kinase buffer (25 mM HEPES
[pH 7.4], 50 mM NaCl, 10 mM MnCl2, 10 mM MgCI2, 1
mM DTT, 5 puM ATP) at 30°C for 30 min. The phospho-
rylated proteins were separated by SDS-PAGE and western
blotted with an anti-y H2AX antibody.

Cell lysis, immunoprecipitation (IP) and western blotting

The cells were harvested at the indicated time points after 10
Gy of ionizing radiation (IR) treatment and washed twice
with phosphate buffered saline (PBS). The cell pellets were
subsequently resuspended in NETN lysis buffer (20 mM
Tris—HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5%
NP-40) and incubated on ice for 10 min. Thereafter, the in-
soluble fractions were digested by Benzonase to extract the
chromatin fraction, then subjected to electrophoresis or im-
munoprecipitation followed by western blot analysis.
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Laser micro-irradiation, immunofluorescence (IF) staining
and microscope image acquisition

To generate DNA damage in cells, we adopted laser micro-
irradiation method, which has the privileges on the study
of the kinetics of proteins or protein-modifications recruit-
ment and dynamics after DNA damage.

For laser micro-irradiation, the cells were grown on
35 mm glass bottom dishes (MatTek Corporation). Laser
micro-irradiation was performed on an OLYMPUS IX71
inverted fluorescence microscope with a Micropoint Laser
Illumination and Ablation System (Photonic Instruments).
High energy UV laser was generated from the Micropoint
Laser Illumination and Ablation System and focused into
the cell nucleus through the light path of the microscope
to generate DNA breaks. By moving the stage of the mi-
croscope, the laser drew a line of DNA damage inside of
nucleus without rapturing the nuclear membrane or cell
membrane. The damaged DNA could be visualized by im-
munostaining with anti-y H2ZAX antibody as yH2AX is a
surrogate maker of DNA lesion. The laser output was set
to 40%, which can reproducibly produce a focused yH2AX
stripe. For time-lapse microscopy analysis, the cells were
first transfected with the corresponding plasmids. Then,
the green fluorescent protein (GFP)-positive cells were sub-
jected to micro-irradiation. The micro-irradiated strips of
GFP-positive cells were evaluated at the indicated time
points and then analyzed with the Image J software pro-
gram. For time course analysis of laser micro-irradiation,
the samples were subjected to continuous micro-irradiation
along certain paths, within the indicated time interval.
Then, the samples were subjected to immunofluorescence
(IF) staining. For IF staining with the anti-OGT or anti-
O-GIcNAc antibodies, the cells were permeabilized with
0.5% Triton X-100 for 5 min at room temperature. The sam-
ples were then incubated with the primary antibodies for
1 h. The samples were washed three times, incubated with
the secondary antibodies for 30 min at room temperature
and visualized with an OLYMPUS IX71 inverted fluores-
cence microscope. All of the images were acquired with the
cellSens standard (Version 1.3) software. Identical contrast
and brightness adjustments were used on images for all ex-
periments. The width of laser strips at indicated time points
was analyzed by Image J. Normalized fluorescent curves
from 10 cells from three independent experiments were av-
eraged for each indicated sample. Error bars represent the
standard deviation. For the 3D surface plot, the images were
analyzed using Image J.

Alkaline comet assay

Single-cell gel electrophoretic comet assays were performed
under alkaline conditions. Briefly, 24 h after electroporation
of the indicated plasmids, or transfection with the indicated
siRNA, HeLa cells were irradiated with or without 5 Gy of
IR and allowed to recover in normal culture medium for the
indicated time at 37°C. The cells were collected and rinsed
twice with ice-cold PBS; 2 x 10*/ml cells were combined
with 1% LMAgarose at 40°C at a ratio of 1:3 (v/v) and im-
mediately pipetted onto slides. For cellular lysis, the slides
were immersed in the alkaline lysis solution (1.2 M NaCl,
100 mM EDTA, 0.1% SDS and 0.26 M NaOH, pH > 13)
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overnight at 4°C. Then, the slides were subjected to elec-
trophoresis at 15 V for 25 min (0.6 V/cm) and stained in 10
wg/ml propidium iodide for 20 min. All images were taken
with a fluorescence microscope and analyzed by the Comet
Assay 1V software program.

RESULTS
vyH2AX signals are expanded at the sites of DNA damage

Phosphorylation of H2AX at Ser 139 (yH2AX) is one of
the early and key processes in DNA damage response; it
stabilizes numerous DNA damage response factors at the
sites of DNA double-strand breaks (DSBs) (3). It has been
shown that yH2AX is present on the chromatin that flanks
DNA damage sites (9,10,13,19). To examine the kinetics
of yH2AX, we measured the peak intensity of yH2AX to
monitor the peak level of y H2AX at the sites of DNA dam-
age. We also measured the width of the laser strip [full width
at half maximum (FWHM)] to examine the expansion of
vyH2AX. Moreover, we calculated the overall intensity of
vyH2AX (triangular area with yH2AX signal, as shown in
Figure 1A) in response to laser micro-irradiation (Figure
1A). One minute after the DNA damage, yH2AX became
visible at the sites of DNA damage (Figure 1B). Within 10
min after the DNA damage, the y H2AX signal was not only
remarkably enhanced at the sites of DNA damage, but it
had also expanded to the adjacent area (Figure 1B). How-
ever, the yH2AX signal, including the peak level, width of
the strip and overall intensity, reached a relatively steady
state after 10 min of DNA damage, suggesting that other
DNA damage response pathways may be activated to limit
the expansion of yH2AX in the regions flanking DNA le-
sions.

O-GIcNAc is induced at the sites of DNA damage

Following DNA damage, the phosphorylation of H2AX
is catalyzed by a group of PI-3-like kinases, including
ATM, ATR and DNA-PK. Although OGT-dependent O-
GlcNAcylation negatively regulates kinase-induced phos-
phorylation, direct evidence that DNA damage actively in-
duces O-GlcNAcylation has not been reported. To study
if O-GlcNAcylation is a DNA damage-induced event, we
treated HeLa cells with IR or other DNA-damaging agents.
The chromatin fractions of cell lysates were dot-blotted us-
ing an anti-O-GIcNAc antibody (CTD110.6) (Figure 2A).
We found that the O-GlcNAcylation level was significantly
increased after DNA damage. The results were further con-
firmed using the second anti-O-GIcNAc antibody (R12)
(Supplementary Figure S1A).

To study the localization of DNA damage-induced O-
GIcNAcylation, HeLa cells were subjected to laser micro-
irradiation and examined with IF staining using anti-O-
GIcNAc antibodies, as well as an anti-y H2AX antibody
(Figure 2B). Like yH2AX, O-GIcNAc is clearly enriched
at the sites of DNA damage. After blocking the antigen
epitopes with excessive GlcNAc, we could not detect DNA
damage-induced O-GlcNAcylation, further confirming the
specificity of the anti- O-GIcNAc antibodies. Of note, we
found that the enrichment of O-GIcNAc at the sites of
DNA damage was slower than that of yH2AX (Figure 2C).

Taken together, our study suggests that O-GlcNAcylation is
a DNA damage-induced PTM.

O-GIcNAcylation suppresses the expansion of YH2AX at the
sites of DNA damage

Because O-GlcNAcylation antagonizes phosphorylation,
we asked if O-GlcNAcylation negatively regulates H2AX
phosphorylation in response to DNA damage. Because O-
GlcNAcylation is mediated by OGT, we knocked down
OGT using siRNA (Supplementary Figure S1B). OGT de-
pletion not only suppressed the DNA damage-induced O-
GlcNAcylation (Supplementary Figure S1C) but also in-
creased the level of yH2AX (Figure 3A). To observe the ex-
pansion of yH2AX, we measured the kinetics of the peak
level, width and overall intensity of the yH2AX signal in
response to laser micro-irradiation in the OGT knockdown
cells. We found that the peak level of yH2AX intensity was
only slightly increased; however, the width of the laser strip
and overall y H2A X signal were significantly increased (Fig-
ure 3B).

Moreover, the expansion of yH2AX continued for more
than 20 min in response to DNA damage. To carefully ob-
serve the signal expansion of yH2AX, we also performed
3D surface plotting of yH2AX 20 min after laser micro-
irradiation and found that the laser strip width and over-
all yYH2AX signal were significantly increased, with only a
slight increase in the y H2AX peak intensity (Figure 3C and
Supplementary Figure S2). To confirm the results, we re-
constituted the cells with siRNA-resistant wild-type OGT
or the enzyme-dead mutant (OGT-ED). Only the wild-type
OGT, but not the ED mutant, could limit the expansion
of yH2AX (Figure 3D). Knockdown of OGT, using an
siRNA that targets an alternative sequence, produced sim-
ilar results (Supplementary Figure S3F). In addition, we
treated the cells with the OGT inhibitor ST045849. In the
presence of ST045849, a similar expansion of yH2AX was
observed as that in the OGT-deficient cells (Supplementary
Figure S3A and B). Taken together, these results demon-
strate that OGT inhibits the expansion of yH2AX in re-
sponse to DNA damage.

OGT is recruited to the sites of DNA damage

To study the molecular mechanism by which OGT sup-
presses the expansion of yH2AX, we first examined the lo-
calization of OGT in response to DNA damage. Using live
cell imaging, we found that OGT was recruited to the sites
of DNA damage (Figure 4A). We further confirmed the re-
sults by detecting the recruitment of endogenous OGT with
an anti-OGT antibody (Supplementary Figure S4A). Again
the kinetics of OGT recruitment were much slower than the
enrichment of yH2AX, but similar to the enrichment of O-
GIlcNAc (Figure 4B).

Next, we asked how OGT is recruited to the sites of DNA
damage. Because poly(ADP-ribosyl)ation plays a key role
in the early establishment of the DNA damage response
machinery (38), we asked if poly(ADP-ribosyl)ation is re-
quired for OGT recruitment. However, OGT recruitment
was unchanged in Parpl —/— MEFs (Parpl: Poly(ADP-
ribose) polymerase-1, MEF: Mouse Embryonic Fibrob-
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Figure 1. yH2AX signal is quickly expanded at the sites of DNA damage. (A) Diagram showing the analyses of the DNA damage signal at the laser
micro-irradiation strip. The immunofluorescence (IF) images were analyzed with the Image J software program. The peak IF density (/) refers to the mean
peak value across the laser scissor strip. The full width at half maximum (FWHM) (#},/,), shown with blue arrows, represents the width of the laser scissor
strips. To present the overall signal, the triangular area shown in the right lower panel is calculated using the following formula: triangle area (4) =h x W
1/2- (B) Kinetics of y H2AX signals in response to laser micro-irradiation (upper panel). The peak IF density, half-peak width and overall signal of y H2AX
were plotted against time (lower panel). Scale bar: 5 pm. a.u.: arbitrary units.

last) and in response to PARP inhibitor treatment (Sup-
plementary Figure S4B and C). In addition to poly(ADP-
ribosyl)ation, y H2AX is required for the slow accumulation
of multiple DNA damage response factors. Next, we exam-
ined if H2AX facilitated OGT recruitment in response to
laser micro-irradiation. Interestingly, OGT could not be re-
cruited to the sites of DNA damage in H2AX —/— MEFs
(Figure 4C); the enrichment of O-GlcNAc also did not oc-
cur in H2AX —/— MEFs (Supplementary Figure S4D).
As a control, H2AX did not affect the recruitment of the
Ku70/80 heterodimer to the sites of DNA damage (Fig-
ure 4C). The results suggest that H2AX mediates DNA
damage-induced O-GlcNAcylation. We also examined the
role of the downstream functional partners of H2AX, but
found that OGT recruitment was not affected in MDC1

—/—, RNF8 —/—, 53BP1 —/—, RAP80 —/— MEFs and
BRCA 1-deficient HCC1937 cells (Figure 4D).

Next, we constructed an OGT deletion mutant that only
contains the N-terminal TPR domain (1-510 aa.). We
found that the OGT TPR domain could accumulate on the
sites of DNA damage (Figure 4E). Furthermore, we con-
structed six deletion mutants that dissected the function of
TPRs on OGT enrichment at DNA damage sites. Interest-
ingly, we found that amino acids 462-510 of OGT, which
link the N-terminal TPR and C-terminal catalytic domains,
is the key motif for OGT recruitment at the sites of DNA
damage (Figure 4E). Next, we expressed the deletion mu-
tant (OGT-D6), which lacks amino acids 462-510, in OGT
knockdown cells. In contrast to wild-type OGT, this dele-
tion mutant could not rescue the O-GlcNAcylation at DNA
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Figure 2. O-GIcNAcylation is enriched at the sites of DNA damage. (A) DNA damage induces O-GlcNAcylation. HeLa cells were exposed to multiple
DNA damaging agents. The chromatin fractions were dot-blotted with an anti-O-GIlcNAc antibody (CTD110.6). The relative intensity of the dots is
shown (lower panel). These data represent the mean of duplicate experiments. (B) O-GlcNAcylation is enriched at the sites of DNA damage. HeLa cells
were subjected to laser micro-irradiation. y H2AX and O-GlcNAcylation (left panel: CTD110.6 and right panel: R12) were examined by IF. For antibody
specificity analysis, | M GlcNAc was added to block the epitope. (C) The kinetics of O-GlcNAcylation enrichment at the site of DNA damage. HeLa cells
were subjected to laser micro-irradiation. At the indicated time points, y H2AX and O-GlcNAcylation (CTD110.6) were examined. The peak fluorescence
density of O-GlcNAcylation and yH2AX at the laser strips was quantified at indicated time points by Image J. Scale bar: 5 pm. a.u.: arbitrary units.

damage lesions (Supplementary Figure S1C) and the expan-
sion of yH2AX (Supplementary Figure S3C and D). It has
been shown that the TPR domain and the catalytic domain
function as a unit to catalyze substrate O-GIlcNAcylation.
Under normal conditions, the TPR domain associates with
the catalytic domains and covers the catalytic site (27).
Once OGT encounters its substrate, the TPR domain un-
dergoes massive conformational changes, which expose the
catalytic site for substrate O-GlcNAcylation (27). Thus, it
is likely that OGT recruitment, substrate recognition and
O-GlcNAcylation are tightly associated together.

OGT glycosylates H2AX and MDC1 in response to DNA
damage

Because H2AX mediates OGT recruitment, we asked if
OGT directly glycosylates H2AX. We treated HeLa cells
with IR and the OGA inhibitor PUGNACc to induce DNA
damage and suppress the degradation of O-GlcNAcylation.
H2AX was immunoprecipitated by an anti-H2AX antibody
and the precipitates were O-GlcNAcylated (Figure 5A).
To validate the results, we also examined H2AX +/+ and
—/— MEFs, and found that H2AX was O-GlcNAcylated
in H2AX +/+ MEFs in response to DNA damage (Sup-
plementary Figure S5). siRNA-mediated depletion of OGT
remarkably suppressed the O-GlcNAcylation of H2AX
(Figure 5A). Similarly, treatment with the OGT inhibitor
ST045849 also suppressed DNA damage-induced H2AX
O-GlcNAcylation (Figure 5B). Collectively, these results
demonstrate that OGT mediates the O-GlcNAcylation of
H2AX in response to DNA damage.

Next, we examined the major O-GlcNAcylation sites in
H2AX. Large scale mass spectrometry analyses suggest that
H2AX can be O-GlcNAcylated at Thr101 (39). We mutated
Thr101 to Ala (T101A). However, following DNA dam-
age, the TI01 A mutant was still O-GlcNAcylated, suggest-
ing that other site(s) on H2AX could be O-GlcNAcylated
in response to DNA damage (Figure 5C). Because O-
GlcNAcylation negatively regulates H2AX phosphoryla-
tion and the major phosphorylation site on H2AX is
Ser139, we mutated Ser139 of H2AX into Ala (S139A).
Interestingly, the S139A mutation abolished the DNA
damage-induced dynamic changes in O-GlcNAcylation
(Figure 5D). Moreover, mutation of both Thrl01 and
Ser139 into Ala (2A) completely disrupted H2AX O-
GlcNAcylation (Figure SE). Taken together, these results
suggest that O-GIlcNAcylation on Ser139 is mainly induced
by DNA damage, whereas O-GlcNAcylation on Thr101 is
likely to be a basal level O-GlcNAcylation for other cellular
functions. We also validated the results by performing the in
vitro O-GlcNAcylation assays. Only the 2A mutant, but not
the Thr101A mutant, failed to undergo OGT glycosylation
(Figure 5F). Next, we validated the negative regulation of
H2A Ser139 phosphorylation by O-GlcNAcylation in an in
vitro assay. When the recombinant H2AX was glycosylated
by OGT, the ATM-dependent H2AX phosphorylation at
Ser139 was significantly suppressed (Figure 5G).

OGT negatively regulates the expansion of DNA damage-
induced phosphorylation

In addition to evaluating H2AX, we also examined MDCI,
the functional binding partner of yH2AX. Similar to
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Figure 3. OGT negatively regulates yH2AX. (A) OGT suppresses DNA damage-induced H2AX phosphorylation. HeLa cells transfected with control or
OGT siRNA were treated with 10 Gy of ionizing radiation (IR). The chromatin fractions were western blotted with the indicated antibodies. The relative
band density of yH2AX was determined by Image J and plotted versus time. The lane labeled ‘0’ represents un-irradiated cells and the yH2AX intensity
of this lane was set as 1. (B) The kinetics of yH2AX recruitment in OGT knockdown cells (upper panel). The peak density, full width at half maximum,
and overall yH2AX signal were plotted against time (lower panel). (C and D) OGT suppresses the expansion of yH2AX. HeLa cells transfected with
control siRNA or OGT siRNA were subjected to laser micro-irradiation. yH2AX was evaluated using an anti-y H2AX antibody (C). OGT knockdown
cells reconstituted with wild-type OGT or the enzyme-dead mutant (ED) were subjected to laser micro-irradiation. y H2AX was examined (D). 3D surface
plots were generated by Image J. The IF intensity across the dash lines was analyzed by Image J software and plotted versus width (right panel). The dashed
lines show the full width at half maximum of the laser strip in each cell. (E) The full width at half maximum and overall intensity of yH2AX signal were
measured in each cell (n = 10) and box-plotted. For the box-plot: center lines show the medians; box limits indicate the 25th and 75th percentiles. n = 10.
Scale bar: 5 wm. a.u.: arbitrary units.

H2AX, MDCI1 was O-GlcNAcylated in response to DNA
damage. Suppression of OGT by siRNA or by the OGT
inhibitor ST045849 abolished the O-GlcNAcylation of
MDCI (Figure 6A and B). Moreover, O-GlcNAcylation of
MDCI suppressed PI3-like kinase-induced MDCI phos-
phorylation, as detected by an anti-pSQTQ antibody, which
specifically recognizes the substrates of ATM/ATR/DNA-
PKcs (Figure 6A and B). These results suggest that O-
GlcNAcylation also occurs in the functional partners of
vH2AX, and may regulate overall signal transduction in
response to DNA damage. We next examined the global

phosphorylation level at the sites of DNA damage by IF,
using an anti-pSQTQ antibody. Interestingly, the lack of
OGT facilitated the expansion of these phosphorylation
events, which is consistent our findings for y H2AX (Figure
6C). Furthermore, in contrast to wild-type OGT, the OGT
(D6) mutant could not rescue the expansion of pSQTQ IF
(Supplementary Figure S3C and E). These results suggest
that O-GlcNAcylation acts as a negative regulator for DNA
damage-induced phosphorylation events.
O-GlcNAcylation is a reversible PTM that can be erased
by OGA (40,41). Similar to OGT, OGA was also re-



9272 Nucleic Acids Research, 2016, Vol. 44, No. 19

A Time(min) C
(l_D 0 2 3 5 10 20 + S 100
Q v 2
a é @ 80
(LI5 I} 60
x 2
B g % 40
§100 é S 20
s 80 % '(3 0
260 O-GlIcNAc ) NN N ‘?ﬂ‘
2 — oGT 43 P
S 40 I P RN
T Ay &
o = yH2AX XL X
~ 20 NS
S - I F
o 0=
0 2 3 5 10 20
Time(min)
D OGT  yH2AX <100
2 + : g
% = ',"' : » 80
2 @ B 3
< 8 » 2 60
- - 4 B 401
- o 2 8
H o h
= i
N » ©
z
m 2
E
TPR Enzymatic Domain Laser strips
L miimm  ielex =+ 3
<IN D1 +-
< I TN D2 ++
<IN T D3 ++ N
<IN I | D4 ++
<IN T | D5 ++
<> I | D6 - P
[ W] 1-510aa ++
@» GFP § NLS 2
hi
a
[T
[©)

Figure 4. Dynamic localization of OGT following laser micro-irradiation. (A) The kinetics of OGT recruitment to the sites of DNA damage. HeLa cells
expressing GFP-OGT were monitored after laser micro-irradiation. Scale bar: 5 wm. a.u.: arbitrary units. (B) Intensity of GFP-OGT at laser strips was
quantified at the indicated time points and compared with O-GlcNAcylation and yH2AX. The peak IF density in the micro-irradiated areas was plotted
versus time. (C) The recruitment of OGT relies on H2AX. H2AX +/+ and —/— MEFs, and H2AX —/— MEFs rescued with wt H2AX, were subjected
to laser micro-irradiation. OGT and Ku80 were examined (left panel). The percentage of cells with OGT laser strips is shown (right panel). (D) Wild-
type, MDC1 —/—, RNF8 —/—, RAP80 —/—, 53BP1 —/— MEFs and BRCA1-deficient HCC1937 cells were subjected to laser micro-irradiation. The
recruitment of OGT was examined (left panel). The percentage of cells with OGT laser strips is shown (right panel). (E) The OGT linker region is required
for the localization of OGT to the sites of DNA damage. Left panel: diagrams showing the OGT deletion mutants. Right panel: localization of OGT
deletion mutants and yH2AX at the sites of DNA damage was assayed by IF.

cruited to the sites of DNA damage (Figure 6D). How-
ever, the kinetics of OGA recruitment were even slower
than those of OGT. The recruitment of OGA provides an-
other layer of regulation for DNA damage-induced signal
transduction. Because suppression of OGA increases the
O-GlIcNAcylation level (42,43), we treated HeLa cells with
the OGA inhibitor PUGNACc to suppress O-GIcNAcylation
degradation (44) (Supplementary Figure S6) and then
laser irradiated the cells. Interestingly, suppression of O-
GlcNAcylation degradation delayed the expansion of DNA
damage-induced phosphorylation (Figure 6E). Taken to-

gether, these results suggest that O-GlcNAcylation nega-
tively regulates DNA damage response.

Loss of OGT prolongs G2/M checkpoint and decreases cell
viability in response to DNA damage

We have shown that depletion of OGT disinhibits the phos-
phorylation of H2AX and MDCI. Because both yH2AX
and MDCI contribute to the activation of the DNA
damage-induced G2/M checkpoint (19,20,45,46), we next
tested the role of OGT in the G2/M checkpoint. In nor-
mal cells, IR treatment induces transient cell cycle arrest at
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The histogram shows the relative level of the yH2AX signal.

the G2/M transition, which allows cells to repair DNA le- tivation (48-51). Interestingly, we found that Ser345 phos-
sions before entering mitosis. This transient G2/M check- phorylation of Chkl, a surrogate marker of Chkl activa-
point is mediated by a yH2AX-dependent pathway (47), tion, persisted for 5 h after IR treatment in OGT-depleted
and only lasts for 1-2 h. Unrepaired lesions prolong the cells (Figure 7A), unlike our results in control cells. Con-
G2/M checkpoint, activate apoptotic pathways and induce sistently, we found that OGT depletion constitutively ar-
cell lethality, which prevents cells with lesions from entering rested cells at the G2/M transition, as indicated by histone
mitosis. H3 pS10 positive staining. However, in the control cells,

To study the role of OGT in this process, we examined mitosis fully recovered within 4 h after IR treatment (Fig-
Chkl1 activation, because Chkl is a downstream effector of ure 7C). Moreover, we treated OGT-depleted cells with the
the yH2AX-dependent pathway for G2/M checkpoint ac- ATM inhibitor KU-55933 to shut down ATM activation
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Figure 6. OGT regulates other DNA damage-induced phosphorylation events. (A) MDCI is O-GlcNAcylated by OGT in response to DNA damage.
HeLa cells were transfected with control or OGT siRNA. The cells were treated with 10 Gy of IR. The lysates were immunoprecipitated by an anti-
MDCI antibody and analyzed by western blotting with indicated antibodies. (B) An OGT inhibitor (ST045849) suppresses DNA damage-induced MDC1
O-GlcNAcylation. ST045849-treated HeLa cells were immunoprecipitated by anti-MDCI1 antibody and analyzed by western blotting with indicated anti-
bodies. (C) OGT negatively regulates the expansion of ATM-dependent phosphorylation events at the sites of DNA damage. OGT knockdown cells were
subjected to laser micro-irradiation and ATM substrates was assayed with an anti-pSQTQ antibody. (D) OGA is recruited to the sites of DNA damage.
HeLa cells were subjected to laser micro-irradiation. Kinetics of the recruitment of OGA was examined (lower panel). (E) An OGA inhibitor (PUGNAc)
suppresses the expansion of pSQTQ. HeLa cells were treated with PUGNAc and followed by laser micro-irradiation. The peak density, full width at half
maximum and overall pSQTQ signal were quantified at indicated time points. (F) Model of DNA damage-induced O-GlcNAcylation.

1 h after IR treatment (Figure 7B). The ATM inhibitor
treatment could partially rescue the G2/M transition arrest
in the OGT-depleted cells (Figure 7C and D). Finally, the
G2/M transition arrest in the OGT-depleted cells could be
rescued by wild-type OGT but not by the enzyme-dead mu-
tant of OGT (Figure 7D). These results suggested that O-
GlcNAcylation suppresses the y H2AX-dependent pathway
for limiting the G2/M checkpoint. To exclude the possibil-
ity that the prolonged G2/M checkpoint is because of unre-
paired DNA lesions, we performed comet assays and found
that DSB repair is unaffected by OGT depletion (Supple-
mentary Figure S7).

Because prolongation of the G2/M checkpoint activates
apoptosis, we next studied the role of OGT in cell viability
after DNA damage. Compared to the mock treated cells,
the OGT-depleted cells were hypersensitive to low doses of
IR (Figure 7E). Again, only wild-type OGT, but not the
enzyme-dead mutant, could rescue the cell lethality, sug-
gesting that O-GIlcNAcylation plays an important role in

limiting the DNA damage response and promoting cell vi-
ability.

DISCUSSION

In this study, we have demonstrated that OGT-dependent
O-GlcNAcylation is enriched at the sites of DNA damage
and negatively regulates DNA damage response. Loss of
OGT causes un-controlled expansion of the DNA damage
response, due to loss of O-GlcNAcylation on H2AX and
other factors. This result suggests that OGT-induced O-
GlcNAcylation plays a critical role in the normal cellular
response to DNA damage.

Similar to many other PTMs, O-GlcNAcylation is in-
duced by DSBs, DNA crosslinking damage and DNA alky-
lation damage. With IR treatment, we found that both
H2AX and MDCI1 were O-GlcNAcylated by OGT. We
have mapped Ser139 as the major DNA damage-induced
O-GlcNAcylation site in H2AX. Because Ser139 of H2AX
is also phosphorylated by ATM/ATR/DNA-PK (13,15-
17), O-GlcNAcylation competes with phosphorylation on
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H2AX. Moreover, O-GlcNAcylation of H2AX is induced
by yH2AX and acts as a negative feedback regulator
to limit the expansion of yH2AX at the site of DNA
damage (Figure 6F). Consistently, the enrichment of O-
GlcNAcylation at the sites of DNA damage occurs when
the expansion of yH2AX reaches a steady state. Thus, our
study reveals another layer of yH2AX regulation at the site
of DNA damage.

Interestingly, O-GlcNAcylation of H2AX does not affect
the peak level of yYH2AX, but instead limits the expansion
of yH2AX. It is likely that the position of the peak yH2AX
intensity is located close to the sites of DNA damage. Most
H2AX at the sites of DNA damage has already been phos-
phorylated by ATM/ATR/DNA-PK within a very short
period. Once H2AX is phosphorylated, it recruits OGT
to O-GIcNAcylate the adjacent H2AX regions and arrests
the expansion of the yH2AX signal. It is also intriguing
to note that both the TPR domain and the catalytic do-
main mediate OGT recruitment to the sites of DNA dam-
age. Because the TPR domain and the catalytic domain
function together to catalyze substrate O-GlcNAcylation
(27), substrate recognition could be the molecular mecha-
nism by which OGT is recruited to the sites of DNA dam-
age. However, interaction between enzymes and substrates
is very transient; otherwise the enzyme will be trapped by
the substrate. Therefore, we did not observe a stable interac-
tion between OGT and H2AX. This process is very similar
to H2AX phosphorylation. In response to DNA damage,
ATM is recruited to the sites of DNA damage and phos-
phorylates H2AX via a very transient interaction (19).

In addition to H2AX, we also found that MDCI
was O-GlcNAcylated in response to DNA damage. Sim-
ilar to O-GlcNAcylation of H2AX, O-GIlcNAcylation of
MDCI1 suppresses DNA damage-induced phosphorylation
of MDCI1. Because MDCI1 is phosphorylated by ATM
at multiple sites (52,53), it is likely that OGT also in-
duces O-GlcNAcylation at multiple sites to suppress ATM-
dependent phosphorylation. Similar results are also ob-
tained by observing the general ATM substrate using an
anti-pSQTQ antibody, suggesting that O-GlcNAcylation is
likely to form a negative feedback loop to suppress ATM-
dependent signaling.

Moreover, due to our research focus, we did not test other
types of DNA damage. However, it is possible that other
types of DNA damage, such as DNA single-strand breaks,
may also induce O-GlcNAcylation, albeit on different sub-
strates.

We also found that OGT depletion reduces cell viabil-
ity in response to DNA damage. Interestingly, OGT deple-
tion does not impair the DNA damage repair process. How-
ever, we found that prolongation of the G2/M checkpoint
delayed cell cycle recovery from IR treatment. It is likely
that uncontrolled phosphorylation of H2AX and MDCl1
prolongs G2/M arrest by constitutively activating Chkl.
This prolonged G2/M checkpoint eventually induces apop-
tosis (54-58). Therefore, OGT is likely to act as a negative
regulator to restrain the local DNA damage response and
help cells recover from DNA repair. Of note, the peak level
of H2AX phosphorylation does not change in the OGT-
deficient cells. Instead, the expansion of H2AX phosphory-
lation is deregulated in OGT-deficient cells. Therefore, it is

likely that the precisely regulated yH2AX expansion plays
a key role in the G2/M checkpoint.

To date, the DNA damage-induced signals have been
well studied. However, these signals are mainly restricted
to the sites of DNA damage, so that local DNA damage
would not affect other cellular events, such as transcrip-
tion, at the undamaged regions. Our study shows that OGT
is one of the important negative regulators that limit the
expansion of DNA damage-induced signaling. Besides O-
GlcNAcylation, other mechanisms also act as negative feed-
back regulators to suppress DNA damage-induced signal-
ing (59).
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