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DNA damage response is an important surveillance mecha-
nism used to maintain the integrity of the human genome in
response to genotoxic stress. Histone variant H2AX is a critical
sensor that undergoes phosphorylation at serine 139 upon geno-
toxic stress, which provides a docking site to recruit the media-
tor of DNA damage checkpoint protein 1 (MDC1) and DNA
repair protein complex to sites of DNA breaks for DNA repair.
Here, we show that monoubiquitination of H2AX is induced
upon DNA double strand breaks and plays a critical role in
H2AX Ser-139 phosphorylation (y-H2AX), in turn facilitating
the recruitment of MDC1 to DNA damage foci. Mechanistically,
we show that monoubiquitination of H2AX induced by RING
finger protein 2 (RNF2) is required for the recruitment of active
ataxia telangiectasia mutated to DNA damage foci, thus affect-
ing the formation of y-H2AX. Importantly, a defect in mono-
ubiquitination of H2AX profoundly enhances ionizing radiation
sensitivity. Our study therefore suggests that monoubiquitina-
tion of H2AX is an important step for DNA damage response
and may have important clinical implications for the treatment
of cancers.

DNA damage response (DDR)?® involves serial molecular
events that are activated during DNA double strand breaks
(DSBs) and are important for the repair of damaged DNA (1, 2).
Histone variant H2AX is a central player for DDR. Upon DNA
damage, H2AX is phosphorylated by ataxia telangiectasia
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mutated (ATM) and ATM-related kinases at serine 139, known
as y-H2AX, which serves as a docking site to recruit the medi-
ator of DNA damage checkpoint protein 1 (MDC1) to sites of
DNA damage, named DNA damage foci (3, 4). MDC1 is then
phosphorylated by ATM within the DNA damage foci and facil-
itates the recruitment of RING finger protein 8 (RNF8) ubiqui-
tin ligase (E3) to the DNA damage foci (1, 2). RNF8 then recruits
RING finger protein 168 (RNF168) E3 ligase to promote poly-
ubiquitination of proteins near the DNA damage foci, in turn
recruiting breast cancer 1, early onset (BRCA1)-receptor-asso-
ciated protein 80 (RAP80) complex to DNA damage sites for
DNA repair.

H2AX is thought to be a critical sensor that can detect DSBs
to initiate the early DDR. H2AX deficiency results in defects in
the recruitment of MDC1 and other repair proteins to DNA
damage foci for DNA repair and G,/M checkpoint, in turn
enhancing the sensitivity to ionizing radiation (IR) (5, 6). In
addition to its Ser-139 phosphorylation, H2AX has been
recently shown to be phosphorylated by Williams-Beuren syn-
drome transcription factor at tyrosine 142, and this phosphor-
ylation negatively regulates H2AX Ser-139 phosphorylation
(v-H2AX) (7, 8). Although it is known that H2AX also under-
goes polyubiquitination by RNF8 and RNF168 E3 ligase upon
DSBs (9 —12), the functional significance of this polyubiquitina-
tion is currently unclear. Interestingly, H2AX also undergoes
monoubiquitination, but the functional significance of this
ubiquitination is once again unclear (10, 13).

Ubiquitination is thought to regulate protein degradation;
however, it has recently emerged to play a nonproteolytic role
involved in various biological processes (1, 14 —16). We hypoth-
esize that monoubiquitination of H2AX may play an important
role in DDR. In this study, we aimed to identify E3 ligases
responsible for H2AX monoubiquitination and its potential
role in DDR.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Mouse embryonic fibroblasts
(MEFs) and 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS).
The source of ionizing radiation (IR) is from cesium 137 in
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the Mark 1 irradiator (J.L. Shepherd and Associates).
pcDNA3-HA-FLAG-H2AX-K6R, pcDNA3-HA-FLAG-H2AX-
K10R, pcDNA3-HA-FLAG-H2AX-K14R, pcDNA3-HA-FLAG-
H2AX-K16R, pcDNA3-HA-FLAG-H2AX-K37R, pcDNA3-HA-
FLAG-H2AX-K75/76R, pcDNA3-HA-FLAG-H2AX-K96R,
pcDNA3-HA-FLAG-H2AX-K119R/K120R, pcDNA3-HA-
FLAG-H2AX-K128R, and pcDNA3-HA-FLAG-H2AX-K134/
135R constructs were generated by using a site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
standard procedures using pcDNA3-HA-FLAG-H2AX-wild
type (WT) as a template. pWZL-H2AX or pWZL-H2AX-
K119R/K120R was generated by subcloning H2AX or H2AX-
K119R/K120R into EcoRI and BamHI sites of pWZL vector.
pcDNA3-HA-FLAG-H2AX-WT, pcDNA3-HA-FLAG-H2AX-
S139A, and pcDNA3-HA-FLAG-RNF8-WT were described
previously (10). The RING finger protein 2 (RNF2) plasmid was
a gift from Dr. S. Y. Lin (M.D. Anderson Cancer Center, Hous-
ton). WT and H2AX /~ MEFs were kindly provided by Dr. B.
Wang (M.D. Anderson Cancer Center, Houston).

Viral Infection—For Mock, H2AX, or H2AX-K119R/K120R
restoration, H2AX ”~ MEFs were infected with Mock, pWZL-
H2AX, or pWZL-H2AX-K119R/K120R and selected by 50
pg/ml hygromycin for 4 days.

Small Interfering RNA (siRNA) Transfection—U20S cells
were transfected with siRNA against control (Dharmacon
Research) or RNF2 (sequence, GAGAAAUACUGGAAAG-
UGA, Dharmacon Research) using Oligofectamine (Invitro-
gen) for 48 h and treated with or without IR (10 Gy). After 20
min of IR treatment, U20S cells were harvested for immuno-
fluorescence assay (IFA).

Immunoprecipitation (IP), Immunoblotting (IB), and IFA— 1P,
IB, and IFA were done essentially as described with mild mod-
ification (17, 18). For IP, cells were lysed by E1A lysis buffer (250
mM NaCl, 50 mm Hepes, pH 7.5, 0.1% Nonidet P-40 (v/v), 5 mm
EDTA, protease inhibitor mixture (Roche Applied Science)).
ForIFA, cells were grown on chamber slides. After treating with
or without IR, cells were extracted with cold cytoskeleton buffer
(10 mm Hepes, pH 7.4, 300 mm sucrose, 100 mm NaCl, 3 mm
MgCl,, 0.5% Triton X-100 (v/v), and protease inhibitor mixture
(Roche Applied Science)). Cells were then fixed with 4% para-
formaldehyde and permeabilized in 0.2% Triton X-100 in phos-
phate-buffered saline (PBS) at room temperature. Cells were
immunolabeled using specific antibodies and observed on Zeiss
Axioplan 2 imaging and FV300 Olympus confocal microscopy.
The following antibodies were used for IP, IB, and IFA: anti-
H2AX antibody (IP, 1:100; IB, 1:1000, Cell Signaling, Calbi-
ochem, and Bethyl Laboratories); anti-MDC1 antibody (IB,
1:1000; IFA, 1:50 —200, Bethyl Laboratories and Santa Cruz Bio-
technology); anti-RNF8 antibody (IB, 1:1000, Abnova and Santa
Cruz Biotechnology); anti-RNF2 antibody (IB, 1:1000; IFA,
1:100, Santa Cruz Biotechnology); anti-phospho-(Ser-139)-
H2AX antibody (IB, 1:1000; IFA, 1:200, Cell Signaling and Mil-
lipore); anti-H2A antibody (IB, 1:1000, Cell Signaling); anti-H3
antibody (IB, 1:5000, Abcam); anti-ATM antibody (IB, 1:1000,
Cell Signaling); anti-phosphorylated (Ser-1981)-ATM anti-
body (IB, 1:1000; IFA, 1:200, Rockland); anti-a-tubulin anti-
body (IB, 1:10,000, Sigma); anti-B-actin antibody (IB: 1:10,000,
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Sigma); and anti-FLAG antibody (M2, IP, 1:200; IB, 1:3000,
Sigma).

Ubiquitination Assay—In vivo ubiquitination assays were
performed as described previously (19). In brief, 293T cells
were transfected with the plasmids for 48 h and harvested by
denatured buffer (6 M guanidine HCl, 0.1 M Na,HPO,/
NaH,PO,, 10 mm imidazole), followed by nickel bead purifica-
tion and IB analysis. Proteins were eluted in SDS sample buffer,
subjected to SDS-PAGE, transferred to nitrocellulose mem-
brane, and immunoblotted with antibody.

Chromatin Fractionation—Chromatin fractionation was
performed as described previously (20). In brief, cells with or
without IR were washed twice by cold PBS. Cell pellets were
resuspended in buffer A (50 mm Hepes, pH 7.9, 10 mm KCl, 1.5
mm MgCl,, 0.34 M sucrose, 10% glycerol (v/v), 1 mm dithiothre-
itol (DTT), protease inhibitor mixture (Roche Applied Sci-
ence), 0.1% Triton X-100 (v/v), and phosphatase inhibitor mix-
ture I and II (Sigma)) on ice. After centrifuging, pellets were
lysed by buffer B (3 mm EDTA, 0.2 mm EGTA, 1 mm DTT,
protease inhibitor mixture (Roche Applied Science), and phos-
phatase inhibitor mixtures I and II (Sigma)). After centrifuging,
pellets were washed twice by washing buffer I (3 mm EDTA, 0.2
mM EGTA, 1 mm DTT, 150 mm NaCl, protease inhibitor mix-
ture (Roche Applied Science)) and buffer II (3 mm EDTA, 0.2
mM EGTA, 1 mm DTT, 250 mm NaCl, protease inhibitor mix-
ture (Roche Applied Science)). After washing, pellets were son-
icated and lysed by E1A lysis buffer. The proteins were then
analyzed by IB analysis.

Colony Formation Assay—For colony formation assay,
H2AX ™'~ MEFs infected with mock, H2AX, or H2AX-K119R/
K120R (3000 cells per well) were split into 12-well plates and
then treated with various doses of IR. After a 7-day culture, the
viable cells were fixed and stained with crystal violet. The num-
ber of colonies (more than 50 cells for each colony) was
calculated.

Foci Quantification—Foci quantification was performed as
described previously (21, 22). The number of foci per cell was
calculated on the microscope using the oil lens (63X). The cap-
tured images were analyzed for foci using AlphaEase® FC soft-
ware. At least 40 cells were randomly collected from each
group. The captured images were transformed into the inten-
sity scale (8-bit resolution) by using AlphaEase® FC software.
The number of radiation-induced DNA damage protein foci,
representing the higher density thresholds of gray level as com-
pared with background with lower intensities, was counted by
the automatic counting routine separately using the Alpha-
Ease® FC software.

Statistical Analyses—All values were the means * S.D. of
replicate samples (n = 3—6, depending on the different exper-
iments), and experiments were repeated a minimum of three
times. Differences between the two groups were assessed using
the unpaired two-tailed Student’s ¢ test or by analysis of vari-
ance if more than two groups were analyzed. The Tukey test
was used as a post hoc test in analysis of variance for testing the
significance of pairwise group comparisons. p values <0.05
were considered statistically significant in all comparisons.
SPSS version 13.0 for Windows (LEAD Technologies, Inc.) was
used for all calculations.
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FIGURE 1. Lys-119/Lys-120 are the major monoubiquitination sites for
H2AX. A and B, 293T cells were transfected with histidine-ubiquitin (His-Ub),
RNF8 along with HA-H2AX or various H2AX mutants for 48 h, treated with IR
(10 gray), and harvested for in vivo ubiquitination assay (see “Experimental
Procedures” for details). Ni-NTA, nickel-nitrilotriacetic acid; WCE, whole-cell
extracts; IB, immunoblotting; exp, exposure.

RESULTS

Monoubiquitination of H2AX Is Required for the Recruitment
of MDC1 to DNA Damage Foci upon IR—To study the role of
monoubiquitination of H2AX in DDR, we first determined
which residues of H2AX are the monoubiquitination sites. To
this end, we mutated all the lysine residues of H2AX to arginine
and tested these mutants in in vivo ubiquitination assay. We
found that H2AX displayed monoubiquitination (Fig. 1, A and
B). RNEF8 E3 ligase did not affect the level of H2AX monoubiq-
uitination but promoted di-ubiquitination of H2AX, consistent
with the previous results showing that RNF8 is not required for
H2AX monoubiquitination but for di-ubiquitination and
H2AX (10). We found that mutations on Lys-119 or Lys-120
partly reduced monoubiquitination of H2A, whereas mutations
on other sites have little effect on monoubiquitination of H2AX
(Fig. 1B). This result is consistent with the previous report
showing that Lys-119 is a monoubiquitination site for H2AX
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FIGURE 2. Monoubiquitination of H2AX regulates y-H2AX and MDC1 foci
formation. A, H2AX~'~ MEFs infected with mock, HA-H2AX, or HA-H2AX-
K119R/K120R were treated with or without IR (10 gray). After 20 min, cells
were fixed and stained with y-H2AX and MDC1 antibodies for IFA. B and C,
number of foci per cell was calculated under the microscope using the oil lens
(63X) (see “Experimental Procedures” for details). The mean number of
y-H2AX foci (B) and MDC1 foci (C) per each cell is shown from 40 cells calcu-
lated. The horizontal line shows the mean number of foci per cell. These dif-
ferences are statistically significant (p < 0.005).

(13). Strikingly, mutations on both Lys-119 and Lys-120 resi-
dues of H2AX completely abolished monoubiquitination of
H2AX, suggesting that Lys-119 and Lys-120 are two major
monoubiquitination sites for H2AX (Fig. 1, A and B), consistent
with a recent report (10). Interestingly, RNE8 also failed to
induce di-ubiquitination of the H2AX-K119R/K120R mutant
(Fig. 1A4), suggesting that monoubiquitination of H2AX is a pre-
requisite for H2AX di-ubiquitination induced by RNF8.

To study the role of monoubiquitination of H2AX in DDR,
we examined the effect of WT-H2AX and H2AX-K119R/
K120R mutant on the recruitment of MDC1 to DNA foci upon
IR. As expected, we found that H2AX“~ MEFs had a defect in
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the recruitment of MDC1 to DNA damage foci after 20 min of
IR treatment using IFA (Fig. 2, A and C, and supplemental Fig.
S1A). Although restoration of WT-H2AX into H2AX "~ MEFs
by using the retroviral infection system rescued the ability of
MDC1 to DNA damage foci, H2AX-K119R/K120R mutant
failed to do so (Fig. 2, A and C, and supplemental Fig. S1A4).

To further confirm this phenomenon, we used a biochemical
approach to isolate the chromatin fraction where the DNA
damage sites are located, and we examined the recruitment of
MDCI1 to these regions upon IR. Consistent with the IFA
results, Western blot analysis revealed that WT-H2AX restored
the recruitment of MDCI1 to the chromatin fraction in
H2AX™/~ MEFs in response to IR, but the H2AX-K119R/
K120R mutant compromised this effect (Fig. 34), which corre-
lates with the fact that monoubiquitination of WT-H2AX in the
chromatin fraction was enhanced by IR, but the K119R/mutant
lost its ability to become monoubiquitinated (Fig. 3, A-C).
These results suggest that monoubiquitination of H2AX is
required for the recruitment of MDC1 to DNA damage foci.

Monoubiquitination of H2AX Is Required for y-H2AX For-
mation upon IR—Because the binding of MDC1 to H2AX
requires the formation of y-H2AX upon IR (3, 4), we therefore
determined whether H2AX monoubiquitination regulates the
v-H2AX formation upon IR. As expected, restoration of H2AX,
but not of H2AX-K119R/K120R mutant, into H2AX ~~ MEFs
rescued the formation of y-H2AX foci after 20 min of IR treat-
ment using IFA (Fig. 2, A and B). We also performed the bio-
chemical fractionation experiment to isolate the chromatin
fraction and found that H2AX-K119R/K120R mutant drasti-
cally reduced its ability to induce the formation of y-H2AX in
both total cell extracts and chromatin fractions after 20 min of
IR treatment compared with WT-H2AX and correlated with its
defect in monoubiquitination (Fig. 3, A—C). These results sug-
gest that monoubiquitination of H2AX positively regulates the
formation of y-H2AX in response to IR treatment.

Monoubiquitination of H2AX Regulates IR Sensitivity—
H2AX and MDC1 are known to play a critical role in IR sensi-
tivity (3, 4). As we have revealed the critical role of H2AX
monoubiquitination in y-H2AX formation and the recruitment
of MDC to sites of DNA breaks, we next determined whether
monoubiquitination of H2AX regulates IR sensitivity. Notably,
we found that although WT-H2AX restoration in H2AX 7~
MEFs using the retroviral system caused the resistance of the
cells to IR compared with mock restoration, H2AX-K119R/
K120R mutant compromised this effect (Fig. 4). This result
strongly suggests that monoubiquitination of H2AX plays a
critical role in IR sensitivity.

FIGURE 3. Monoubiquitination of H2AX regulates y-H2AX formation and
the recruitment of MDC1 to chromatin fraction. A, H2AX~/~ MEFs infected
with mock, HA-H2AX, or HA-H2AX-K119R/K120R were treated with or with-
out IR (10 gray). After incubation for 20 min, the chromatin fraction and WCE
were collected for IB analysis. B, H2AX~/~ MEFs transfected with mock,
HA-H2AX, HA-H2AX-S139A, or HA-H2AX-K119R/K120R were treated with or
without IR (10 gray). After incubation for 20 min, WCE was collected for IB
analysis. C, 293T cells transfected with mock, HA-H2AX-WT, or HA-H2AX-
K119R/K120R for 48 h were treated with or without IR (10 gray) and harvested
1 h after IR for IP with HA antibody, followed by IB analysis.
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Monoubiquitination of H2AX Regulates the Recruitment of
ATM to DNA Foci—ATM is a critical kinase responsible for
v-H2AX upon IR, and it is highly possible that monoubiquiti-
nation of H2AX may either regulate ATM activation or the
recruitment of ATM to the sites of DNA damage to induce
v-H2AX. To test this notion, we at first compared the degree
of ATM activation and the recruitment of ATM to the sites
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FIGURE 4. Monoubiquitination of H2AX regulates IR sensitivity. H2AX /™
MEFs infected with mock, H2AX, or H2AX-K119R/K120R were treated with
various doses of IR, and the survival rate of these cells was determined by
colony formation assay after 7 days of IR treatment. The results are shown as
means = S.D. of one representative experiment (from three independent
experiments) performed in triplicate. *, p < 0.05.

of DNA damage between WT and H2AX ’~ MEFs upon
DNA damage. We found that the ATM phosphorylation
(p-ATM) level in whole cell extracts upon IR was no different
between WT and H2AX '~ MEFs, suggesting that H2AX is
not required for ATM activation in response to IR treatment
(Fig. 5A).

However, the recruitment of ATM to the chromatin fraction
upon IR was markedly impaired in H2AX “~ MEFs, which was
correlated with a profound reduction in p-ATM levels in chro-
matin fractions (Fig. 54). Similarly, we found that p-ATM foci
induced by IR in H2AX ™~ MEFs, as determined by IFA, was
also drastically reduced compared with that in WT MEFs (Fig.
5, B and C, and supplemental Fig. S1B). We next determined
whether monoubiquitination of H2AX regulates ATM
recruitment to DNA foci in response to DNA damage,
thereby facilitating the formation and y-H2AX and MDC1
foci. Notably, we found that WT-H2AX restoration in
H2AX™’~ MEFs rescued the recruitment of ATM and
p-ATM to the chromatin fraction and p-ATM foci, but res-
toration of H2AX-K119R/K120R mutant failed to do so (Fig.
6, A-C, and supplemental Fig. S1C). However, WT-H2AX
and H2AX-K119R/K120R did not affect p-ATM level in
whole cell extracts (Fig. 6B). Thus, monoubiquitination of
H2AX orchestrates the recruitment of ATM to sites of DNA
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FIGURE 5.H2AX is required for the recruitment of ATM to DNA damage foci. A, WT and H2AX/~ MEFs were treated with or without IR (10 Gy), and cells were
harvested for the isolation of the chromatin fraction and WCE after 20 min of IR incubation, followed by IB analysis. Band C, WT and H2AX '~ MEFs were treated
with or without IR (10 Gy). After incubation for 20 min, cells were fixed and stained with p-ATM antibody for IFA. The number of foci per cell was calculated on
the microscope using the oil lens (63X). The mean number of foci per each cell is shown from 40 cells calculated.
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FIGURE 6. Monoubiquitination of H2AX is required for the recruitment of ATM to DNA damage foci. A, H2AX /~ MEFs infected with mock, H2AX, or
H2AX-K119R/K120R were treated with or without IR (10 Gy) and harvested for the isolation of the chromatin fraction and WCE after 20 min of IR treatment,
followed by IB analysis. Band C, H2AX~/~ MEFs infected with mock, H2AX, or H2AX-K119R/K120R were treated with or without IR (10 Gy). After incubation for
20 min, cells were fixed and stained with p-ATM antibody for immunofluorescence assay. The number of foci per cell was calculated manually on the
microscope using the oil lens (63X). The mean number of foci each cell is shown from 40 cells calculated.

damage, in turn regulating y-H2AX formation and the
recruitment of MDCI1 to the sites of DNA breaks.

RNF2 Induces Monoubiquitination of H2AX and Regulates
v-H2AX Formation, the Recruitment of MDCI and ATM to
DNA Foci—The polycomb repressive complex 1 (PRC1),
including BMI1 polycomb RING finger oncogene (BMII) and
RING finger protein 1 (RING1) and RNF2 (also known as
RING2), was shown to display an E3 ligase for monoubiquiti-
nation of H2A and negatively regulates gene expression (23,
24). Interestingly, BMI1 and RNF2 were recently shown to par-
ticipate in DNA damage response and IR sensitivity by regulat-
ing the recruitment of tumor suppressor p53-binding protein 1
(53BP1), BRCA1, and RAP80 to DNA damage sites (25). More-
over, BMI1 and RNF2 were also shown to contribute to mono-
ubiquitination of H2AX (25), although the role of monoubiquiti-
nation of H2AX in DNA damage response was not examined.

Consistent with this recent report (25), we found that
RNF2 was recruited to DNA damage foci upon IR treatment,
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and its overexpression promoted monoubiquitination of
H2AX (Fig. 7, A and C). Given that monoubiquitination of
H2AX plays an important role in y-H2AX formation and
that RNF2 triggers monoubiquitination of H2AX, RNF2
should also regulate the formation of y-H2AX as monoubiq-
uitination of H2AX does. To test this hypothesis, we gener-
ated control and RNF2 -knockdown U20S cells by using
siRNA against green fluorescent protein (GFP) and RING2.
As expected, we found that the expression level of y-H2AX
and the formation of y-H2AX foci were profoundly impaired
in RNF2-knockdown U20S cells compared with that in GFP
knockdown cells, as determined by Western blot analysis
and IFA (Fig. 7, B, D, and G, and supplemental Fig. S1D).
Because monoubiquitination of H2AX regulates the recruit-
ment of MDC1 to DNA foci upon IR, we next determine
whether RNF2 recapitulates the function of monoubiquiti-
nation of H2AX. Although MDC1 was recruited to DNA
damage foci in control U20S cells upon IR, it was impaired
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in RNF2-knockdown U20S cells (Fig. 7, E and H, and sup-
plemental Fig. S1D). Likewise, we found that RNF2-knock-
down U20S cells displayed the defects in p-ATM foci com-
pared with control U20S cells (Fig. 7, F and I and
supplemental Fig. S1D). Thus, RNF2-mediated monoubiq-
uitination of H2AX participates in the recruitment of ATM
to DNA damage sites, in turn facilitating the formation of
v-H2AX and MDC1 foci.

DISCUSSION

The formation of y-H2AX by ATM kinase and other ATM-
related kinases upon DSBs is known to provide a docking site
for recruiting MDC1 to DNA damage foci, in turn facilitating
the recruitment of BRCA1-RAP80 complex to DNA foci
important for DNA repair (3, 4). Our study reveals for the first
time that monoubiquitination of H2AX at Lys-119/Lys-120,
which is induced in the chromatin fraction by IR, plays a critical
role in DDR by facilitating y-H2AX formation and the recruit-
ment of MDC1 to DNA damage foci. Mechanistically, we fur-
ther show that monoubiquitination of H2AX is required for the
recruitment of ATM to DNA damage foci, thus affecting the
formation of y-H2AX upon IR. Importantly, we demonstrate
that monoubiquitination of H2AX plays a critical role in IR
sensitivity.

The recruitment of ATM to DNA damage foci represents an
early event important for y-H2AX formation and subsequent
recruitment of DNA repair proteins to sites of DNA breaks for
DNA repair. How exactly ATM is recruited to the DNA damage
foci in response to DSBs remains unclear. Our finding that
H2AX deficiency and H2AX monoubiquitination-dead mutant
(H2AX-K119R/K120R) both display a defect in ATM recruit-
ment to DNA damage foci but not ATM activation suggests
that ATM activation may not occur in DNA damage foci during
DSBs. Thus, the role of H2AX monoubiquitination induced by
DSBs is to recruit active ATM to sites of DNA breaks to trigger
v-H2AX formation and subsequent recruitment of repair pro-
teins to DNA foci.

Recent studies identified RNF8 E3 ligase as a novel regulator
important for DDR (10, 11, 26). RNF8 was shown to regulate IR
sensitivity by facilitating the recruitment of the RAP80-BRCA1
complex to DNA damage foci without affecting the formation
of y-H2AX and MDC1 foci. Thus, RNF8 functions downstream
of MDC1 but upstream of RAP80. Although RNF8 plays an
important role in DDR, how it participates in this process
remains largely unclear. Interestingly, RNF8 was recently
shown to trigger and contribute to di-ubiquitination and tri-
ubiquitination of H2AX (10), although the functional signifi-
cance of H2AX ubiquitination remains to be determined. How-
ever, RNF8 is not required for monoubiquitination of H2AX
and y-H2AX, as RNF8 knockdown does not affect monoubiq-
uitination of H2AX and y-H2AX (10). Consistent with this, we
found that RNF8 overexpression did not promote monoubiq-

uitination of H2AX (Fig. 1, A and B), suggesting that RNFS8 is
not an E3 ligase for monoubiquitination of H2AX.

Importantly, we show that monoubiquitination of H2AX is
also required for H2AX di-ubiquitination (Fig. 14). We ration-
alize that monoubiquitination of H2AX may affect the recruit-
ment of RNF8 to DNA damage foci upon IR, in turn regulating
H2AX di-ubiquitination and polyubiquitination. Although
H2AX di-ubiquitination and polyubiquitination are elicited
during DDB, their role in DDR is currently unclear. Given that
the loss of RNF8 only affects the recruitment of the RAP80-
BRCA1 complex to DNA damage sites, but not MDC1 recruit-
ment and y-H2AX foci (10, 11), it is conceivable that di-ubiq-
uitination and tri-ubiquitination of H2AX does not participate
in ATM recruitment, y-H2AX formation, and the formation of
MDCI1 foci. We show here, however, that monoubiquitination
of H2AX indeed plays an important role in these processes.
Thus, it is unlikely that monoubiquitination of H2AX regulates
ATM recruitment, y-H2AX formation, and the formation of
MDCI1 foci indirectly through affecting di-ubiquitination and
tri-ubiquitination of H2AX.

What is the E3 ligase responsible for monoubiquitination of
H2AX? One recent study suggests that a polycomb-repressive
complex-1, including BMI1, RING1, and RING2 (RNF2), is
likely an E3 ligase for monoubiquitination of H2AX, as BMI1
deficiency or knockdown inhibits H2AX monoubiquitination
(25). Consistent with this notion, we found that RNF2 overex-
pression promotes in vivo H2AX monoubiquitination (Fig. 7A).
Moreover, we provide the evidence that monoubiquitination of
H2AX elicited by RNF2 is critical for the recruitment of ATM
to sites of DNA breaks, in turn facilitating y-H2AX formation
and the recruitment of MDC1 to DNA damage foci. Thus, it is
likely that RNF2 regulates the recruitment of DNA repair pro-
teins, such as RAP80, BRCA1, and 53BP1, to DNA damage sites
and IR sensitivity by regulating monoubiquitination of H2AX,
in turn facilitating ATM recruitment, y-H2AX formation, and
MDC1 foci formation. In a previous article, Lin and co-workers
(32) demonstrated that H2AX monoubiquitination is also
induced by BMI1 and RNF2 and plays a critical role in facilitat-
ing y-H2AX formation and the recruitment of MDC1 to DNA
foci, supporting our conclusion that H2AX monoubiquitina-
tion is critical for DNA damage response.

However, it should be noted that two earlier reports
revealed that H2AX monoubiquitination at Lys-119/Lys-120
does not obviously affect IR-induced y-H2AX levels (10, 27),
which is different from our current observation that mono-
ubiquitination of H2AX at Lys-119/Lys-120 plays a positive
role in regulating y-H2AX formation. Although such dis-
crepancy remains unclear, the possible explanation for it
may be due to the distinct time course analyzed in the exper-
iments. In our case, we analyzed y-H2AX at an early time
point (within 30 min), whereas these two studies (10, 27)

FIGURE 7. RNF2-mediated monoubiquitination of H2AX regulates p-ATM foci, y-H2AX, and MDC1 foci. A, 293T cells were transfected with ubiquitin
(His-Ub), RNF2 along with HA-H2AX, treated with IR (10 Gy) for 48 h, and harvested for in vivo ubiquitination assay. B, U20S cells were transfected with siRNA
against GFP or RNF2 for 48 h, treated with or without IR (10 Gy), and harvested for WCE after 20 min of IR treatment, followed by IB analysis. C-/, control- and
RNF2-knockdown U20S cells were treated with or without IR (10 Gy). After incubation for 20 min, cells were fixed and stained with indicated antibodies for IFA.
The number of foci per cell was calculated under the microscope using the oil lens (63X). The mean number of foci per each cell is shown from 40 cells

calculated.

SEPTEMBER 2, 2011« VOLUME 286 +NUMBER 35

JOURNAL OF BIOLOGICAL CHEMISTRY 30813


http://www.jbc.org/cgi/content/full/M111.257469/DC1
http://www.jbc.org/cgi/content/full/M111.257469/DC1
http://www.jbc.org/cgi/content/full/M111.257469/DC1

Monoubiquitination of H2AX in DNA Damage Response

Working model

radiation \ l
K119/120 /—\
K119/120

S1981

S1981

S1981

Checkpoint activation
and DNA repair

FIGURE 8. Working model for the role of monoubiquitination of H2AX in DDR. Upon DSBs, the RNF2-RING1-BMI1 E3 ligase complex is recruited to DNA
damage foci and induces monoubiquitination of H2AX at Lys-119/Lys-120. Monoubiquitination of H2AX recruits active ATM to sites of DNA breaks, in turn
facilitating the formation of y-H2AX and the recruitment of MDC1 to DNA damage foci. MDC1 is then phosphorylated by ATM and recruits RNF8 and RNF168
E3 ligases to DNA damage foci. RNF8 and RNF168 cooperate to promote the polyubiquitination of H2AX, H2A or unidentified proteins, which may recruit the

BRCA1-RAP80 complex to DNA damage foci to facilitate DNA repair.

examined it at late time point (4—6 h). These results are
indeed consistent with the current model indicating that
ATM positively regulates y-H2AX only at early time points
(within 30 min), but not at late time points (>1 h) (28 -31).
Thus, monoubiquitination of H2AX may affect y-H2AX
only at early time points, but not at late time points, by reg-
ulating the recruitment of ATM to DNA damage foci.

On the basis of our finding, we propose a working model
by which monoubiquitination of H2AX regulates DDR (Fig.
8). Upon IR treatment, the BMI1-RNF2-RING1 E3 ligase
complex is recruited to DNA damage foci and subsequently
induced monoubiquitination of H2AX, which in turn facili-
tates the recruitment of active ATM to DNA damage foci,
followed by facilitating the formation of y-H2AX and the
recruitment of MDC1 and other DNA repair proteins to

30814 JOURNAL OF BIOLOGICAL CHEMISTRY

DNA damage sites. Our study therefore reveals an important
cross-talk between H2AX monoubiquitination and H2AX
phosphorylation, providing novel paradigms for DDR and
potentially therapeutic strategies for the treatment of human
cancers.
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