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SUMMARY

The cellular response to DNA double-strand breaks
(DSBs) is mobilized by the protein kinase ATM,
which phosphorylates key players in the DNA
damage response (DDR) network. A major question
is how ATM controls DSB repair. Optimal repair
requires chromatin relaxation at damaged sites.
Chromatin reorganization is coupled to dynamic
alterations in histone posttranslational modifica-
tions. Here, we show that in human cells, DSBs
induce monoubiquitylation of histone H2B, a modifi-
cation that is associated in undamaged cells with
transcription elongation. We find that this process
relies on recruitment to DSB sites and ATM-depen-
dent phosphorylation of the responsible E3 ubiqui-
tin ligase: the RNF20-RNF40 heterodimer. H2B
monoubiquitylation is required for timely recruit-
ment of players in the two major DSB repair path-
ways—nonhomologous end-joining and homolo-
gous recombination repair—and optimal repair via
both pathways. Our data and previous data
suggest a two-stage model for chromatin decon-
densation that facilitates DSB repair.
M

INTRODUCTION
Genome stability is essential for prevention of undue cellular

death and neoplasia. DNAdamage caused by internal or external

damaging agents is a major threat to the integrity of the cellular

genome. The cellular defense system against this threat is the

DNA damage response (DDR)—an elaborate signaling network

that activates DNA repair and cell-cycle checkpoints and modu-

lates many physiological pathways (Ciccia and Elledge, 2010).

The DDR serves as a barrier against cancer formation by acti-

vated oncogenes (Halazonetis et al., 2008). Germline mutations

abrogating critical relays in the DDR lead to genomic instability

syndromes characterized by sensitivity to genotoxic stresses,

tissue degeneration, and excessive cancers.

One of the most powerful activators of the DDR is the DNA

double-strand break (DSB). This cytotoxic lesion is induced by

ionizing radiation (IR), radiomimetic chemicals, and reactive

oxygen species that accompany normal metabolism. DSBs are

also formed during meiotic recombination and maturation of

the antigen receptor genes (Hiom, 2010). Eukaryotic cells repair

DSBs via error-prone nonhomologous end-joining (NHEJ) or

high-fidelity homologous recombination repair (HRR), which is

preceded by DNA end resection (Holthausen et al., 2010; Lieber,

2010). The vast cellular response to DSBs affects cell-cycle

progression, gene expression, protein synthesis, degradation

and trafficking, and RNA processing.
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Figure 1. Characterization of the Human RNF20-RNF40 Heterodimer

(A) Domain diagrams of RNF20 and RNF40. Locations of serine residues later found to be phosphorylated in an ATM-dependent manner are indicated by aster-

isks. CC, coiled-coil domain; NLS, nuclear localization signal; RING, RING finger domain.

(B) Validation of the interaction of RNF20 and RNF40 with ATM. Myc-tagged RNF40 was expressed in HEK293 cells and immunoprecipitated with an anti-Myc

antibody. The immunecomplexesunderwentgel electrophoresis andproteinbandswere visualizedbysilver staining. Thebandat�350kDawas identifiedasATM.
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The DSB response begins with recruitment of sensor proteins

to the damaged sites; these proteins are involved in the initial

recognition and processing of the damage and activation of

the transducers of the DNA damage alarm (Ciccia and Elledge,

2010). The primary transducer of the DSB response is the

nuclear serine-threonine kinase ATM, which phosphorylates

a plethora of effectors in various DDR pathways (Derheimer

and Kastan, 2010). Loss of ATM causes the genome instability

syndrome ataxia-telangiectasia (A-T) (Lavin, 2008).

A major question is how ATM controls a critical branch of the

DDR: DSB repair. In laboratory cell lines, timely repair of about

10%–15% of IR-induced DSBs is ATM dependent (Riballo

et al., 2004). Like other DNA transactions, DNA repair should

be coupled to chromatin reorganization. Chromatin organization

is affected by protein-DNA and protein-protein interactions

among core histones and nonhistone proteins and posttransla-

tional modifications (PTMs) of these proteins. Dynamic changes

in the rich repertoire of histone PTMs indeed accompany chro-

matin reorganization associated with DNA transactions (Murr,

2010; Zhou et al., 2011).

Here, we show that histone H2B monoubiquitylation, a highly

dynamic and mobile histone mark known to be associated

with transcription elongation, is induced in human cells after

DSB induction in an ATM-dependent manner. The responsible

E3 ubiquitin ligase is a heterodimer of the RING-finger pro-

teins RNF20 and RNF40 (Kim et al., 2005; Zhu et al., 2005).

Human RNF20 and RNF40 are orthologs of the budding yeast

protein Bre1, which together with the ubiquitin-conjugating

enzyme Rad6, monoubiquitylates the yeast histone H2B on

lysine 123 at sites of transcription elongation (Kao et al., 2004).

This histone modification was recently shown to interfere with

the compaction of the basic 30 nm chromatin fiber (Fierz et al.,

2011). Notably, in yeast and mammalian cells, H2B monoubiqui-

tylation at transcribed chromatin is required for subsequent

histone H3 methylations on Lys4 and Lys79 (Dover et al., 2002;

Kim et al., 2009; Lee et al., 2007; Schneider et al., 2005).

We find that, similar to transcription-associated H2B monou-

biquitylation, the induction of this histone modification after

DNA damage is RNF20-RNF40 dependent. Furthermore, upon
(C) Further validation of the interaction between endogenous ATM and RNF20-RN

blasts, coimmunoprecipitatingRNF20 andATM. The amount of proteins in the righ

(D) Dependence of RNF40 level on the presence of RNF20 demonstrated in HeLa

bar = 20 mm.

(E) Dependence of RNF20-RNF40 interaction on the integrity of RNF40s RING dom

was ectopically expressed in HEK293 cells, and an anti-Myc antibody was used

ployed to demonstrate coimmunoprecipitation of endogenous RNF20 with wild-t

(F) Analogous experiment to that described in (E), demonstrating the reciprocal im

RNF20.

(G) Interaction with ATMof RNF40 andRNF20with RING domain deletion. FLAG-R

RNF20 and 948–986 in RNF40were ectopically expressed in HEK293 cells concom

antibody. The immune complexes were blotted with the indicated antibodies. The

noprecipitation.

(H) InteractionbetweenendogenousRNF20andRNF40demonstratedbycoimmu

itant depletion of both proteins from the supernatant. The input represents 10% o

(I) Dependence of the stability of RNF20 and RNF40 on their interaction with each o

sion of shRNA leads to the loss of the other.

(J) RNF20-RNF40dependence andATM independence of histoneH2Bmonoubiqu

was obtained in HeLa cells by using siRNA. H2BUb was detected on western blo

(Minsky et al., 2008).

M

DNA damage a fraction of RNF20-RNF40 is recruited to DSB

sites and undergoes ATM-mediated phosphorylation. ATM’s

activity and the presence of its phosphorylation sites on

RNF20-RNF40 are required for damage-induced H2B monoubi-

quitylation. This process is not required for the recruitment of the

damage sensors in the very early stage of the DDR, but is essen-

tial for timely accumulation of NHEJ and HRR proteins at DSB

sites and subsequent optimal repair via both pathways. Collec-

tively, our data and previous data suggest a two-stage process

of chromatin relaxation at DSB sites that is essential for timely

DSB repair.
RESULTS

A Tight RNF20-RNF40 Heterodimer Is Physically
Associated with ATM
An initial hint that H2B monoubiquitylation might be involved in

the DDR came from observation of an ATM-associated protein

complex isolated from human cells that contained RNF20 and

RNF40 (Figure S1A, available online, and Figure 1A). Coimmu-

noprecipitation of ATM with ectopic and endogenous RNF40

further demonstrated this interaction (Figures 1B and 1C).

Polyclonal and monoclonal antibodies were raised against

RNF20 and RNF40 (Figure S1B) and used to show that the

two proteins colocalize in the nucleus (Figure 1D) and are

bound tightly to each other (Figures 1E–1I). Stability of each

protein depended on this mutual interaction, which required

the integrity of their RING domains (Figures 1E and 1F). Thus,

knockdown of one of them reduced the level of the other

(Figures 1D and 1I), as did substitutions of critical residues

within their RING domains (Figures 1E and 1F). Deletion of their

RING domains reduced but did not abolish completely their

individual interaction with ATM (Figure 1G). Importantly, deple-

tion of either RNF20 or RNF40, but not ATM, considerably

reduced the level of monoubiquitylated H2B (H2BUb) in

unstressed cells (Figure 1J). These results suggest that the

functional unit in H2B monoubiquitylation is a tight heterodimer

of RNF20 and RNF40.
F40. RNF40 was immunoprecipitated from total cell extracts of human lympho-

t-handpanel (input) represents 5%of the amount used for immunoprecipitation.

cells by using immunostaining with the antibodies shown in Figure S1B. Scale

ain. Myc-tagged RNF40 in wild-type or RINGmutant (C984A/C986A) versions

to immunoprecipitate the ectopic proteins. Western blotting analysis was em-

ype, but not the mutant RNF40.

munoprecipitation, which now depended on the integrity of the RING domain of

NF20 andMyc-RNF40 inwild-type andRING deletions spanning aa 922–960 in

itantly with GFP-tagged ATM. ATMwas immunoprecipitated with an anti-GFP

protein amounts in the input gel represent 10% of the amount used for immu-

noprecipitation ofRNF20withRNF40 inHEK293cell extracts.Note theconcom-

f the protein amount used for immunoprecipitation.

ther. Depletion of one of these proteins in HEK293 cells by using stable expres-

itylation in unstressedcells. Depletion of endogenousRNF20,RNF40, andATM

ts of cellular extracts by using a monoclonal antibody against this modification
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Figure 2. Effect of RNF20 Depletion or Interference with H2B Monoubiquitylation on the DNA Damage Response

(A) Survival curves based on clonogenic growth of HeLa cells transfected with siRNA against GFP (control), ATM and RNF20 (Figure 1J) and treated with

increasing doses of the radiomimetic drug neocarzinostatin (NCS). The experiment was carried out in triplicate. Bars represent standard error of the mean.

(B and C) Counts of gH2AX (B) and 53BP1 foci (C) at various time points after irradiation with 1 Gy of ionizing radiation in U2-OS cells transfected with siRNA

against GFP or RNF20 (average of 100 cells). Bars represent standard error of the mean.

(D) Direct observation of DNA damage 4 hr after irradiation with 10 Gy of IR by using the neutral comet assay in U2-OS cells pretreated with various siRNAs.

Shown are representative microscopic images of the assay.

(E) Quantitation of the comet data. The length and intensity of DNA tails relative to heads is shown as%of the relative comet tail moment (n = 100). Bars represent

standard error of the mean. The statistical differences between siControl and siRNF20-RNF40 are indicated with p values. The IR dose of 10 Gy is equivalent to

200 ng/ml of NCS based on clonogenic survival experiments.

(F) Western blotting analysis showing the monoubiquitylation of ectopic FLAG-tagged wild-type histone H2B expressed in HeLa cells and lack of monoubiqui-

tylation of a mutant (K120R/K125R) version of H2B, under the same conditions. Ectopic H2B was immunoprecipitated with an a-FLAG antibody and the immune

complexes were blotted with the indicated antibodies.

(G) Ectopic H2B proteins were expressed in HeLa cells for 48 hr, the cells were irradiated as above, and gH2AX foci were counted specifically in cells expressing

ectopic H2B as judged by FLAG staining.
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RNF20-RNF40 and H2B Monoubiquitylation on K120
Are Required for Timely DSB Repair
The stable association between ATM and RNF20-RNF40 sug-

gested the involvement of the latter in the DDR. Indeed, reduc-

tion in cellular RNF20-RNF40 level obtained by using RNAi

increased the sensitivity of human cells to the cytotoxic effect

of the radiomimetic drug neocarzinostatin (NCS) (Figure 2A).
532 Molecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc.
This phenotype usually points to abrogation of a proximal

process in the DNA damage response and is often associated

with suboptimal DSB repair. The time course of DSB repair is re-

flected in the dynamics of DSB hallmarks, such as the local

phosphorylation of histone H2AX over large genomic regions

flanking DSBs (reviewed by Löbrich et al., 2010) and nuclear

foci formed at DSB sites by early damage response proteins



Figure 3. ATM- and RNF20-RNF40-Dependent Monoubiquitylation of Histone H2B after DNA Damage

(A) HeLa cells were treated with 1 mg/ml of NCS for 1 hr, with or without 30 min pretreatment with 20 mMof the ATM inhibitor KU-55933 and cellular extracts were

blotted with the indicated antibodies. A slight, ATM-dependent increase in H2BUb is noticed. DNA damage induction wasmonitored with an antibody against the

phosphorylated form of an ATM substrate, KAP-1.

(B) Detection of damage-induced H2BUb in cells treated with actinomycin D. Left panel: HeLa cells were treated with 5 mg/ml of actinomycin D and H2BUb levels

were assessed at the indicated time points. Right panel: The cells were incubated with actinomycin D for 1 hr and then with 1 mg/ml of NCS for the indicated time

periods.

(C) Effect of the ATM inhibitor KU-55933 on damage-induced H2BUb in transcription-inhibited cells. HeLa cells were pretreated with 20 mMof the inhibitor (ATMi)

for 30 min and then with 5 mg/ml of actinomycin D and 1 mg/ml of NCS for 1 hr.

(D) Dependence of damage-induced H2BUb on ATM and RNF20. HeLa cells transfected with siRNA against GFP, ATM, or RNF20 were treated for 1 hr with

5 mg/ml of actinomycin D and 1 mg/ml of NCS.
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such as 53BP1(reviewed by FitzGerald et al., 2009). Indeed, we

observed slower disappearance with time of both phosphory-

lated H2AX (gH2AX) and 53BP1 foci in RNF20-depleted cells

(Figures 2B and 2C and Figures S2A and S2B). Direct evidence

of an overt repair defect was further obtained by using the neutral

comet assay, which monitors the presence of DSBs in single

cells by microscopic detection of DNA migration in gel (Dhawan

et al., 2009). Importantly, this sensitive assay demonstrated

a marked defect in DSB sealing in cells depleted of RNF20-

RNF40 (Figures 2D and 2E).

We also examined in RNF20-depleted cells the activation of

the cell-cycle checkpoints. Treatment of hTERT-immortalized

human fibroblasts with 100 ng/ml of NCS led to a cell-cycle

arrest at G1 and G2 and concomitant depletion of the S phase

followed by slow recovery, in a roughly similar manner to cells

transfected with irrelevant siRNA and cells depleted for RNF20

(not shown). We concluded that RNF20-RNF40 loss might

have affected directly DSB repair without having a marked effect

on activation of the cell-cycle checkpoints.

Notably, loss of RNF20-RNA40 did not affect other early steps

in the DDR: initial 53BP1 recruitment (Figure 2C) and the recruit-

ment of two other central players in the early phase of the DDR,
M

MDC1 and RNF8 (reviewed by Ciccia and Elledge, 2010 and Al-

Hakim et al., 2010) (Figures S2C and S2D). ATM activation—as

evidenced by its autophosphorylation on Ser1981 (Bakkenist

and Kastan, 2003) —and the time course and intensity of ATM-

mediated phosphorylation of KAP-1, a typical ATM substrate

(Ziv et al., 2006), also were not affected by RNF20-RNF40 deple-

tion (not shown). Collectively, our data therefore suggest that

RNF20-RNF40 is not required for the early steps of the DDR,

but is necessary during the later step of DSB repair.

Assuming that RNF20-RNF40 is involved in the DDR in its

capacity as the E3 ligase in histone H2B monoubiquitylation,

we examined the role of this process in DSB repair by using

ectopic expression of tagged wild-type or mutant (K120R/

K125R) H2B. The K120R substitution prevents monoubiquityla-

tion at this position (Figure 2F); the K125R substitution does

not allow a secondary monoubiquitylation that may occur in

the absence of the primary monoubiquitylation site at K120 (Min-

sky et al., 2008). Importantly, ectopically expressed histone H2B

fused with various tags was heavily incorporated into the chro-

matin (Figures S2E–S2G). Similarly to RNF20-RNF40 depletion,

expression of the mutant H2B slowed the disappearance of

the DSB-flagging foci (Figure 2G), indicating that the ectopic
olecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc. 533



Figure 4. ATM-Mediated Phosphorylation of RNF20 and RNF40 in Response to DNA Damage and Its Requirement for Damage-Induced H2B

Monoubiquitylation

(A) Phosphorylation of S172 of RNF20. HA-tagged RNF20 in wild-type and S172A mutant versions was ectopically expressed in HEK293 cells. The cells were

treated for 1 hr with 200 ng/ml of NCS. The fraction of the protein that is phosphorylated in these cells was most clearly detected by immunoprecipitation of

the phosphorylated protein with the phosphospecific antibody and subsequent western blotting analysis with an anti-HA antibody. The input (total cell extract)

represents 10% of the protein amount that was used for immunoprecipitation. Note lack of phosphorylation of the S172A mutant.

(B) ATM dependence of S172 phosphorylation, demonstrated by similar analysis as in (A), of endogenous RNF20 in wild-type and A-T lymphoblasts. The input

(total cell extract) represents 10% of the protein amount that was used for immunoprecipitation.

(C) ATM dependence of phosphorylation of S553 of RNF20. After treatment of human lymphoblasts with 200 ng/ml of NCS for 1 hr, total cellular extracts were

blotted with the indicated antibodies.

(D and E) Phosphorylation of S114 of RNF40. The analyses are similar to those in (A) and (B). Ectopic RNF40 is Myc-tagged.

(F) Requirement of ATM phosphorylation sites on RNF20 for damage-induced H2B monoubiquitylation. HA-tagged RNF20 was expressed in wild-type or in

S172A/S553A versions by using siRNA-resistant expression constructs in HeLa cells in which endogenous RNF20 had been knocked down by using RNAi.

The cells were treated with 1 mg/ml of NCS and H2B monoubiquitylation was monitored at the indicated time points.
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mutant H2B exerted a dominant-negative effect on H2B monou-

biquitylation. This result suggests that H2Bmonoubiquitylation is

indeed required for timely DSB repair.

DNA Damage Triggers ATM-Dependent H2B
Monoubiquitylation
In undamaged cells, RNF20-RNF40 is associated with the

ongoing, dynamic H2B monoubiquitylation that accompanies

transcription elongation. The above data suggested that, after

DSB induction, RNF20-RNF40 might mediate the damage-

induced H2B monoubiquitylation that is required for optimal

DSB repair. We explored whether DNA damage enhances

H2B monoubiquitylation by monitoring the amount of cellular

H2BUb with an antibody highly specific for this modification

(Minsky et al., 2008). Western blotting analysis of cellular

extracts showed transient elevation of total cellular H2BUb after

DNA damage, but the background of ongoing, transcription-

associated H2BUb made it difficult to discern the incremental

damage-induced elevation in this modification (Figure 3A). We

therefore attempted to reduce this background by inhibiting

transcription. Examination of the effect of several transcription

inhibitors on basal H2BUb levels showed that H2BUb was

considerably reduced by the transcription inhibitors actino-
534 Molecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc.
mycin D (Figure 3B), 5,6-dichloro-b-D- ribofuranosylbenzimida-

zole (DRB), and a-amanitin (Figures S3A and S3B). Damage-

induced H2BUb was clearly observed in the presence of each

of these inhibitors (Figure 3B and Figures S3A and S3B). Impor-

tantly, damage-induced H2BUb exhibited ATM dependence:

ATM knockdown or the ATM inhibitor KU-55933 (Hickson

et al., 2004) markedly reduced the induction of this modification

by DNA damage (Figures 3C and 3D). RNF20-RNF40 depletion

had a similar effect (Figure 3D), suggesting that this ubiquitin

ligase plays an essential role in damage-induced H2B monoubi-

quitylation, similar to its role in transcription-associated H2BUb.

Notably, this pathway was not noticeably affected by depletion

of MDC1 or RNF8 (Figure S3C), suggesting that it was separate

from the MDC1-RNF8 axis, which is responsible for extensive

protein ubiquitylation at DSB sites, including histone H2A mono-

ubiquitylation (reviewed by Al-Hakim et al., 2010).

The RNF20-RNF40 Heterodimer Is an ATM Target
In typical ATM-mediated pathways, pivotal players are usually

downstream targets of ATM’s kinase activity, and their phos-

phorylation modulates the pathway in which they function (Der-

heimer and Kastan, 2010). ATM phosphorylates its targets pref-

erentially on serine or threonine residues within SQ or TQ motifs.



Figure 5. Recruitment of RNF20 to DSB Sites

(A) Accumulation of ectopic, GFP-tagged RNF20 at DSBs induced in HeLa

cells by focused laser microirradiation. This process is ATM independent.

ATM knockdown is shown in the western blot on the right. Scale bar = 5 mm.

(B) Accumulation of a fraction of endogenous RNF20 at laser-induced damage

in U2-OS cells 10 min after laser irradiation. The cells were stained with anti-

bodies against RNF20 (red) and the damage sensor 53BP1 (green). Scale

bar: 5 mm.
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Examination of RNF20 and RNF40 amino acid sequences re-

vealed several potential targets for ATM-mediated phosphoryla-

tion; two of them, Ser172 on RNF20 and Ser114 on RNF40 (Fig-

ure 1A), were phosphorylated by ATM in vitro (Figures S4A and

S4B). A recent phosphoproteomic screen (Matsuoka et al.,

2007) identified Ser553 on RNF20 (Figure 1A) as another poten-

tial ATM target. Phosphospecific antibodies raised against the

three phosphorylation sites confirmed that in response to DSB

induction in cells, RNF20 and RNF40 were phosphorylated at

these sites in an ATM-dependent manner (Figures 4A–4E).

Notably, however, only a fraction of the cellular content of these

proteins was phosphorylated in cells (Figure S4C).

Functional Significance of ATM-Mediated
Phosphorylation of RNF20-RNF40
A robust method to examine the functional significance of

protein phosphorylation entails knocking down the endogenous

protein, concomitant expression of ectopic wild-type or non-

phosphorylatable versions of the same protein, and measure-

ment of the effect of this manipulation on the cellular phenotype.

A technical difficulty of this manipulation of RNF20-RNF40 is the

tendency for a large portion of ectopic, overexpressed RNF20-

RNF40 to aggregate in inclusion bodies, leaving only a small

fraction of the ectopic proteins active. Fine-tuning of the exper-

imental conditions did, however, enable us to detect the activity

of free ectopic RNF20-RNF40, which was sufficient for limited

but clearly detectable damage-induced H2B monoubiquityla-

tion. Significantly, this activity was not observed with a non-
M

phosphorylatable mutant (S172A/S553A) of RNF20 (Figure 4F).

This suggests that the damage-induced ATM-RNF20-RNF40-

H2BUb axis is regulated via ATM-mediated phosphorylation of

RNF20-RNF40.

RNF20-RNF40 Is Recruited to Damage Sites
Akeyquestion is the location of damage-inducedH2BUb. In view

of the importance of this modification for DSB repair, it was

reasonable to assume that this histone modification occurred at

the damaged DNA sites. We asked whether, upon DNA damage,

RNF20-RNF40 was recruited to DSB sites. RNF20-RNF40

nuclear foci are not readily observed against the background of

total nuclear RNF20-RNF40 after induction of global damage,

probably because of the small fraction of cellular RNF20-

RNF40 that is involved in damage-induced H2Bmonoubiquityla-

tion (Figure S4C). We therefore induced spatially localized DSBs

in cells by using focused laser microirradiation (Bekker-Jensen

et al., 2006). This technique allowed us to detect the recruitment

of a small but distinct fraction of ectopicGFP-taggedRNF20 (Fig-

ure 5A), as well as endogenous RNF20 (Figure 5B), to the laser-

induced DNA damage tracks. Notably, RNF20 recruitment to

the damaged sites was ATM independent (Figure 5A).

The ATM-RNF20-RNF40-H2BUb Axis Is Required
for Recruitment of HRR and NHEJ Proteins
We reasoned that damage-induced H2BUb might be necessary

to create the appropriate chromatin microenvironment for DSB

repair. We first examined the effect of abrogation of the

H2BUb pathway on each of the two major repair mechanisms,

NHEJ and HRR. Importantly, we found that the efficiencies of

both processes were markedly reduced in RNF20-RNF40-

depleted cells (Figures 6A and 6B). This effect could be due to

reduced levels of repair proteins which might have resulted

from abrogation of transcription because of reduced H2BUb

levels. We examined the amount of several DDR and repair

proteins in cells depleted for RNF20-RN40, and the results (Fig-

ure S5A) did not support this possibility. Importantly, gene

expression profiles of RNF20-depleted cells have recently indi-

cated that the expression of genes encoding DSB repair proteins

is not affected by RNF20-RNF40 depletion (Shema et al., 2008).

This general effect on both DSB repair pathways with no effect

on repair protein levels suggested that abrogation of damage-

induced H2BUb might diminish the access of repair proteins to

the damage sites, which would be reflected in their reduced

accumulation at these sites. By using live cell imaging of fluoro-

phore-tagged proteins and immunostaining of endogenous

proteins, we followed the accumulation of major players in the

NHEJ and HRR pathways at localized DNA damage induced

by microirradiation. Depletion of RNF20-RNF40 led to reduced

accumulation of YFP-tagged XRCC4 and KU80, major compo-

nents of the NHEJ pathway, at laser-induced damage (Figures

6C and 6D). YFP-ATM, on the other hand, showed normal

accumulation at DSB sites in RNF20-RNF40-deficient cells (Fig-

ure 6E) in agreement with our previous findings that lack of

RNF20-RNF40 affected neither the recruitment of the early

damage response proteins nor ATM activation. Significantly,

XRCC4 accumulation was markedly affected by the expression

of the mutant H2B (Figure 6F), indicating again the dominant-
olecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc. 535



Figure 6. The Role of the RNF20-RNF40-H2BUb Pathway in DSB Repair
(A) Effect of RNF20-RNF40 depletion on DSB repair via NHEJ. The experimental system is based on cells in which reporter plasmids containing recognition sites

of the rare cutter restriction endonuclease I-SceI were incorporated into the cellular genome. The repair of I-SceI-induced DSBs via NHEJ activates expression of

GFP which is monitored by using a FACS-based fluorescence readout (Mansour et al., 2008; Schulte-Uentrop et al., 2008). The system was originally developed

in Chinese hamster cells and its adaptation to human HeLa cells was used here. Cells depleted of the KU70 protein, a major NHEJ player, served as positive

control. Error bars represent the standard error of the mean. The figure represents three independent experiments.

(B)EffectofRNF20-RNF40depletion inU2-OScellsonDSBrepair viaHRR.Thisextensivelydocumentedsystem(Pierceetal., 1999) too isbasedon following the repair

of I-SceI-inducedbreaks, but is engineered to specificallymonitor theHRRpathway. A recentmodificationof this system (Puget et al., 2005)was used. Knockdownof

XRCC3, a central HRR player, served as positive control. Error bars represent the standard error of the mean. The figure represents three independent experiments.

(C) Recruitment of YFP-XRCC4 to DSBs was monitored by using live cell imaging in HeLa cells transfected with control siRNA or with a combination of siRNAs

against RNF20 and RNF40. YFP-XRCC4 was transiently expressed in the cells 24 hr after siRNA treatment, and 72 hr later they were microirradiated. Images

were obtained at 10 s intervals at the indicated times. To compensate for nonspecific photobleaching, we subtracted the background fluorescence from the accu-

mulation spot. Each data point is the average of ten independentmeasurements and the experiment was repeated three times. Error bars represent standard devi-

ation. The same statistical analysis was applied to the data in (D)–(F).
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negative effect of the mutated protein on H2B monoubiquityla-

tion. We further studied the dynamics of XRCC4 at DSB sites

by using fluorescence recovery after photobleaching (FRAP).

When XRCC4 accumulation at DSBs reached its maximum,

the DSB regions were photobleached and images were acquired

at timed intervals. Both control and RNF20-RNF40-depleted

cells showed rapid recovery of fluorescence, demonstrating

a dynamic exchange between bound and free XRCC4 at DSB

sites (Figure 6G). Even though both cell lines exhibited similar

recovery rates (p = 0.79891), there was a significant difference

in maximum value of recovery: at 115 s it reached 53.9%

of the prebleached intensity in control cells and 68.2% in

RNF20-RNF40-depleted cells (p = 0.0018469). That the XRCC4

fraction recruited to DSB sites is more readily exchangeable in

RNF20-RNF40-depleted cells indicates RNF20-RNF40 is

required for retention of XRCC4 at these sites.

Unlike the NHEJ proteins, recruitment of HRR players to DSBs

occurs mainly at the late S and G2 phases of the cell cycle. The

HRR mechanism is functional when sister DNA molecules are

available for recombination, and the levels of these proteins

are low at G1 (Holthausen et al., 2010). This repair pathway is

preceded by deep 50 to 30 end resection, which creates the

long 30 single-strand overhangs necessary for HRR (Huertas,

2010). We studied the recruitment to damage sites of HRR

proteins in HeLa cells, in which normal cell-cycle distribution is

maintained after depletion of RNF20-RNF40 (Figure S5B)

(Shema et al., 2008). DSB tracks were induced by a-particle irra-

diation (Stap et al., 2008) or laser microirradiation (Bekker-Jen-

sen et al., 2006). The recruitment to the damage sites of the repli-

cation protein A (RPA) complex (Oakley and Patrick, 2010),

which indicates that end resection has taken place, and two

key HRR proteins—RAD51 and BRCA2—was monitored by

following their colocalization with the 53BP1 protein or gH2AX

foci along the damage tracks by using immunostaining. In

RNF20-RNF40-depleted cells a transient but considerable delay

was observed in the recruitment to DSBs of RPA (Figure 6H),

BRCA2 (Figure 6J), and RAD51 (Figure 6I and Figures S5C and

S5D). Contrary to the transient effect of RNF20-RNF40 depletion

on the recruitment of these proteins, expression of the K120R/

K125R histone H2B led to a profound, sustained effect on
(D) Accumulation kinetics of YFP-KU80 at DSB sites.

(E) Recruitment of YFP-ATM to DSBs was examined in an A-T cell line (AT5BIVA

RNF20-RNF40 was depleted in these cells and they were treated and analyzed a

(F) Recruitment of XRCC4 to laser-induced damage in cells expressing ectopic, m

Cells positive for RFP fluorescence (i.e., expressing the H2B proteins) were analy

(G) Dynamics of XRCC4 at DSB sites studied by using fluorescence recovery after

fectionwith siRNAs and 10min later, when XRCC4accumulation at DSB sites reac

acquired in 1.5 s intervals. Shown are FRAP curves. Each data point is the averag

deviation. Prebleach intensity levelswere normalized to1, andpostbleach intensity

at DSBs is reduced in RNF20-RNF40-depleted cells compared to RNF20-RNF40

(H)Quantification of the accumulation of RPAatDSB sites in the presence or absen

control) or RNF20, cultured for 48 hr, and microirradiated with a particles (Stap e

gH2AX, and RPA34. The columns represent average percentage of cells in whic

containing DSB tracks were scored per experiment. Error bars represent the rang

(I) Similar analysis of RAD51 accumulation at DSB tracks. Statistical analysis is a

(J) Similar analysis of BRCA2 accumulation at DSB tracks. Statistical analysis is a

(K) Similar analysis as in (H), carried out in cells expressingwild-type ofmutant RFP

hundred cells were scored per experiment. Error bars represent the range of perce

tained effect on RAD51 accumulation at damage sites of the mutant H2B.

M

RAD51 recruitment (Figure 6K), indicating again that optimal

kinetics of this process indeed require H2B monoubiquitylation.

Notably, throughout this study, the dominant-negative effect of

the ectopic mutated H2B on the monoubiquitylation of endoge-

nous H2B was stronger than RNF20-RNF40 knockdown, whose

efficiency probably varies, while the incorporation into the chro-

matin of mutant H2B should strictly block H2B monoubiquityla-

tion and consequently, H2BUb-driven processes. It cannot be

ruled out, however, that the mutant H2B protein exerts its effect

also by inactivating the catalytic activity of RNF20-RNF40.

These results suggest that the H2BUb-driven pathway func-

tions upstream of both major DSB repair pathways. H2B mono-

ubiquitylation is required also for the DNA end resection that

precedes the HRR pathway, as suggested by its requirement

for RPA recruitment. Collectively, the data place the ATM-

RNF20-RNF40-H2BUb axis at a late stage of the early phase

of the DSB response after and independent of the recruitment

of the early damage sensors and before the entry of the repair

machineries into the DDR cascade.

Histone H3 Methylations at Damage Sites
H2B monoubiquitylation at transcribed chromatin is required for

di- and trimethylation of Lys4 and Lys79 of histone H3 (reviewed

by Smith and Shilatifard, 2010) and H2BUb was shown to stimu-

late DOT1L, the Lys79 methylase (Chatterjee et al., 2010). We

examined the possibility that H2BUb primes H3 methylations

on Lys4 and Lys79 at damage sites. Immunoblotting analysis

with antibodies against H3K79Me2, H3K79Me3, H3K4Me2,

and H3K4Me3 disclosed no damage-induced increase in the

amounts of these histonemarks (Figure S6A). However, because

this analysis might be insensitive to small differences, we used

the antibodies against H3K79Me3 and H3K4Me2 in an attempt

toobservepossible changes in thedensity of thesehistonemarks

along damage tracks induced by microirradiation with a focused

laser beam. No such change was observed for H3K4Me2 (Fig-

ure S6C), but there was increased staining along the damage

tracks corresponding to H3K79Me3. Importantly, however, this

increasewas not affected by RNF20-RNF40 depletion or overex-

pression of the dominant-negative mutant H2B (Figures S6B and

S6C), suggesting that it was independent of theH2BUb pathway.
) devoid of endogenous ATM, in which YFP-ATM was ectopically expressed.

s described above.

Cherry-tagged histone H2B in wild-type and mutant (K120R/K125R) versions.

zed.

photobleaching assay (FRAP). HeLa cells weremicroirradiated 96 hr after trans-

hed itsmaximum, theDSB regionswere photobleached. Fifty imageswere then

e of 18 independent normalized measurements. Error bars represent standard

levelswere normalized to0. Thedata indicate that the immobile XRCC4 fraction

-proficient cells.

ce of RNF20. HeLa cells were transfectedwith siRNAs against luciferase (siLuc,

t al., 2008). At the indicated time points the cells were stained for DNA (DAPI),

h RPA and gH2AX foci were colocalized along DSB tracks. One hundred cells

e of percentages obtained from three independent experiments.

s in (H).

s in (H).

-tagged histoneH2B.Cells showingRFP fluorescencewere scored. Fifty to one

ntages obtained from three independent experiments. Note the profound, sus-
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Figure 7. A Scheme Depicting a Two-Stage

Model of DNA Damage-Induced Chromatin

Relaxation at DSB Sites
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DISCUSSION

An ATM-Dependent Pathway Linking DSB Repair
and Chromatin Organization
Information about the interfacesbetween theDDRandchromatin

organization on one hand and the DDR and ubiquitin-driven

mechanisms on the other hand is rapidly accumulating (Al-Hakim

et al., 2010; van Attikum and Gasser, 2009). We describe here an
538 Molecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc.
armof theATM-mediatedDDR that repre-

sents a meeting point of the three arenas:

it leads to monoubiquitylation of histone

H2B by a fraction of RNF20-RNF40 that

is recruited to DSB sites and phosphory-

lated by ATM. This pathway, presumably

mediating chromatin decondensation, is

required for timely recruitment of NHEJ

and HRR proteins and subsequent end

resection and optimal DSB repair via

both pathways. Abrogation of this

pathway leaves a fraction of unrepaired

DSBs for extended periods of time. The

critical nature of DSBs makes this delay

in repair sufficient to cause discernible

cellular sensitivity to DSB-inducing

agents—a severe phenotype with poten-

tial dire consequences at the organismal

level. This phenotype flags the impor-

tance of this pathway in the vast ATM-

mediated network.

The ATM-dependent, H2BUb-driven

pathway is added to the previously docu-

mented ATM-dependent pathway that

facilitates DSB repair via chromatin

reorganization, mediated by the ATM

substrate KAP-1 (Goodarzi et al., 2008;

Ziv et al., 2006). Recent data from our lab

indicate that ATM facilitates DSB repair

also by directly targeting repair enzymes

(H. Segal-Raz and Y.S., unpublished

data). Parallel modulation of several path-

ways that converge at the same biological

endpoint is typical ofmanyATM-mediated

processes, presumably allowing fine-

tuning of these processes (Shiloh, 2006).

H2B monoubiquitylation was previ-

ously implicated in the DDR in the

budding yeast (Game and Chernikova,

2009; Game et al., 2006; Giannattasio

et al., 2005) and recently depletion of

RNF20 or RNF40 (also called Bre1a and

Bre1b) was shown to interfere with HRR

in human cells (Chernikova et al., 2010).
However, the HRR-mediated pathway is responsible for the

repair of only a fraction of DSBs in mammalian cells, while the

majority of breaks are repaired by NHEJ (Holthausen et al.,

2010; Lieber, 2010). Our data show that the H2BUb pathway is

important for timely action of wholesale DSB repair and is

embedded in the ATM-mediated signaling web.

The DDR is a complex and highly structured process. The

precise and strict temporal order of the recruitment of the DDR
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players to damage sites probably reflects a functional order and

hierarchy (Bekker-Jensen and Mailand, 2010; Huen and Chen,

2010). Our data suggest that the H2BUb-driven pathway might

be independent of the early damage sensors, but ATM depen-

dent, and activated prior to the entry of the repair machineries

into the DDR cascade.

In the transcription context, H2B monoubiquitylation in yeast

and mammals is dependent on the early steps in transcription

initiation and elongation and the corresponding E3 ligase closely

interacts with many proteins that take part in this process, some

of which associate directly with RNA Pol II. This ongoing spatio-

temporal dynamic reflects the mobility of the corresponding

ubiquitylating system on the one hand and a delicate balance

between ubiquitylation and deubiquitylation on the other (re-

viewed by Weake and Workman, 2008). Our data suggest that

in the DDR context, H2B monoubiquitylation is confined to the

damage sites and is retained at those sites for extended periods

of time. Thus, upon DNA damage the H2B ubiquitylating module

is probably taken out of its regular context to carry out the same

reaction in conjunction with different proteins, most notably

ATM. This might explain why we did not observe H2BUb-depen-

dent methylations of Lys4 and Lys79 on histone H3, which are

dependent on this modification in the transcription context.

The Mechanism of H2BUb Effect on Chromatin
Organization
A major question is how H2BUb facilitates transcription elonga-

tion and recruitment of repair proteins to DSB sites. A plausible

mechanism would be based on the binding of proteins that

contain a ubiquitin-binding domain and assist in these

processes. However, because H2BUb is required for two very

different DNA transactions—transcription elongation and DSB

repair—a unifying mechanism based on local chromatin relaxa-

tion as a result of themere histone ubiquitylationmight be attrac-

tive. Such a mechanism was recently proposed by Fierz et al.,

2011, who showed that just the addition of a ubiquitin moiety

to histone H2B is sufficient to interfere with compaction of the

30 nm chromatin fiber and lead to an open, biochemically acces-

sible fiber conformation. This mechanism might explain how

H2BUb locally enhances the accessibility of DNA embedded in

chromatin to the corresponding enzymes in various DNA trans-

actions including DNA repair.

Differences between the Roles of H2AUb and H2BUb
in Chromatin Reorganization
An important example of the involvement in the DDR of another

histone mark that is normally associated with gene regulation is

histone H2A monoubiquitylation, which was linked to transcrip-

tion silencing (reviewed by Higashi et al., 2010 and Weake and

Workman, 2008). This process was recently implicated in facili-

tating DSB repair and was associated with three DDR players,

the RING finger proteins RNF8 and RNF168 and the HERC2

protein (reviewed by Al-Hakim et al., 2010). It was suggested

that in mouse embryo fibroblasts RNF8 might be involved in

histone H2B monoubiquitylation as well (Wu et al., 2009); our

data indicate, however, that in human cells RNF20-RNF40 is

the major E3 ligase in DSB-induced H2BUb, as in transcrip-

tion-associated H2BUb. Interestingly, unlike with H2BUb, the
M

H2AUb ubiquitin ligases that function in the gene regulation

context (Vidal, 2009) were not implicated in DNA damage-

induced H2A monoubiquitylation. There are additional differ-

ences in the appearance of the two apparently analogous

histone marks in DNA damage sites, such as the dependence

of the RNF8-mediated pathway on MDC1, and its requirement

for 53BP1 recruitment, contrary to what we see in damage-

induced H2BUb. Importantly, H2AUb was recently shown to

be involved in ATM-mediated transcription silencing and preven-

tion of RNA Pol II elongation-dependent chromatin decondensa-

tion at regions distal to DSBs (Shanbhag et al., 2010). Thus, the

two histone monoubiquitylations play opposing roles in the

dynamics of chromatin organization, H2BUb in the immediate

vicinity of DSBs and H2AUb further away from these lesions.

Indeed, despite the apparent analogy between the twomodifica-

tions, H2AUb, at the opposing side of the nucleosomal surface,

does not lead to chromatin fiber decompaction (Fierz et al.,

2011).

A Two-Stage Model for Chromatin Relaxation
at DSB Sites
Nussenzweig and colleagues previously showed an initial, very

rapid chromatin relaxation at DSB sites that was ATP dependent

and ATM independent and was required for the recruitment of

the damage sensors (Kruhlak et al., 2006). Our data suggest

that the ATM-RNF20-RNF40-H2BUb pathway functions inde-

pendently and later and is required for the actual DSB repair

process. The role of H2B monoubiquitylation in the decompac-

tion of the basic chromatin fiber (Fierz et al., 2011) fits the

requirement of this modification for the repair process, which

takes place on exposed DNA. Collectively, the data suggest

a model of chromatin relaxation at DSB sites as a two-stage

process consisting of a rapid, ATM-independent chromatin de-

condensation that facilitates the recruitment of sensors and an

ATM-dependent stage at the level of the 30 nm chromatin fiber,

which is mediated by ATM’s substrate, RNF20-RNF40 (Figure 7).

This ubiquitin ligase is temporarily called into action for the DDR,

outside its normal working environment: transcribed chromatin.

Further investigation of the role of histone PTMs in shaping chro-

matin organization in response to DNA damage will reveal the

fine structural aspects of the DNA damage response.

EXPERIMENTAL PROCEDURES

Expression Constructs

Full-length cDNA clones of RNF20, RNF40, and histone H2B were obtained

from the I.M.A.G.E. Consortium and subcloned into pcDNA3.0 (RNF20) and

pcDNA4.0 (RNF40) vectors. HA-tag was added at the amino terminus of

RNF20 by using PCRand appropriate adaptor primers. Site-directedmutagen-

esis was carried out by using the QuikChange Site-Directed Mutagenesis

System (Stratagene, La Jolla, CA). Wild-type and mutant (K120R/K125R)

H2B open reading frames previously cloned in pcDNA3.1 (Minsky et al.,

2008) were excised from the vector by using BamH1 and Xba1 and subcloned

in a pMCherry-C1 vector by using recognition sites of the same restriction

enzymes. The expressed protein was fused to red fluorescent protein (RFP)

at its amino terminus.

RNA Interference

siRNA oligonucleotides (siGenome OnTarget Plus pools) were obtained from

Thermo Scientific (Dharmacon RNAi Technologies, Lafayette, CO). The
olecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc. 539
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following siRNA sequence served for construction of shRNA against RNF20:

CCAAUGAAAUCAAGUCUAAUU.

DNA Damage Responses

Clonogenic survival of cell lines, immunoblotting, immunostaining, and the

ATM in vitro kinase assay were carried out as previously described (Ziv

et al., 2006). Microscopic photography equipment and data acquisition were

described in Ziv et al., 2006.

Comet Assay

MCF7cellswere transfectedwith siRNAs against RNF20 orRNF40, or both, and

irradiated 48 hr later with 10 Gy of IR. After 4 hr, a neutral comet assay was per-

formed as described before (Tsai et al., 2008). Briefly, cells were harvested and

mixedwith low-melting agarose. After lysis, electrophoresis was performed at 1

V/cm and 15mA for 40min. After staining the slides with SYBGGreen dye for 10

min, images of 100 randomly selected cells per sample were captured by using

a Zeiss fluorescentmicroscope anddigital fluorescent imageswere obtainedby

using the AxioVision software. In this assay, the relative length and intensity of

DNA tails relative to heads is proportional to the amount of DNA damage in indi-

vidual nuclei. TheseparametersweremeasuredbyOlive tailmomentwith TriTek

Comet Score software (TriTek Corp., Sumerduck, VA).

NHEJ Assay

HeLacellswith theplasmidpEJSSA (Mansour et al., 2008) stably integrated into

their genome were transfected with siRNAs targeting RNF20 or KU70 and/or

with nontargeting siRNA, and 36 hr later were transfected with an I-SceI-ex-

pressing vector or an empty vector. Parallel samples were transfected with

a GFP-expressing plasmid to control for transfection efficiencies. Thirty-six

hours after the second transfection, cells were harvested and suspended in

phosphate-buffered saline supplemented with 10% fetal bovine serum, and

the fraction of GFP-positive cells was determined by cell sorting with FACSort

flow cytometer (Becton Dickinson, Franklin Lakes, NJ) at 50,000 events/

sample. The results were processed with the Cyflogic data analysis software

(http://www.cyflogic.com/).

HRR Assay

Site-specific recombination after DSB induction by I-SceI was measured as

described (Puget et al., 2005). An siRNA against the HRR player XRCC3 was

used as a control.

Recruitment and Accumulation of DNA Damage Response Proteins

at DSBs

Live cell imaging combined with laser microirradiation was described previ-

ously (Uematsu et al., 2007; Yano et al., 2008). Briefly, fluorescence data

were acquired with an Axiovert 200 M microscope (Carl Zeiss MicroImaging,

Thornwood, NY). A 365 nm pulsed nitrogen laser (Spectra-Physics, Mountain

View, CA) was directly coupled to the epifluorescence path of the microscope.

DSBs were introduced in the nucleus by microirradiation with 365 nm laser.

Time-lapse images were taken with an AxioCam HRm camera and fluores-

cence intensities of microirradiated areas were determined by using Axiovision

Software, version 4.5 (Carl Zeiss). During microirradiation and time-lapse

imaging, cells were maintained in CO2-free medium (Invitrogen) at 37�C. To
compensate for nonspecific photobleaching, we subtracted the background

fluorescence from the values recorded at the accumulation spots. When

DSBs were induced by using a particles, irradiation was carried out as previ-

ously described (Stap et al., 2008). Briefly, HeLa cells were transfected with

siRNA targeting luciferase mRNA (CGUACGCGGAAUACUUCGAdTdT) or

with RNF20 and 24 hr later cells were plated on a 1.8-mm-thick polyester

membrane and transfection was repeated. After irradiation with a particles,

cells were fixed and stained for immunofluorescence as previously described

(Aten et al., 2004).

FRAP Analysis

The analysis was carried out by using an LSM 510 Meta confocal microscope

as described before (Uematsu et al., 2007). Briefly, cells expressing YFP-

XRCC4 were maintained in CO2-free medium (Invitrogen) at 37�C and micro-

irradiated with the 365 nm laser as described above. Ten minutes later,
540 Molecular Cell 41, 529–542, March 4, 2011 ª2011 Elsevier Inc.
when YFP-XRCC4 accumulation reached its maximum, the accumulated

spots were photobleached with a 514 nm argon laser. Subsequently, 20

images were acquired at 1.5 s intervals. To compensate for nonspecific photo-

bleaching, we subtracted the background fluorescence from the accumulation

spot. Normalized intensity (NI) was calculated according to the formula: NI (t) =

It/Ipre, where Ipre represents the prebleach value of the intensity light. The

normalized curves were plotted by using SigmaPlot and recovery curves

were fitted to a single-order exponential equation, Y = Ymax(1-exp(-KX), in

order to obtain the maximum recovery (Ymax) and half-time (t1/2) values

(Schmiedeberg et al., 2004).

Western Blotting and Immunofluorescence Analysis

These procedures were carried out as previously described (Ziv et al., 2006) by

using the antibodies listed in the Supplemental Experimental Procedures.

Coimmunoprecipitation

Coimmunoprecipitation of ectopic or endogenous RNF20-RNF40 with ATM

was carried out by using HEK293 cells or lymphoblasts, respectively. Cell

pellets were suspended in 120 mM NaCl, 50 mM TRIS (pH 7.5), 2 mM EDTA,

10% glycerol, and 1% NP40 and left on ice for 30 min. After centrifugation

the supernatant was mixed with GFP-TRAP conjugated beads (ChromoTek,

Martinsried, Germany) to precipitate YFP-ATM or anti-RNF40 polyclonal anti-

body to precipitate endogenous RNF20-RNF40 and the mixture was left at

slow shaking for 16 hr at 4�C. RNF20-RNF40 immune complexes were then

mixed with protein A-preblocked sepharose beads for 1 hr at 4�C. The beads

were washed five times and resuspended in loading buffer, the suspension

was boiled for 10 min and centrifuged, and the supernatant underwent

SDS-PAGE.
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