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The regulation of Ubiquitin (Ub) conjugates generated by

the complex network of proteins that promote the

mammalian DNA double-strand break (DSB) response is

not fully understood. We show here that the Ub protease

POH1/rpn11/PSMD14 resident in the 19S proteasome reg-

ulatory particle is required for processing poly-Ub formed

in the DSB response. Proteasome activity is required to

restrict tudor domain-dependent 53BP1 accumulation at

sites of DNA damage. This occurs both through antagon-

ism of RNF8/RNF168-mediated lysine 63-linked poly-Ub

and through the promotion of JMJD2A retention on chro-

matin. Consistent with this role POH1 acts in opposition

to RNF8/RNF168 to modulate end-joining DNA repair.

Additionally, POH1 acts independently of 53BP1 in homo-

logous recombination repair to promote RAD51 loading.

Accordingly, POH1-deficient cells are sensitive to DNA

damaging agents. These data demonstrate that proteaso-

mal POH1 is a key de-ubiquitinating enzyme that regu-

lates ubiquitin conjugates generated in response to

damage and that several aspects of the DSB response are

regulated by the proteasome.
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Introduction

Double-stranded breaks (DSBs) have the potential to cause

cell death or transformation and multicellular organisms

have evolved a complex network of factors to repair

these lesions. There are two main mechanisms of repair,

non-homologous end-joining (NHEJ), which occurs through-

out the cell cycle and homologous recombination (HR),

which uses the homologous sister chromatid as a template

and occurs in late S phase and G2. The assembly of repair

proteins to sites of DSBs is coordinated by post-translational

modifications, in particular by ubiquitin conjugation.

The p53 binding protein (53BP1) acts to promote NHEJ in

several contexts, inhibits HR, and is part of a mechanism that

shields lesions arising in replication stress through mitosis

and G1 (FitzGerald et al, 2009; Harrigan et al, 2011; Lukas

et al, 2011). 53BP1 specifically binds to methylated histones,

particularly H4K20me2, which may be increased at sites of

DNA damage (Pei et al, 2011). In addition, Ub conjugation

events promoted by ligases RNF8 and RNF168, which are

recruited to sites of DNA repair through ATM-mediated phos-

phorylation events, are thought to contribute to exposure of

the mark following damage (Panier and Durocher, 2009).

Two, possibly overlapping, mechanisms are recognised. In the

first, factors that bind H4K20me2 are removed from chromatin

to allow 53BP1 binding. This appears to be through K48-poly-Ub

generated chiefly by RNF8. Modification of the tudor-domain

containing demethylases, JMJD2A/B, is associated with their

clearance from chromatin and subsequent degradation

(Mallette et al, 2012). Extraction of K48-poly-Ub by the

valosin-containing protein (VCP/p97) is partially required

for the assembly of 53BP1 and may involve the removal of

the H4K20me2 binding protein, L3MBTL1 (Acs et al, 2011;

Lok et al, 2011; Meerang et al, 2011). The requirement for

K48-poly-Ub is not certain however as a mutant RNF8 unable

to form these linkages nevertheless is able to promote the

response to DSBs (Lok et al, 2011).

The second mechanism involves RNF8/RNF168 activity

with the E2 conjugating enzyme Ubc13 to mediate K63-

poly-Ub (Kolas et al, 2007; Zhao et al, 2007; Bekker-Jensen

et al, 2010). These chains are conjugated to histones H2A and

H2AX, and potentially other proteins local to the DSB, and

their generation promotes the recruitment of 53BP1 through

an unknown mechanism presumed to function at the level of

histone remodelling or relaxation (Huen et al, 2007; Kolas

et al, 2007; Mailand et al, 2007; Wang and Elledge, 2007; Zhao

et al, 2007; Doil et al, 2009; Stewart et al, 2009; Bekker-Jensen

et al, 2010).

The Receptor Associated Protein 80 (RAP80) complex (also

called the BRCA1-A complex) is independently assembled at

locations adjacent to 53BP1 at the DSB by the direct K63-poly-

Ub binding properties of RAP80 (Kim et al, 2007; Mailand

et al, 2007; Sobhian et al, 2007; Wang and Elledge, 2007;

Wang et al, 2007, 2009; Yan et al, 2007; Sato et al, 2009;

Shao et al, 2009; Mok and Henderson, 2010; Coleman and

Greenberg, 2011; Hu et al, 2011; Chapman et al, 2012).

RAP80 and the associated protein BRCC36 (BRCA1/BRCA2-

Containing Complex 36) are associated with inhibition of HR

shortly after induction of DSBs (Coleman and Greenberg,

2011; Hu et al, 2011). This complex also contains the Breast
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Cancer Associated Gene 1 (BRCA1), which is implicated in

the response to DNA cross-links and in promoting DNA

resection in the presence of 53BP1 (Bouwman et al, 2010;

Bunting et al, 2010, 2012). BRCA1 also generates poly-Ub

chains at DSBs although whether this is relevant to genome

integrity remains unclear (Reid et al, 2008; Drost et al, 2011;

Shakya et al, 2011; Zhu et al, 2011).

The accumulation of RAD51, the recombinase required for

DSB repair by HR, also requires RNF8, and is related to the

extraction activity of p97/VCP but is independent of RNF168-

generated K63-Ub chains (Stewart et al, 2007; Meerang et al,

2011; Sy et al, 2011). The post-replication repair Ub ligase

RAD18 may also contribute by interacting both with RAD51C

and with K63-poly-Ub or K48-poly-Ub generated by RNF8

(Huang et al, 2009).

Modification with Ub can be reversed by Ub proteases

called de-ubiquitinating enzymes (DUBs) and some DUB

activities can modulate DNA damage signalling and repair

by editing Ub-conjugates: BRCC36 specifically hydrolyses Ub-

K63 polymers and regulates 53BP1 accumulation; overex-

pression of the H2A DUB, USP3, abolishes RAP80 and 53BP1

localisation; and USP16 is required for local transcriptional

restoration after recovery from a DSB (Joo et al, 2007; Doil

et al, 2009; Shao et al, 2009; Shanbhag et al, 2010). Given the

complexity and degree of involvement of poly-Ub in DNA

repair it is highly likely that further DUB activities form part

of the DSB response.

Three DUBs are associated with the proteasome (Finley,

2009), and the proteasome itself has been implicated in the

eukaryotic response to DSBs. In yeast, its subunits are

required to maintain chromosomal stability and promote

DNA repair (Spataro et al, 1997; Krogan et al, 2004; Ben-

Aroya et al, 2010). Mammalian cells treated with proteasome

core inhibitors exhibit persistent MDC1 damage foci, poor

recruitment of BRCA1 and 53BP1 to DSBs, reduced gene

conversion in HR and increased sensitivity to DNA

damaging agents (Dantuma et al, 2006; Gudmundsdottir

et al, 2007; Jacquemont and Taniguchi, 2007; Mailand et al,

2007; Murakawa et al, 2007; Shi et al, 2008; Meerang et al,

2011). Depletion of 20S and 19S subunits has also been

shown to reduce RAD51 foci formation (Jacquemont and

Taniguchi, 2007).

A more direct role for the proteasome in the mammalian

DSB response has been suggested by the localisation of the

20S into repair foci, the interaction of the HR protein BRCA2

(Breast Cancer Associated gene 2) with the 19S proteasomal

activator, and the identification of a non-essential 19S sub-

unit, Deleted in Split-Hand/Split-Foot 1 (DSS1), as a protein

required for HR repair (Ustrell et al, 2002; Gudmundsdottir

et al, 2004; Blickwedehl et al, 2007, 2008; Gudmundsdottir

et al, 2007; Liu et al, 2010; Holloman, 2011; Levy-Barda et al,

2011). In addition many repair proteins, like the majority

of cellular proteins, are turned over by proteasomal

degradation.

Here, we tested the hypothesis that further DUBs are

integral to the mammalian DSB response. In a screen for

DUBs that regulate poly-Ub clearance we identified POH1, the

intrinsic DUB of the 19S proteasome lid. We show that POH1

promotes the correct coordination of the cellular response to

DSBs. It is required to restrict two aspects of 53BP1 accumu-

lation and consequently influences NHEJ. Further, it pro-

motes HR repair independently of 53BP1 through the

promotion of RAD51 loading. Our data confirm the notion

that further DUBs form part of the DSB response and reveal

that several portions of the response require proteasomal

involvement.

Results

Identification of POH1 in regulation of DSB-associated

Ub conjugates

To examine the possibility that further mammalian DUBs are

part of the regulation of Ub conjugates at sites of DNA repair,

we screened pools of small interfering RNAs (siRNAs) to

identify DUBs whose depletion resulted in a reduced ability to

clear Ub conjugates after release from Hydroxyurea (HU).

This identified a pool directed against POH1 (Figure 1A, see

Supplementary Figure 1A for Ub conjugates measure after

release from HU, Supplementary Figure 1B for validation

with single siRNA duplexes and Supplementary Figure 1C

for the influence of POH1 siRNA on cell-cycle transit).

POH1 is active in the context of the 19S (Patterson-Fortin

et al, 2010) and is required for ubiquitin-dependent protein

degradation (Yao and Cohen, 2002; Cooper et al, 2009). We

compared the impact of POH1 depletion on untreated and

HU-treated cells. Depletion of POH1 increased Ub conjugates

in the absence of treatment and exposure of POH1-depleted

cells to HU increased Ub conjugate levels further (Figure 1B),

indicating that in addition constitutive ubiquitin processing

POH1 is also required to reduce conjugates generated on

genotoxic stress. We next examined DNA-damage foci in-

duced by irradiation (IR) and found that depletion of POH1

increased the size and intensity of Ub conjugates detected by

the FK2 antibody (Figure 1C and D). These data suggest that

Ub conjugates induced by DSBs may be processed through

the 19S.

POH1 protease is a zinc-dependent metalloprotease in the

JAB1/MPN/MOV34 (JAMM) family (reviewed in Nijman

et al, 2005, illustrated in Supplementary Figure 1D and E).

To examine any requirement for its catalytic activity in the

processing of DSB-associated Ub conjugates, we expressed

siRNA-resistant forms of the DUB; either wild-type or mu-

tated within its JAMM motif (H113-A and H115-A,

referred to throughout as JAMMM). Both forms of exogenous

POH1 co-precipitated the 19S component PSMD4 from cells,

indicating incorporation of the exogenous protein into the

19S particle (Figure 1E). siRNA-resistant POH1 was able to

restore the accumulation of Ub conjugates within IR-induced

nuclear foci to levels seen in control siRNA-treated cells,

whereas the JAMMM mutant could not (Figure 1F and G).

Thus, the DUB activity of POH1 is required to restrain Ub

conjugate levels at foci that occur in response to DNA

damage.

POH1 restricts 53BP1 accumulation

Ub conjugates are central in directing 53BP1 recruitment to

DSBs and to DNA lesions sequestered in G1. We examined

untreated and irradiated cells depleted for POH1 for 53BP1

foci. Accumulations were larger following POH1 depletion

both in irradiated cells (Figure 2A and B) and in naive cells

(Supplementary Figure 2A). Co-staining with antibody to

gH2AX revealed that 53BP1 accumulation extended beyond

the region labelled for gH2AX (Figure 2A) and 53BP1 occu-

pied a larger volume of the nucleoplasm (Supplementary
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Figure 1 Identification of POH1 in the regulation of DSB-associated Ub conjugates. (A) Identification of POH1 in a screen of DUBs. Scatter plot
of averaged Z-scores of FK2 luminescence readings from duplicate library screens of siRNA pools targeting the 103 known or predicted
mammalian DUBs. Serum-starved HeLa cells were plated onto individual pools of siRNA, and after 24 h placed into complete media with 3mM
HU for 16 h, then released into complete media (without HU) and fixed after a further 16 h. (Under these conditions control cells show
clearance of conjugates see Supplementary Figure 1A). Z-score indicates the number of standard deviations from the population mean. Positive
score indicates pools exhibiting increased FK2-Ub and negative those with decreased FK2-Ub. 95 and 99% confidence levels are shown. (B)
POH1 is required to reduce conjugates produced following HU treatment. HeLa cells were transfected with non-targeting (Non-T) or POH1
siRNAs and then treated with 3mM HU or untreated for a further 8 h. Conjugated Ub levels were detected with monoclonal anti-Ub conjugate
antibody (FK2) and measured upon addition of chemiluminescent substrate, relative to non-specific HRP antibody control. Relative
luminescence units (RLUs) of mean FK2 Ub conjugates are expressed (three replicates/treatment). (C) Ub conjugate foci are larger in
POH1-depleted cells. U20S transfected with Non-T or POH1 siRNAs exposed to 2Gy irradiation, and fixed 1 h later. Cells were incubated with
FK2 (anti-Ub conjugates) and anti-gH2AX antibodies. The white line shows the outline of the DNA stained by Hoechst. (D) Quantification of Ub
conjugate foci diameter. U20S transfected with Non-T or POH1 siRNAs and treated as above. After imagining by confocal microscopy the
diameter of each foci was measured (n¼ 100 foci/treatment). (E) Exogenous POH1 incorporates into the 19S particle. 293T cells were
transfected with siRNA-resistant forms of Flag-POH1 and mutant Flag-POH1 (JAMMM). Flag containing complexes were immunoprecipitated
(IP) and analysed by immunoblotting with antibody to PSMD4, a subunit of the 19S base and anti-flag. (F) siRNA-resistant POH1, but not
JAMM-mutant POH1, can reduce IR-induced Ub conjugate foci in POH1-depleted cells. Representative images of U20S cells treated with Non-T
or POH1-D siRNA and transfected with siRNA-resistant Flag-POH1 or siRNA-resistant mutant Flag-POH1 (JAMMM) before exposure to 5Gy
irradiation. Cells were fixed 1h post IR and immunostained with FK2 and anti-flag antibodies. White arrows indicate POH1-expressing cells. All
scale bars throughout are 10mm. (G) Quantification of mean fluorescence intensity of nuclear FK2-Ub foci. U20S cells transfected with Non-T
and POH1 (D) siRNA and co-transfected with siRNA-resistant POH1 and POH1-JAMMM. The fluorescence intensity of nuclear FK2-Ub foci was
measured using Zeiss confocal software (0–250 arbitrary intensity units) 30 cells for each condition (600 foci total).
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Figure 2A ‘projections’). Cyclin A-positive and -negative cells

also exhibited larger 53BP1 foci when depleted for POH1,

suggesting that its influence on 53BP1 occurs in G1, S and G2

phases of the cell cycle (Supplementary Figure 2B and C).

Cells expressing the catalytic mutant enzyme exhibited larger

foci of 53BP1 than those expressing WT protein suggesting

a dominant-negative impact of integration of the mutant

protein into the 19S (Supplementary Figure 2D) and indicat-

ing a requirement for POH1 DUB activity in restricting 53BP1

assemblies.

More 53BP1 foci were evident on POH1 depletion following

exposure to IR than in cells treated with non-targeting

siRNA possibly as a result of the enlargement of previously

cryptic accumulations. Enlarged foci were nevertheless cleared
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Figure 2 POH restricts 53BP1 accumulation at sites of DSBs. (A) 53BP1 foci are larger in POH1-depleted cells. U20S transfected with Non-Tor
POH1 siRNAs exposed to 2Gy irradiation, and fixed 1h later. Cells were incubated with anti-53BP1 and anti-gH2AX antibodies. The white line
shows the outline of the DNA stained by Hoechst. (B) Quantification of 53BP1 foci diameter. U20S transfected with Non-Tor POH1 siRNAs and
treated as above. After imaging by confocal microscopy, the diameter of each foci was measured. The graph illustrates proportion of foci in bins
of increasing diameter (n¼ 100 foci/treatment, 2 repeats). (C) Clearance of 53BP1 foci in POH1 siRNA and Non-T-treated cells. Quantification
of 53BP1 foci per cell in U20S treated with Non-T or POH1 siRNAs before exposure to 2Gy irradiation and fixed at various times in recovery,
before staining with anti-53BP1 and imaging by confocal microscopy (3 replicates of 50 cells/time point). (D) Depletion of POH1 does not
increase 53BP1 protein levels. U20S transfected with Non-T, POH1, 53BP1 siRNA or co-transfected 53BP1 and POH1 siRNA were lysed and
immunoblotted with anti-53BP1, anti-POH1 or anti-b-actin antibodies. The % of 53BP1 knockdown is based on quantification using Image J.
(E) Depletion of POH1 restores 53BP1 foci in cells with low level of 53BP1 protein. U20S transfected with Non-T, POH1 or 53BP1 siRNAs as
above, exposed to 2Gy irradiation and fixed 1 h later before incubation with anti-53BP1 antibody. The white line shows the outline of the DNA
stained by Hoechst. (F) Quantification of cells with 53BP1 foci. U20S transfected with 53BP1 and Non-T siRNA or 53BP1 and POH1 siRNA
together, exposed to 2Gy irradiation and fixed 1 h later before incubation with anti-53BP1 antibody. Cells were scored for the presence or
absence of 53BP1 foci (45 foci/cell) (100 cells/condition, 2 repeats).
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after IR and reduced 4–10 h post IR, similar to control cells

(Figure 2C). Thus, POH1 acts to antagonise acute 53BP1

accumulation, but is not required in its clearance.

We considered that an explanation for the enlarged 53BP1

accumulations may be reduced degradation of the protein.

We observed that expression of POH1-JAMMM increased

53BP1 protein levels slightly (Supplementary Figure 2E).

However, depletion of POH1 did not increase 53BP1 levels

and the half-life of 53BP1 was not significantly affected

(Supplementary Figure 2F). 53BP1 is highly expressed in

cells, so to test the possibility of increased 53BP1 levels

relevant to accumulation we examined the impact of POH1

depletion in cells expressing low levels of 53BP1 protein

(Figure 2D). In 53BP1 siRNA-treated cells, few 53BP1 foci

were formed on exposure to IR (Figure 2E). Following co-

depletion with POH1, 53BP1 protein levels remained low, yet

strikingly, the ability of 53BP1 to form DNA-damage induced

foci was not lost (Figure 2D–F). These data show that POH1

acts as a powerful antagonist to 53BP1 assembly at sites of

DNA damage and excludes increased 53BP1 protein levels as

the main level of regulation.

Proteasomal activity restricts 53BP1 spreading

The majority of the 19S is found associated with the 20S core

(in the 26S) (Geng and Tansey, 2012). Cell and in vitro

experiments have shown that core degradation and 19S de-

ubiquitination are linked so that disruption of the core results

in inhibition of POH1 DUB activity (Verma et al, 2002). To

address whether the 20S is functionally linked to 53BP1

accumulation, we examined cells in which proteasome

function was impaired either by depletion of the

proteasomal core factor, PSMA6, or by MG132 treatment

complemented with exogenous Ub. The introduction of

exogenous Ub is necessary to overcome the cellular

starvation of free Ub caused by proteasomal inhibition

(Supplementary Figure 3A and B). Both conditions resulted

in enlarged 53BP1 accumulations (Supplementary Figure 3C

and D). These data indicate that the 20S core is functionally

linked to the restriction of 53BP1 accumulation and that the

19S regulates 53BP1 in the context of the 26S proteasome.

53BP1 tandem tudor domain is required for enlarged

foci

To understand whether increased 53BP1 assemblies are

formed through direct interaction with methylated histones

or through another mechanism we generated the 53BP1

mutation, D1521-R, which prevents tudor-domain binding

to methylated histones (Huen et al, 2007). Exogenous WT

53BP1 formed enlarged foci in POH1-depleted cells but

D1521R-53BP1 formed very few foci in control or in POH1-

depleted cells (Supplementary Figure 4A–C). In the cells in

which the mutant did accumulate into foci these were not

enlarged on POH1 depletion (Supplementary Figure 4D).

Thus, POH1 is likely to be regulating the canonical pathway

of 53BP1 recruitment and not an alternative pathway.

RNF8/RNF168 and POH1 play opposing roles in 53BP1

recruitment

RNF8 or RNF168 Ub ligases are required to promote 53BP1

foci formation. However, low expression of these ligases

retains the ability to promote 53BP1 accumulations if

either JMJD2A/B or the K63-specific DUB, BRCC36 is also

co-depleted. These factors are antagonistic to 53BP1 accu-

mulation, JMJD2 proteins compete for chromatin marks

bound by 53BP1 while BRCC36 hydrolyses K63 chains that

promote 53BP1 recruitment (Shao et al, 2009; Mallette et al,

2012). We tested the relationship between RNF8/168 and

POH1 and found that co-depletion of POH1 with either ligase

allowed 53BP1 foci formation (Figure 3A–C). Further exo-

genous POH1-JAMMM partially restored 53BP1 foci in RNF8-

depleted cells (Supplementary Figure 5). These data demon-

strate opposing roles for RNF8/168 and the POH1 DUB in

53BP1 recruitment.

POH1 DUB activity is associated with maintenance of

JMJD2A on chromatin

The tudor domains of JMJD2A/B bind H4K20me2 with higher

affinity than the 53BP1 tudor domain (Mallette et al, 2012).

To assess whether chromatin mark availability is altered

in POH1-depleted cells, we tested the ability of JMJD2A

to compete with 53BP1 accumulation. In control cells,

JMJD2A expression inhibited 53BP1 foci formation,

whereas in POH1-depleted cells 53BP1 foci formed, albeit

smaller (Figure 4A). Expression of the JMJD2A tudor domain

mutant (D939-R) had no impact on 53BP1 confirming the

activity of JMJD2A is through its ability to interact with

methylated chromatin. Since 53BP1 accumulation is partially

resistant to competition by JMJD2A in POH1 depleted cells,

these data are consistent with an increased chromatin mark

presence/availability.

We considered that the resistance may relate to JMJD2A

itself and assessed chromatin-associated JMJD2A. While IR

induced the loss of JMJD2A from chromatin in cells treated

with control siRNA, JMJD2A was reduced from chromatin

with or without damage in POH1-depleted cells (Figure 4B).

JMJD2A is a lysine demethylase that catalyses the removal of

di- and tri-methylated H3K9 and H3K36 (Whetstine et al,

2006) and consistent with its reduced chromatin presence

H3K9me3 was increased on POH1 depletion (Figure 4B). We

introduced siRNA-resistant WT and JAMMM POH1 into cells

and transfected POH1 siRNA and found that the expression of

WT but not mutant POH1 correlated with the presence of

JMJD2A on chromatin (Figure 4C), indicating that the

DUB activity of POH1 is required to maintain JMJD2A on

chromatin.

Constitutive loss of JMJD2A from chromatin potentially

circumvents the need for induced K48-poly-Ub mediated

JMJD2 eviction on DNA damage. K48-poly-Ub chains are

short-lived at sites of DSBs (Meerang et al, 2011; Feng and

Chen, 2012) and we have been unable to detect them using

linkage-specific antibodies. To assess the requirement for Ub

linkages in 53BP1 accumulation, we instead compared cells

treated with proteasome inhibitor and complemented with

exogenous Ub or Ub mutants. This showed that WT Ub,

K48-R-Ub, but not K63-R-Ub was capable of restoring

53BP1 foci in MG132-treated cells (Figure 4D). Thus, K63

linkages but not K48 linkages are required to promote 53BP1

accumulation under conditions of proteasome dysfunction.

POH1 regulates K63-linked Ub in the DNA damage

response

We next assessed whether K63-linked Ub accumulation to

sites of DNA damage may be regulated by POH1. Using a

chain-specific antibody to ubiquitin linked through K63 we
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found that POH1-depleted cells exhibited enlarged K63-Ub

foci after damage (Figure 5A), suggesting that POH1 may act

to process this conjugate. POH1 cleaves poly-Ub ‘en bloc’

near the site of substrate conjugation prior to degradation but

is also able to hydrolyse K63-Ub isopeptide linkages (Yao and

Cohen, 2002; Cooper et al, 2009). To examine whether POH1

can have a direct impact on K63-Ub chromatin modification,

we purified chromatin from POH1-depleted cells and

incubated this with purified proteasomes and inhibitors

either of cysteine proteases, Ub-aldehyde (Ub-Al), or

metalloproteases, using the zinc-chelating agent 1,10-o-

phenanthroline that abrogates the activity of POH1 in the

proteasome (Cooper et al, 2009). 1,10-o-phenanthroline, but

not Ub-Al inhibited the reduction of high molecular weight

K63-linked Ub in chromatin preparations (Figure 5B). These

data suggest that the proteasomal metalloprotease, POH1, is

active in reducing these conjugates.

Relationship between POH1 and BRCC36

POH1 is the second JAMM-type Ub protease found to regulate

Ub conjugates at sites of DSBs. The JAMM protease BRCC36

is a component of the BRCA1-A complex and a K63 linkage-

specific DUB that also acts to restrain Ub conjugate genera-

tion at DSBs and antagonises 53BP1 accumulation (Sobhian

et al, 2007; Feng et al, 2009; Shao et al, 2009; Wang et al,

2009; Patterson-Fortin et al, 2010). We assessed the

relationship between the 19S and the BRCA1-A complex in

regulating 53BP1 by combining RAP80 or BRCC36 and POH1

depletions. Combinations of depletions did not increase

53BP1 foci size over that seen in cells depleted for POH1

alone (Figure 5C–E), indicating that the RAP80 complex and

19S are in the same pathway consistent with the role of POH1

in restraining K63-linked Ub. Notably, the requirement for

POH1 in the restriction of 53BP1 accumulations was greater

than RAP80 or BRCC36 indicating a larger, or additional, role

related to 53BP1 assemblies. This feature is consistent with

the function of POH1 in promoting JMJD2A retention. Taken

together, our data show that POH1 is required to constrain

two aspects of chromatin associated with 53BP1 accumula-

tion, K63-Ub modification and JMJD2A eviction, to restrict

53BP1 accumulation.

No evidence of an influence on BRCA1/RAP80

RAP80 and BRCA1 are also recruited to chromatin at sites of

DNA damage via K63-linked Ub. However, BRCA1 foci were

not restored in RNF8-depleted cells by co-depletion of POH1

(Supplementary Figure 6A). POH1 siRNA had little impact

on BRCA1 foci sizes nor influenced RAP80 accumulation

(Figure 6B and C). Further, while transfection with an

siRNA against the 19S subunit PSMD7/rpn8 resulted in

enlarged 53BP1 foci it also had no influence on BRCA1

accumulation (Supplementary Figure 6D). Thus while the

proteasome acts to restrict 53BP1 accumulation, there is no

evidence of an impact on BRCA1.

POH1 regulates end-joining DSB repair

53BP1 acts to promote the repair of DSBs by NHEJ in several

contexts, including in simple euchromatic environments (Xie

et al, 2007; Difilippantonio et al, 2008; Dimitrova et al, 2008;

Bothmer et al, 2010; Noon et al, 2010; Coleman and

Greenberg, 2011). We first examined the influence of POH1

on end-joining DNA repair using an integrated I-SceI-based

assay (Figure 6A) in ligase-depleted contexts. RNF168 or

RNF8 depletion each reduced NHEJ, whereas co-depletion
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of either ligase with POH1 did not (Figure 6B), suggesting

that the influence of POH1 on 53BP1 recruitment maybe

reflected in DNA repair. To test this directly, we reduced

53BP1 expression itself with siRNA treatment and examined

the impact of co-depletion with POH1. Strikingly, this also

allowed end-joining (Figure 6C) again correlating the influ-

ence of POH1 on 53BP1 accumulation with NHEJ (Figure 2D

and E). These data suggest that the influence of POH1 on

53BP1 accumulation, rather than on chromatin or other

factors, is able to regulate end-joining DNA repair.

Depletion of POH1 alone reduced end-joining (Figure 6D),

and since this is not the case when both 53BP1 and POH1 are

depleted (i.e., in cells where 53BP1 foci are less exaggerated;

Figure 2E), these data imply that excessive 53BP1 accumula-

tion is inhibitory to repair detected on this substrate.

To examine how this might be mediated, we examined the

phosphorylation of the NHEJ factor DNA-dependent protein

kinase catalytic subunit (DNA-PKcs) at Ser2056 and the loca-

lisation of the NHEJ factor Artemis. Both proteins rapidly

recruit to sites of DNA damage (Uematsu et al, 2007; Miller

et al, 2011). Indeed seconds after IR a proportion of Flag-

Artemis expressing cells exhibited foci that colocalised with

pDNA-PKcs (Figure 6E). However in cells depleted for POH1,

pDNA-PKcs was evident but Artemis did not form foci over

the time-frame studied. Consistent with the impact on end-

joining repair depletion of both 53BP1 and POH1 resulted in a

partial restoration of Artemis foci with DNA-PK (Figure 6E

and F). Together, these data establish that POH1 regulates

end-joining DNA repair through 53BP1 and suggest that

excessive 53BP1 alters the assembly of NHEJ factors.

The 19S enrichment at sites of DNA damage requires Ub

conjugation and processing

The proteasome is associated with transcription and chroma-

tin remodelling and is enriched on damaged chromatin

(Blickwedehl et al, 2007; Ben-Aroya et al, 2010; Chou et al,

2010; Levy-Barda et al, 2011). We confirmed enrichment of

the endogenous 19S to sites of DSBs using antibodies against

19S subunits (Supplementary Figure 7A and B). To examine

whether Ub conjugation associated with the DSB response is

required to increase the local concentrations of the 19S, we

depleted several pathway components. siRNA to RNF8,
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Ubc13, Ub (UBA52) and to a lesser extent BRCA1, each

reduced colocalisation of the 19S subunit PSMC5 with

gH2AX (Figure 7A; Supplementary Figure 7C). Further

RNF8 and Ubc13 depletion prevented enrichment of chroma-

tin adjacent to the DSB site in chromatin immunoprecipita-

tion (ChIP) experiments (Figure 7B and C). Since reduction of

DNA-repair E3 Ub ligases, the Ub conjugating enzyme asso-

ciated with K63-Ub production, Ubc13 and Ub itself resulted

in poor enrichment at damaged sites we suggest that Ub

conjugation at sites of DSBs is central in promoting accumu-

lation at sites of DNA damage.

We examined whether the catalytic mutant of POH1 can

also enrich at sites of DNA damage. Immunofluorescence and

ChIP analysis revealed greater association of WT POH1

than POH1-JAMMM (Figure 7D and E), suggesting that DUB

activity is required for localisation to DSB sites.

Non-T POH1

K63-Ub

siRNA:

N
o

n
-T

P
O

H
1

A
v
. 
fo

c
i 
d

ia
m

e
te

r

(μ
m

)

αH3

αPSMD4

76

220

KDa

150
102

αK63-Ub

+ + + +Chromatin:

+ + +26S:

Inhibitor:

1,10

-Phen
–

Ub

-Al

siRNA

A
v
. 

fo
c
i

d
ia

m
e
te

r 
(μ

m
)

D

E

N
o
n
-T

N
o
n
-T

N
o
n
-T

P
O

H
1

R
A

P
8
0

B
R

C
C

3
6

siRNA:

αBRCC36 αPOH1αRAP80

αβ-Actin αβ-Actin αβ-Actin

A B

C Non-T BRCC36

siRNA:

POH1 POH1 + BRCC36

5
3

B
P

1

1

0.5

0

1.2

1

0.8

0.6

0.4

0.2

0

Non-T POH1 BRCC36 BRCC36 +

POH1

1.2

1

0.8

0.6

0.4

0.2

0

Non-T POH1 RAP80 RAP80 +

POH1

Figure 5 POH1 regulates K63-linked Ub in the DNA damage response. (A) POH1-depleted cells exhibit increased K63-Ub accumulation on
DNA damage. U20S treated with Non-T control or POH1 siRNAs, then exposed to 2Gy irradiation and 1h recovery before staining with anti-
K63-Ub antibody, imaged by confocal microscopy (left) and measured. In the graph (right), the average foci diameter is shown (4130 foci/
condition). (B) Proteasomal metalloprotease activity is required to process high molecular weight K63-Ub on chromatin from POH1-depleted
cells. U20S treated with POH1 siRNAs before exposure to 2Gy irradiation and allowed 1 h to recover before cells were harvested and 200mM
NaCl-resistant chromatin fraction prepared. These preparations were resuspended in proteasome buffer containing protease inhibitors, and
ATP (first lane), plus 1 mg purified 26S proteasome (second lane), with 4mM 1,10-o-phenanthroline (1,10-Phen, third lane) or 0.5mM Ub-
aldehyde (fourth lane) and incubated for 2 h before resolution on an SDS–PAGE gel and immunoblotted using an antibody specific for K63-
linked Ub chains, K63-Ub (top panel), and Histone-3 H3, (middle panel) and 19S component PSMD4 (bottom panel) as loading controls.
(C) Comparison of BRCC36, POH1 and co-depletion of BRCC36 and POH1 on 53BP1 foci. U20S treated with Non-T, BRCC36, POH1 or both
BRCC36 and POH1 siRNAs, for 72 h exposed to 5Gy irradiation, and following 1 h recovery stained with anti-53BP1 antibody then imaged by
confocal microscopy. (D) Comparison of depletions of BRCC36 or RAP80 with POH1 on 53BP1 foci size. U20S treated with Non-T, BRCC36,
RAP80, POH1 or co-transfected with BRCC36 and POH1 siRNAs, or RAP80 and POH1 for 72 h and exposed to 5Gy irradiation, and following 1 h
recovery stained with anti-53BP1 antibody and foci measured from confocal images (n¼450/foci per treatment). (E) Knockdown of RAP80,
BRCC36 and POH1 protein levels. U20S treated with the siRNAs for 72 h. Lysates immunoblotted with antibodies against BRCC36, RAP80,
POH1 and b-actin.

POH1 promotes the DSB response
LR Butler et al

3925&2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 19 | 2012



To understand the mechanism of poor POH1-JAMMM

localisation, we addressed what role loss of DUB activity

has on Ub conjugate interaction of the 19S. Both mutant and

wild-type Flag-POH1 co-purified high molecular weight Ub,

indicating interaction of both WT and mutant 19S complexes

with Ub conjugates (Supplementary Figure 8A). However,

POH1-JAMMM particles had a reduced capacity to release or

process these conjugates (Supplementary Figure 8A). When

WT and POH1-JAMMM particles were purified from cells

expressing Ub bearing only lysine 63 following IR, wild-

type, but not JAMMM particles co-purified the mutant Ub,

suggesting that JAMMM particles have a reduced ability to

interact with Ub conjugates formed on IR (Supplementary

Figure 8B). A model in which conjugate trapping by the

catalytically dead 19S particle inhibits further interactions is

consistent with these observations.

POH1 promotes HR independently of 53BP1

Proteasome components have previously been implicated in

RAD51 foci formation (Jacquemont and Taniguchi, 2007) and

we confirmed the requirement for POH1 in promoting RAD51

foci formation following IR and camptothecin treatment

(Supplementary Figure 9A and B). Using an integrated I-

SceI-based gene conversion substrate (Supplementary

Figure 9C) we found that POH1 catalytic activity is required

for normal levels of HR repair (Figure 8A). Importantly, the

expression of RAD51 was not lost and we found that POH1-

depleted cells exhibited a normal cell-cycle distribution

(Supplementary Figure 9D and E) so that poor HR in these

cells cannot be explained by altered cell cycle or an absence

of RAD51.

K63-poly-Ub generated at sites of DSBs recruits factors

inhibitory to resection in HR: RAP80, BRCC36 and 53BP1

(Bunting et al, 2010; Coleman and Greenberg, 2011; Hu et al,

2011). We speculated that POH1 may promote HR by

restricting the assembly of these proteins. To test this

notion, we examined proteins involved in resection, the

BRCA1-CtBP-interacting protein (CtIP) and the ssDNA

binding protein RPA (replication protein A). Both were

recruited into foci to the same degree in POH1-depleted
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and control-treated cells following camptothecin treatment,

which causes DNA damage primarily in S phase (Supple-

mentary Figure 10A). In G2-phase cells following IR slightly

reduced numbers of RPA foci were evident, in particular

fewer smaller foci (Supplementary Figure 10B) suggesting

DNA resection may be affected in G2 cells. To test whether

these observations have a functional impact, we examined

depletion of BRCC36 and 53BP1 in cells with POH1 depletion

on HR repair. As expected, depletion of BRCC36 or 53BP1

alone increased HR as measured by gene conversion, however,

when combined with POH1 siRNA neither improved HR

(Figure 8B). Consequently, POH1 is likely to be required in

another aspect of HR instead of, or in addition to, DNA-end

resection, and in contrast to the relationship in NHEJ, its

influence on HR is primarily not through 53BP1.

POH1 promotes the enrichment of DSS1 at sites of DSBs

We examined the recruitment of some of the proteins that act

to mediate RAD51 loading. The accumulation of BRCA2 and

its interacting protein PALB2 was unaffected by POH1 deple-

tion (Supplementary Figure 11A). We also examined the

small acidic protein DSS1, a component of the 19S protea-

some, BRCA2 co-factor and component of various other

complexes (Wilmes et al, 2008). DSS1 failed to accumulate

into foci in cells treated with POH1 siRNA and anti-DSS1

antibody did not enrich for DNA around break sites when

cells were depleted for POH1 (Figure 8C and D). These data

indicate that a population of DSS1 is enriched at damage sites

with the 19S. Further, we found that catalytically active, but

not mutant, POH1 interacted with BRCA2, and BRCA1,

following HU treatment consistent with a role promoting

HR (Supplementary Figure 11B). We have been unable to

detect endogenous DSS1 by immunoblot. Although POH1

depletion had little influence on the low-level expression of

exogenous DSS1 (Supplementary Figure 11C), we cannot

discount that its expression may be lost following depletion

of POH1. Taken together, these data suggest an association of

the 19S proteasome with factors that promote RAD51 loading.
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RAD51, white line outlines DNA stained. (F) Poor HR repair in POH1-depleted cells can be rescued by DSS1 expression. HeLa cells bearing an
integrated gene conversion substrate were treated with Non-Tcontrol or POH1 siRNAs for 24 h before transfection with myc-DSS1 for a further
24 h before transfection with Sce-I for a further 24 h. GFP indicates conversion. The % GFP cells are expressed relative to those in Non-Tcontrol
cells (mean of three replicates).
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However as many proteins, including BRCA proteins are

also degraded via the proteasome (Choudhury et al, 2004;

Schoenfeld et al, 2004), which may contribute to our data,

we also wished to consolidate this notion through another

means. We therefore tested the impact of exogenous DSS1

expression on HR in POH1-depleted cells. Overexpression of

DSS1 restored both RAD51 foci and HR repair in these cells

(Figure 8E and F), confirming that POH1 promotes RAD51

accumulation/loading and consistent with the observation

that DSS1 recruitment, or expression, is limited on POH1

depletion.

POH1 is required for cell viability in response to DNA

damage

Our data predict that POH1 is required for cell survival

following exposure to agents that cause DSBs. Since complete

POH1 depletion reduces cell viability (Gallery et al, 2007;

Byrne et al, 2010), we first identified a dose of POH1 siRNA

that reduced POH1 expression but allowed cell survival for

2 weeks. Exposure of partially depleted cells to IR, cisplatin

or HU, revealed that POH1 is required for resistance to

each agent, consistent with its ability to promote cellular

responses to DNA damage (Figure 9A–D).

Discussion

Ub conjugation is an important and complex modification in

the DSB response and significant roles for additional DUBs

were expected. We have shown that a major regulator of the

DNA-damage poly-Ub cascade is the proteasome, and within

it the JAMM-type protease POH1.

POH1 has a global influence on cellular Ub conjugates.

Here, we have demonstrated that both its constitutive activity

and its specific role in restricting Ub conjugates at sites

of DNA damage are important in promoting the normal

response to DSBs.

POH1 is important in the two main pathways employed to

repair DSBs. In NHEJ, it acts to restrain 53BP1 accumulation,

through countering both K63-Ub modification and JMJD2A

chromatin eviction, while in HR repair it acts independently

of its influence on 53BP1 and instead promotes RAD51

loading.

53BP1 plays a significant role in the preservation of geno-

mic integrity and the mechanisms that promote its accumula-

tion at DSB sites following DNA damage include the

removal of H4K20me2 binding proteins by ubiquitination,

and possibly degradation, to allow the exposure of

H4K20me2 for 53BP1 binding (Acs et al, 2011; Mallette

et al, 2012). Of the known H4K20me2 binding proteins

removed in this way JMJD2A has the highest affinity

(Mallette et al, 2012). Knockdown of POH1 results in

constitutive loss of JMJD2A from chromatin, increased

H3K9me2 and 53BP1 foci were partially resistant exogenous

JMJD2A expression. Our data support the notion that eviction

and degradation of JMJD2A occur as two separate steps, since

POH1 depletion inhibits degradation, but does not prevent

JMJ2DA eviction. We cannot rule out that other H4K20me2

binding proteins are also removed, and we anticipate that

chromatin occupancy of the related demethylase JMJD2B is

also promoted by POH1. The mechanism of promotion of

JMJD2A chromatin occupancy is not known and will be an

important area of future study. It is notable that JMJD2A is

modified in the absence of DNA damage by ubiquitin ligases

FbxL4 and FBX022 (Tan et al, 2011; Van Rechem et al, 2011)

and that depletion of FBX022 reduced H3K9me3 suggesting

increased chromatin occupancy of the JMJD2 without Ub

modification (Tan et al, 2011). We speculate that POH1 may

function in equilibrium with non-DNA repair associated

ligases to regulate the degree of Ub modification and thus

eviction of JMJD2A. Other mechanisms such as increased

expression or reduced degradation of a factor that promotes

eviction are also possible.

Our data show that POH1 and the 19S are enriched on

damaged chromatin by the activity of ubiquitin conjugation

components where it acts to counter K63-Ub accumulation in

the same pathway as the K63-Ub chain-specific DUB BRCC36.

We suggest that POH1 DUB processes K63-linked Ub on

chromatin, which in turn restricts 53BP1 spread.

POH1 regulation of 53BP1 and end-joining DNA repair acts

in opposition to RNF8/RNF168. Ligase activity would appear

to be needed to overcome POH1 promotion of chromatin

occupation by JMJD2A and K63-Ub processing to allow

53BP1 recruitment (Figure 10A and B).

Somewhat surprisingly our data point to the possibility that

excessive 53BP1 is repressive to end-joining, at least on the

substrate measured here. One possibility is the excessive

spreading of 53BP1, and subsequent increased mobility of

the broken regions (Dimitrova et al, 2008; Bothmer et al,

2011) may encourage end-joining to inappropriate junctions

increasing translocations and resulting in a reduced end-

joining product for relatively near broken ends, such as

those in the substrate used to measure repair in this report.
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Alternatively, or additionally, it is possible that the protective

role of 53BP1 in preventing unrepaired ends from

degradation (Liu et al, 2012) has spread to overprotect the

DNA ends and prevent some NHEJ factor accessibility. Our

data suggest that Ku and DNA-PK are correctly associated but

that Artemis is not, indicating that the accumulation or

kinetics of end-joining factors at sites of DSBs can be

affected by excessive 53BP1. Artemis is required for end

processing in a subset of substrates such as those with

overhangs and hairpins (Ma et al, 2002), whether simpler

lesions are also affected has not been assessed.

The contribution of POH1 to the regulation of two elements

of 53BP1 recruitment is insufficient to explain why the spread-

ing of K63-Ub chains is not reflected in increased assembly of

the RAP80/BRCA1-A complex which also has K63-poly-Ub

binding properties. One possibility is that K63-linked Ub is

not the only determinant for RAP80/BRCA1-A accumulation

and recently binding to SUMO as well as ubiquitin has been

reported as part of the RAP80 recruitment (Hu et al, 2012).

Further, it seems likely that different populations of K63-linked

Ub may be required to target 53BP1 and RAP80/BRCA1 to

different specific territories at the DSB (Mok and Henderson,

2010; Chapman et al, 2012). Further support for two separate

recruitment pathways is the report of a lysine mutant of MDC1

that inhibits RAP80 but not 53BP1 accumulation (Strauss and

Goldberg, 2011; Strauss et al, 2011).

The 19S and RAP80/BRCA1-A complexes are intriguingly

similar (as previously discussed by Wang et al, 2009) but why

Figure 10 Models of POH1 function in the DSB response. (A) Model of POH1-mediated restriction of 53BP1. POH1 in the 19S (accompanied by
the 20S, not shown) is required to maintain JMJD2A on chromatin. This is through its DUB/degradation activity. JMJD2 proteins retain
interaction with H4K20me2 and compete with 53BP1 for the chromatin mark restricting 53BP1 spread. RNF8/168 (RNF8 only shown)
generates ubiquitin conjugates of K48 linkages. These modify JMJD2 proteins and L3MBTL1 (not shown) and promote their removal from
chromatin. The ligases also modify histones with K63-linked ubiquitin. The combined activity of the removal of chromatin mark binding
proteins and K63-poly-Ub generation promotes the accumulation of 53BP1 to the mark. POH1 also counters the K63-poly-Ub on chromatin to
further restrict 53BP1 accumulation. (B) Chromatin in the absence of POH1 activity. H4K20me2 marks are exposed, and H3K9me3 is increased
(not shown). RNF8/RNF168 ligase activity modifies chromatin with K63-poly-ubiquitin over a larger expanse and 53BP1 accumulation is
exaggerated. (C) Proposal for POH1-mediated promotion of RAD51 loading. The 19S interacts with BRCA1 and BRCA2 at sites of DNA damage
and POH1 promotes DSS1 enrichment and the loading of RAD51.
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the cell uses two similar complexes in the processing of

RNF8/RNF168-dependent K63-poly-Ub is not clear. It may

be a reflection of the discrete populations of K63-poly-Ub at

damaged chromatin, the need to modulate the different

functions of the recruited proteins perhaps in relation to the

cell cycle or chromatin states, or the need to dampen this

modification, and its consequences, effectively.

In addition to the regulation of 53BP1 and end-joining

repair, we have shown that POH1 promotes HR repair.

Despite the antagonistic influence of POH1 on K63-poly-Ub

it appears that increased HR-repressive factors recruited by

this modification are largely not responsible, or not wholly

responsible, for the defect in HR repair in POH1-depleted

cells. Instead our findings point to a role for POH1 later in the

pathway, associated with RAD51 loading. BRCA1 is partially

required for recruitment of the 19S and recently the SUMO-

targeted E3 ubiquitin ligase RNF4 has been demonstrated to

accumulate at sites of DNA damage and to be partially

required for recruitment of the proteasome (Galanty et al,

2012; Yin et al, 2012) it is tempting to speculate that ligases

retain proteasome association by the sequential production of

ubiquitin conjugates in the damage response.

Our data indicate that RAD51 loading is defective in POH1-

depleted cells since expression of the small nucleotide-like

protein DSS1 is capable of restoring repair. DSS1 acts as a co-

factor with BRCA2 to promote RAD51 loading on RPA-ssDNA

(Liu et al, 2010) but may also have BRCA2-independent

activities in HR repair (Krogan et al, 2004). Our data point

to a requirement for POH1 in the recruitment or expression of

DSS1 and in the interaction with BRCA1 and BRCA2. We

propose that the simplest model is that 19S enrichment

promotes DSS1 recruitment to DSBs to augment RAD51

loading onto ssDNA (Figure 10C). We do not rule out the

potential for an additional defect in RAD51 loading in

these cells.

Since proteasome particles can carry the 19S activator at

both ends of the 20S barrel, or be mixed (hybrid), with the

other end occupied by other activators, a complex and nuanced

role of the proteasome at DSBs can be envisaged. In a recent

report, a fraction of the proteasomal activator PA28g that

drives degradation independently of Ub was found located to

sites of DSBs. PA28g was required for a proportion of NHEJ,

but in contrast to POH1 in the 19S, PA28g acted to restrict

RAD51 localisation to damaged sites and reduce HR (Levy-

Barda et al, 2011). Thus, different roles for different activators,

or the balance of activators, on the proteasome core in the DSB

response is possible. Together with our findings, these allude to

the possibility of cross-talk between Ub-mediated degradation

pathways and the DSB response, with implications for

conditions associated with impaired proteasome function,

such as cardiac and neurodegenerative diseases (Lehman,

2009; Yu and Kem, 2010).

In conclusion, our data reveal novel roles for the 19S

proteasome in the DNA damage response, in particular

showing it has a restrictive influence on 53BP1 assembly.

The findings presented suggest that the proteasome has the

capacity to tune DNA repair responses by balancing the

activity of ubiquitin ligases.

Materials and methods

A full list of antibodies can be found in Supplementary Tables 1 and 2.

Immunoprecipitations
Anti-flag immunoprecipitations performed with M2-affinity gel
(Sigma), and anti-GFP with GFP-trap (Chromotech) according to
manufacturer’s instructions.

Chromatin preparations
These were done according to the method described in Mallette et al
(2012).

Cell culture
HeLa, U20S and 293T cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% Fetal Calf Serum,
Penicillin, Streptomycin and 1� L-glutamine at 371C, 5% CO2.

siRNA experiments and screen conditions
Cells were transfected with a final concentration of 100 nM siRNA,
harvested 48–72 h after transfection. Knockdown with the DUB
siGENOME RTF library (Thermo Fisher) was achieved using the
reverse transfection method specified by Dharmacon (Thermo
Fisher). HeLa cells were fixed (4% PFA followed by 1% Triton
X-100) 16 h later (a total of 64 h after plating) and stained with
monoclonal FK2-HRP conjugate (Biomol, Exeter, UK) and washed
before detection with SuperSignal Chemiluminescent ELISA sub-
strate (Pierce). A full list of siRNA sequences can be found in
Supplementary Table 3.

Constructs and transfections
pCI-neo.POH1 was a gift from Dr Ribeiro’s laboratory (Institute of
Parasitology, McGill University, Quebec). pCBASceI (J Stark,
Beckman Research Institute) was used to express I-SceI to induce
damage in HeLa DR-GFP3 cells. pBABE HA-ER-I-PpoI was a gift of
Michael B Kastan, (St Jude Children’s Research Hospital, Memphis,
TN, USA). GFP-DSS1 and myc-DSS1 were purchased from Origene
(Rockville, MD, USA), HA-DSS1 was a gift of Christopher Lord
(Institute of Cancer Research, London, UK), GFP-BRCA1 and Ub
constructs have been previously described (Morris and Solomon,
2004). A full list of primers used for mutagenesis used can be found
in Supplementary Table 4. Cells were transfected using FuGene 6
Transfection reagent from Hoffmann-La Roche, (Basel, Switzerland)
and fixed 48–72 h later.

Colony assays
Seventy-two hours after siRNA transfection, cells were either trea-
ted with 0.5–50mM cisplatin for 1 h 1–10mM HU for 8 h or irra-
diated at 1–8Gy using a gamma cell 1000 Elite irradiator (Caesium-
137 source). Cells were diluted, plated in triplicate and incubated at
371C for 2 weeks, with media changed every 3–4 days. Colonies
were fixed with 100% methanol, stained with crystal violet (0.05%
in distilled water) and counted.

Immunofluorescence microscopy
Cells were plated onto glass coverslips and fixed for staining with 4%
PFA for 10min followed by 5min permeabilisation with 1% Triton
X-100 or as otherwise described. All scale bars are 10mm. Resolution
of DSS1, proteasome subunits, RPA and CtIP-GFP was achieved with
prior extraction in sucrose/triton or NP-40 buffer, respectively.
(Sucrose/triton extraction buffer: 0.02–0.025% Triton in 100mM
NaCl, 300mM sucrose, 3mM MgCl2, 10mM Pipes (pH 6.8), 1mM
EGTA, and protease inhibitors. NP-40 buffer: 0.01–0.02% NP-40 in
20mM HEPES pH 7.5, 20mM NaCl, 5mM MgCl2 1mM DTT and
protease inhibitors). Fixed cells were blocked and antibodies diluted
in 10% FCS in PBS. All antibodies were incubated at room tempera-
ture for 1h. Following antibody staining, cells were additionally
stained with Hoechst to allow visualisation of the nuclei. Cells were
examined using a Zeiss LSM 510 confocal microscope with three
lasers giving excitation lines at 633, 543 and 488nm. Data from
channels were collected sequentially using the appropriate band-pass
filters. Data were collected with eight-fold averaging at a resolution of
1024�1024 pixels, using an optical slice of between 0.5 and 1mm
using a � 63 objective within the Zeiss Axioplan-II microscope.

Quantification of foci
All images within an experiment were captured at identical expo-
sures selected so as to avoid saturation at any individual focus.
Intra-nuclear foci were either counted by hand from confocal images
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or using an automated approach. Counting by hand used LSM image
browser software (Zeiss, Germany), a ‘focus’ was measured from
where its intensity exceeded 100 arbitrary intensity units, all were
measured across the horizontal plane. Automated foci counting was
performed using Image J (NIMH, MD, USA) built-in macro functions.
Cell nuclei and foci were separated from the background using the
auto-threshold algorithm and adjacent objects were divided using the
watershed routine. The signal-to-noise ratio for each focus was
calculated and foci with SNR o2.0 were discarded. Automated
counting was calibrated on previous foci counted manually. (As a
comparison, average RPA foci/nucleus of cells treated with camp-
tothecin were 116.7±4.9 (s.e.) in manual counting and 114.15±9.5
(s.e.) for automated counting of the same 13 nuclei).

ChIP assays
ChIP assays were performed as previously described (Berkovich et al,
2008), in which oestrogen receptor-fused IPpo-I endonuclease is
translocated rapidly to the nucleus on 4-hydroxytamoxifen (4-OHT)
addition. PCR amplification of the Chromosome 1 site adjacent to the
IPpo-I endonuclease target site PCR was analysed using SYBR Green
reaction in 96-well plates on ABI-7900 real-time PCR machine.

Fluorescence-activated cell sorting
For cell-cycle analysis, cells were fixed with 70% ethanol, incubated
for 4 h with RNase A (250mg/ml), resuspended in propidium iodide
(10mg/ml) and analysed by FlowJo or WinMDI software was used
to reveal the percentage of cells in each phase of the cell cycle.

HR and end-joining assays
HeLa DR-GFP3 and EJ-7 cells were transfected with stated siRNAs
and/or expression constructs, followed 24 h later by co-transfection
with pCBASceI-I and red fluorescent protein (RFP) to induce
damage and control for transfection efficiency, respectively. Cells
were incubated for a further 48 h before being fixed with 4% PFA.
Green fluorescent protein (GFP) indicates gene conversion/NHEJ
depending on the assay. In fluorescence-activated cell sorting
(FACS) analysis, the red cells were gated and the number of green
fluorescent cells counted as a measure of repair (those cells able to
repair the damage caused by expressed I-SceI). Assays were per-
formed in triplicate. Assays combining siRNA and protein expres-
sion were either gated on using the RFP tag of the transfected
protein or using RFP co-transfection as a surrogate marker for
transfection efficiency and transcriptional competence.

Proteasome assays
Immunopurification of Flag complexes was achieved as described
above. Purified 26S proteasome was purchased from Biomol.

Complexes or chromatin was then incubated at 371C, in proteasome
buffer (50mM Tris–HCl (pH 7.5), 10mM MgCl2, 40mM NaCl, 1mM
Zinc Sulphate, 2mM ATP, 10% glycerol, 2mg/ml BSA and 1mM
DTT) in the presence of protease inhibitors and where stated 1mM
Ub-Al for the times indicated. Unbound material was removed by
subsequent washing with 10ml of buffer before re-precipitation and
suspension in SDS–PAGE loading buffer.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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