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SUMMARY

Actively transcribed regions of the genome are
vulnerable to genomic instability. Recently, it was
discovered that transcription is repressed in
response to neighboring DNA double-strand breaks
(DSBs). It is not known whether a failure to silence
transcription flanking DSBs has any impact on DNA
repair efficiency or whether chromatin remodelers
contribute to the process. Here, we show that the
PBAF remodeling complex is important for DSB-
induced transcriptional silencing and promotes
repair of a subset of DNA DSBs at early time points,
which can be rescued by inhibiting transcription
globally. An ATM phosphorylation site on BAF180,
a PBAF subunit, is required for both processes.
Furthermore, we find that subunits of the PRC1 and
PRC2 polycomb group complexes are similarly
required for DSB-induced silencing and promoting
repair. Cancer-associated BAF180 mutants are un-
able to restore these functions, suggesting PBAF’s
role in repressing transcription near DSBs may
contribute to its tumor suppressor activity.

INTRODUCTION

Transcription needs to be carefully regulated to interface with

DNA metabolic processes that serve to maintain genome stabil-

ity. Recently, it was found that, in response to a euchromatic

DNA double-strand break (DSB), a signal is sent in cis to repress

transcription in flanking chromatin (Shanbhag et al., 2010). This

is dependent on the ATM kinase and involves H2A monoubiqui-

tination at K119 (H2AK119ub; Shanbhag et al., 2010). While it is

currently not known what advantage this gives to the cell, failure

to silence transcription in chromatin flanking aDSBmight be pre-

dicted to affect DSB repair.

While H2AK119ub is genetically dependent on the RNF8 and

RNF168 ubiquitin ligases (Shanbhag et al., 2010), these cannot

catalyze this modification in vitro (Mattiroli et al., 2012). Instead,
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there is evidence that H2AK119ub is catalyzed by polycomb

group (PcG) proteins (Cao et al., 2005; Mattiroli et al., 2012).

There are two main PcG complexes: polycomb repressive com-

plex 1 (PRC1) and 2 (PRC2). The EZH2 methyltransferase is

found within PRC2 and is known to promote H3 K27me3. At

PcG-regulated promoters, this modification facilitates PRC1

recruitment, which represses transcription by promoting H2A

monoubiquitination at K119, and this is dependent on the

BMI1 subunit of PRC1 (Cao et al., 2005).

Both PRC2 and PRC1 have been implicated in DNA DSB re-

sponses (Vissers et al., 2012). Subunits present in both com-

plexes are recruited to sites of DNA damage, and loss of either

PRC2 or PRC1 results in decreased survival following irradiation

(IR) and modest DNA repair defects (Vissers et al., 2012). Given

their known role in gene regulation and promoting H2AK119ub,

these complexes are excellent candidates for mediating DSB-

induced transcriptional silencing.

The PBAF chromatin remodeling complex (also termed SWI/

SNF-B) is one of two SWI/SNF complexes found in mammalian

cells, which have considerable overlap in subunit composition.

While there is evidence that loss or depletion of subunits com-

mon to both complexes causes defects in DNA DSB repair

(Chambers and Downs, 2012; Papamichos-Chronakis and

Peterson, 2013), it is not clear whether or how PBAF contributes

to this outcome. The catalytic subunit, BRG1, is found in both

complexes; however, three subunits—BAF200, BAF180, and

BRD7—are specific to the PBAF complex. The gene encoding

BAF180 is frequently mutated in human tumors (Shain and

Pollack, 2013), which may reflect a role in maintaining genome

stability, and we and others have demonstrated that the yeast

homologs of BAF180 contribute to the repair of DSBs (Chambers

and Downs, 2012).

We set out to investigate whether any chromatin remodeling

complexes might be required for DSB-induced transcription

arrest and found that PBAF functions in the ATM pathway

silencing transcription in cis to DSBs. PBAF does not influence

ubiquitin chain formation at DSBs or the canonical downstream

DNA damage signaling response but specifically promotes

H2AK119ub. Furthermore, we uncovered a subtle role for

PBAF in the efficiency of repair of DSBs by nonhomologous

end joining (NHEJ) that can be rescued by globally inhibiting

transcription, demonstrating that there is a consequence to the
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Figure 1. PBAF Is Required for Transcriptional Silencing Induced by

DNA DSBs
(A) Representative immunofluorescence images of U2OS reporter cells ex-

pressing mCherry-tagged WT or nuclease-deficient (D450A) FokI (Shanbhag
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cell if transcription silencing in cis to DSBs fails. In addition, we

tested the potential role of the PcG complexes in this pathway

and found that the PcG complexes PRC2 and PRC1 are impor-

tant for mediating both DNA damage-induced transcriptional

silencing and rapid repair of DSBs. Notably, neither phenotype

can be rescued by BAF180 constructs bearing point muta-

tions found in cancer samples, highlighting the potential signifi-

cance of this pathway to the role of BAF180 in preventing

tumorigenesis.

RESULTS

PBAF Silences Transcription Flanking DNA Breaks
A recent study identified a role for ATM in silencing transcription

in cis to DSBs by promoting histone H2A monoubiquitylation on

lysine 119 (Shanbhag et al., 2010). We predicted that such tran-

scriptional silencing might require chromatin remodeling factors.

To test this prediction, we made use of the reporter cells devel-

oped by the Greenberg lab, in which DSBs can be induced at

defined regions upstream of an inducible reporter gene (Shanb-

hag et al., 2010). Lac operator repeats are used to target either

wild-type (WT) or nuclease-deficient mutant FokI endonuclease

to the reporter locus, where an mCherry tag allows visualization

of the locus (Figure 1A). Addition of doxycycline drives the

expression of the reporter gene, a process that is visualized by

the production of nascent transcript (yellow fluorescent protein

[YFP]; Figure 1A), and this is unaffected by expression of the

nuclease-deficient mutant (FokI-D540A). In cells expressing

WT FokI, however, no nascent transcript is observed on addition

of doxycycline since the DSBs upstream of the promoter lead to

transcriptional silencing (Figure 1A). Consistent with previous

findings, this process is ATM dependent, and transcription per-

sists in the presence of DSBs in ATM inhibitor (ATMi)-treated

cells (Figures 1A and 1B).

Strikingly, we observed that depletion of BAF180 and/or BRG1

resulted in a failure to silence transcription in FokI-expressing

cells, albeit to a slightly lesser extent than ATMi-treated cells
et al., 2010). On addition of doxycycline, YFP signal accumulation at the re-

porter site is a result of YFP-MS2 protein binding to MS2 stem loops and is

indicative of nascent transcript formation. Following transfection of WT FokI,

but not the nuclease-deficient Fok1 (D450A), DSBs are induced at the reporter

site and transcriptional silencing occurs, leading to loss of YFP signal. Treat-

ment with ATMi or siBAF180 leads to persistent YFP signal formation at the

reporter site in WT FokI-expressing cells indicating deficient transcriptional

silencing in response to DNA DSBs.

(B) Quantification of doxycycline (DOX)-induced transcription in U2OS reporter

cells treated with the indicated siRNA. Transcriptional silencing wasmonitored

after addition of doxycycline by quantification of YFP-positive cells expressing

WT FokI endonuclease (FOK1) in the presence and absence of ATMi. Data are

represented as mean ± SD.

(C) Top: cartoon showing the location of K798 in the catalytic subunit of PBAF

(BRG1). Bottom: siRNA-resistant WT or K798R mutant BRG1 expression

constructs were introduced into siBRG1 cells and assayed for transcriptional

silencing in cells expressing WT FokI endonuclease by quantification of YFP-

positive cells. Data are represented as mean ± SD. BROMO, bromodomain.

(D) Actively elongating RNA polymerase II (RNAPII) at the reporter site was

monitored using an antibody against phosphorylated Ser2 of the C-terminal

domain of the RNAPII large subunit.

See also Figure S1.
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Figure 2. PBAF Contributes to NHEJ at

Early Time Points following DNA Damage

(A) Representative immunofluorescence images

of A549 cells treated with the indicated siRNA,

40 min following exposure to 1.5 Gy IR.

(B) Quantification of gH2AX foci clearance

following exposure to 1.5 Gy IR in A549 cells

treated with the indicated siRNA or ATMi. Data are

represented as mean ± SD. h, hours; Ave.,

average.

(C) siRNA-resistant WT or K798R mutant BRG1

expression constructs were introduced into

siBRG1 cells and assayed for gH2AX foci clear-

ance following exposure to 1.5 Gy IR. Data are

represented as mean ± SD.

(D) Chromosome breakage analysis in siControl-

and siBAF180-treated 82-6 hTert fibroblasts at

early and late times following 7 Gy IR. Data are

represented as mean ± SE.

See also Figures S2 and S3.
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(Figures 1A and 1B). This is specifically dependent on PBAF,

since we find that depletion of the catalytic subunit of the related

BAF complex (hBRM) has no effect on this activity (Figure 1B;

Figure S1A available online). To determine whether the catalytic

activity of PBAF is required, we created a small interfering RNA

(siRNA)-resistant BRG1 expression construct and introduced a

mutation (K798R) that has previously been shown to abrogate

BRG1 activity (Khavari et al., 1993) (Figure 1C). Consistent with

previous reports, we find that both the WT and K798R mutant

constructs are stably expressed in vivo (Figure S1B), yet only re-

introduction of theWT, but not the K798R, mutant BRG1 expres-

sion construct restored DNA damage-dependent transcriptional

silencing in BRG1-depleted cells (Figure 1C), indicating that the

remodeling activity of PBAF is required for this activity. Finally,

hyperaccumulation of the active form of RNA polymerase II

was observed at the locus in ATMi-treated and BAF18-depleted

cells, despite DSB induction by FokI expression (Figure 1D).

Taken together, these findings suggest that PBAF functions in

the ATM-dependent pathway leading to transcriptional silencing

in cis to DSBs.
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PBAF Contributes to NHEJ at Early
Time Points following DNA Damage
We predicted that any impact of a failure

to inhibit transcription at DSBs on global

levels of DSB repair would be subtle

and therefore chose gH2AX foci clear-

ance as a sensitive readout of DNA DSB

repair. We examined repair in G0/G1 cells

to avoid any impact of roles of PBAF dur-

ing replication. Notably, we observed a

modest but reproducible increase in

gH2AX foci at early, but not late, time

points post-IR in cells depleted for the

BAF180 subunit and/or the BRG1 cata-

lytic subunit of the PBAF complex (Fig-

ures 2A and 2B). Similar to what we found

when the repression of transcription

flanking a DSB was investigated, we
found that the catalytic mutant of BRG1 is unable to rescue

this phenotype (Figure 2C), suggesting that chromatin remodel-

ing is required for the ability of PBAF to promote efficient repair at

early time points following IR.

These data suggest that, in the absence of PBAF, there is a

delay in the repair of a subset of DSBs at early time points.

Consistent with this possibility, we find that both BAF180 and

BRG1 rapidly localize to laser-induced tracks of DNA damage

(Figures S2A and S2B). The pattern of localization, in contrast

to the tracks formed by gH2AX or XRCC4 (Figure S2C), appears

to show accumulation of PBAF in chromatin flanking the

damaged area rather than directly within it, perhaps suggesting

movement away from the damage in cis to chromatin flanking

the break.

In addition to using gH2AX as a readout of DSB repair, we

directly monitored chromosome breakage following IR in 82-6

human telomerase reverse transcriptase (hTert) fibroblast cells

promoted to undergo condensation by fusion with mitotic

HeLa cells. Consistent with our results with gH2AX foci,

we observed a small increase in chromosomal breakage in
eptember 4, 2014 ª2014 The Authors 725



Figure 3. Phosphorylation of BAF180 by ATM Is Required for Tran-

scriptional Repression and Early DNA Repair Activity

(A) Cartoon of human BAF180 highlighting the domain organization and the

sequence surrounding serine 963 (Ser 948 in isoform 1), which is phosphor-

ylated by ATM in response to DNA damage.

(B) Quantification of YFP-positive cells as a measure of DSB-induced tran-

scriptional repression in U2OS reporter cells treated with the indicated siRNA

and complemented with BAF180 expression constructs as indicated. Data are

represented as mean ± SD.

(C) Quantification of gH2AX foci clearance following exposure to 1.5 Gy IR in

U2OS cells treated with the indicated siRNA and complemented with BAF180

expression constructs as indicated. Data are represented as mean ± SD. Ave.,

average.

See also Figures S1 and S4.
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BAF180-depleted cells compared to WT controls at 1 hr post-IR

(Figure 2D), suggesting that PBAF is required for a process of

DSB repair that occurs rapidly after IR. Because these effects

are subtle, we used an additional method in another cell line to

directly monitor breaks. In this approach, we treated irradiated
726 Molecular Cell 55, 723–732, September 4, 2014 ª2014 The Auth
HeLa cells with calyculin, which causes premature chromosome

condensation of G2 cells. Here, again we observed enhanced

chromosome breaks after BAF180 depletion at early, but not

late, time points following IR (Figure S3A).

While we are unable to examine the requirement for ATM for

DSB repair at early times since gH2AX foci form with delayed ki-

netics in ATMi or siRNA ATM-treated cells (Stiff et al., 2004),

depletion of RNF8 conferred a similar increase in gH2AX foci at

early time points (Figure 2B). Consistent with previous studies,

addition of an ATMi or depletion of RNF8 causes defective

gH2AX foci clearance at late times, due to failure to repair

DSBs located at heterochromatic regions (Noon et al., 2010)

(Figure 2B). PBAF does not appear to function in this aspect of

the DNA damage response (Figure 2B). Together, these results

indicate that the ATM signaling pathway that has been previously

shown to function at slowly repaired DSBs does not require

PBAF, and furthermore, that PBAF is required for a rapid repair

process that is also dependent on RNF8.

ATMandRNF8 facilitate the repair of DNADSBs in both theG1

and G2 phases of the cell cycle, regardless of which repair

pathway is used (Goodarzi and Jeggo, 2013). We wanted to

investigate whether the early repair process requiring PBAF

identified here involves NHEJ proteins or a distinct repair pro-

cess. We monitored gH2AX foci clearance following BAF180

depletion at early and late times post-IR and compared it to

the phenotype of cells depleted for DNA ligase IV (LigIV), a

core NHEJ component (Figures S3B and S3C). LigIV-depleted

cells showed a severe repair defect, particularly by 24 hr post-

IR, consistent with its central role in NHEJ. In addition, LigIV-

depleted cells showed a small but significant repair defect at

early time points, demonstrating that in WT cells, some DSBs

have undergone repair by NHEJ at these early time points. This

defect is similar to that observed in BAF180-depleted cells (Fig-

ures S3B and S3C). It is important to note that concurrent deple-

tion of BAF180 and LigIV did not lead to an additive repair defect

(Figures S3B and S3C), strongly suggesting that BAF180/PBAF

facilitates the rapid repair of a subset of DSBs by NHEJ.

Phosphorylation of BAF180 by ATM Is Required for
Transcriptional Repression and Early DNA Repair
Activity
Next, we aimed to gain functional insight into the relationship be-

tween ATM and BAF180. A large proteomics study identified a

damage regulated SQ/TQ site on serine 948 of BAF180 (Mat-

suoka et al., 2007) (Figure 3A), which corresponds to S963 in

our BAF180 expression construct (isoform 8). To test the func-

tional significance of this site, we generated phosphomutant

(S963A) and phosphomimic (S963E) versions of siRNA-resistant

BAF180 constructs (Figures S1C and S1D) and investigated

whether these could complement BAF180-depleted cells.

We first established that reconstitution of BAF180-depleted

cells with siRNA-resistant WT BAF180 restores transcriptional

silencing, thus eliminating the possibility of off-target effects of

siRNA (Figure 3B). Significantly, although expression of the

phosphomimic construct also rescued the silencing defect of

siBAF180cells, thephosphomutant construct did not (Figure 3B),

suggesting that phosphorylation of BAF180 by ATM is critical for

its function in this assay. Strikingly, we found that expression of
ors
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the phosphomimic BAF180 construct was able to partially

rescue the silencing defect observed in cells treated with the

ATM inhibitor (Figure 3B).

We further investigated the effect of these mutations on early

DSB repair. Reconstitution of siRNA BAF180 cells with WT and

phosphomimic BAF180 led to repair kinetics that were indistin-

guishable from control cells, whereas expression of the phos-

phomutant construct did not rescue the repair defect of

BAF180-depleted cells (Figure 3C). We investigated the possibil-

ity that ATM-dependent phosphorylation of PBAF promotes

recruitment to DSBs, but we found that BAF180 localization to

damage is unaffected by ATM inhibition (Figure S4). Neverthe-

less, these findings strengthen the notion of functional interplay

between ATM and BAF180 in transcriptional silencing in cis to

DSBs, which is a prerequisite for efficient DSB repair at early

times post-IR.

The Role for BAF180 in Early DSB Repair Requires
Active Transcription
We hypothesized that the inability to silence transcription of

genes flanking DSBs may be responsible for the delayed repair

of the subset of DSBs observed in BAF180- and RNF8-depleted

cells at early times post-IR. To test this, we treated cells with the

transcriptional inhibitor 5,6-Dichlorobenzimidazole 1-b-D-ribo-

furanoside (DRB), which efficiently inhibits transcription in doxy-

cycline-treated reporter cells (Figure 4A). DRB treatment had no

effect on the repair kinetics of siControl cells when repair was

monitored either by gH2AX foci clearance or by chromosome

break analysis (Figures 4B, 4C, and S3A). In contrast, the early

repair delay in siBAF180 cells was rescued by DRB treatment

(Figures 4B, 4C, and S3A), indicating that, in the absence of

ongoing transcription, PBAF is dispensable for efficient DSB

repair following IR. This demonstrates that the lack of transcrip-

tional repression of genes flanking DNA DSBs has a conse-

quence; it impedes DSB repair.

PBAF Is Specifically Required for H2A K119
Ubiquitination at DSBs
It has recently been shown that small RNAs are produced at

chromatin flanking DSBs in a manner dependent on DICER

and DROSHA (Francia et al., 2012; Wei et al., 2012), and these

are required for ATM signaling (Francia et al., 2012). One mech-

anism by which PBAF may function to promote DSB repair is by

facilitating the transcription of these RNA species. DICER and

DROSHA are upstream of ATM in the DNA damage signaling

response, and ATM phosphorylation is defective in the absence

of small RNA formation (Francia et al., 2012). We therefore inves-

tigated the effect of BAF180 depletion on ATM activation and

found that, in contrast to DICER depletion, loss of PBAF has

no detectable effect on phospho-ATM (Figure S5), suggesting

that PBAF is not required for damage-dependent RNA formation.

To gain insight into how PBAFmight affect the process of tran-

scriptional silencing, we examined whether, like ATM, PBAF pro-

motes monoubiquitination of H2A K119 at transcriptionally

active DSBs. Using an antibody specific for this histone modifi-

cation, we found an enrichment of H2AK119ub at the locus

site in cells expressing WT FokI, and this coincided with loss of

active transcription as expected (Figure 4D). Significantly,
Molec
BAF180 depletion or ATMi treatment led to persistent transcrip-

tion in FokI-expressing cells, which coincided with a significant

reduction in H2AK119ub enrichment at the reporter locus (Fig-

ures 4D and 4E).

H2A is also ubiquitinated on K13–K15 (Mattiroli et al., 2012). It

is first monoubiquitinated by RNF168, and then K63-linked ubiq-

uitin chains are extended from this site (Mattiroli et al., 2012). The

monoubiquitinated K15 form of H2A is recognized by 53BP1,

which also forms foci following IR treatment (Fradet-Turcotte

et al., 2013). In BAF180-depleted cells, we found no defect in

53BP1 foci formation, suggesting that H2AK15ub and subse-

quent binding by 53BP1 are unaffected (Figure 4F). We also

monitored the accumulation of ubiquitinated proteins at DSBs

using the FK2 antibody and found that FK2 foci are unaffected

by depletion of BAF180 (Figures 4F and 4G). These data suggest

that H2A K15 ubiquitination and downstream signaling events

are unaffected by PBAF.

Our results show that BAF180 is specifically required for

events leading to DSB-induced transcriptional repression and

that this impacts on the ability of cells to repair a subset of

DSBs with fast kinetics, raising the possibility that PBAF is spe-

cifically recruited to those DSBs flanking actively transcribed

genes. Both BAF180 (Figure S1) and H2AK119ub (Ginjala

et al., 2011) localize to laser tracks, which may reflect global

recruitment to all DSBs. To test this further, we investigated

H2AK119ub foci formation following IR. We found that

H2AK119ub foci form and colocalize with 53BP1 foci following

IR treatment (Figure 4F), consistent with the possibility that

H2AK119ub is not limited to DSBs flanking actively transcribed

genes. In addition, we found that global inhibition of transcription

using the inhibitor DRB did not abolish H2AK119ub foci forma-

tion (data not shown). Notably, similar to what was found when

ATM is inhibited (Shanbhag et al., 2010), H2AK119ub foci are

reduced in BAF180-depleted cells (Figures 4F and 4G). These

data suggest that, although BAF180 only functions to promote

the rapid repair of a subset of breaks, it is required for efficient

H2AK119ub foci formation at most or all DSBs.

The PcG Proteins BMI1 and EZH2 Are Required for Both
DNA Damage-Induced Transcriptional Silencing and
Efficient DSB Repair at Early Time Points
As described earlier, the PcG complexes PRC1 and PRC2 have

been implicated in DNA DSB responses. The PRC1 complex,

which contains the BMI1 subunit, ubiquitinates H2A K119 both

at promoters and at sites of damage, and depletion of BMI1 re-

sults in a global loss of H2AK119ub foci in irradiated cells (Ginjala

et al., 2011) (Figure 5A), which is similar to what we find when

BAF180 is depleted (Figure 3F). We therefore depleted BMI1

(Figure S6) andmonitored the ability of cells to repress transcrip-

tion in response to a Fok1-induced DSB. In doing so, we found

that damage-induced transcriptional silencing is impaired

when BMI1 is depleted (Figure 5B), implicating the PRC1 com-

plex in this pathway.

At promoters, PRC2 promotes H3 K27me3, which is recog-

nized by PRC1. It has been shown that PRC2, like PRC1, contrib-

utes to the DNA DSB response, suggesting that it may function

similarly to recruit PRC1 to DSBs (Campbell et al., 2013; Chou

et al., 2010). However, there is no consensus on whether H3
ular Cell 55, 723–732, September 4, 2014 ª2014 The Authors 727



Figure 4. PBAF Is Required for Efficient Repair Only when There Is Ongoing Transcription and Promotes H2A K119 Ubiquitination at DSBs

(A) Treatment of U2OS reporter cells with DRB efficiently inhibits transcription, as demonstrated by the loss of YFP signal at the reporter site of doxycycline-

treated cells.

(B) Quantification of gH2AX foci clearance following exposure to 1.5 Gy IR in control and siBAF180 A549 cells with andwithout DRB treatment prior to IR. Data are

represented as mean ± SD. Ave., average.

(C) Chromosome breakage analysis in siControl- and siBAF180-treated 82-6 hTert fibroblasts at early and late times following 7 Gy IR with the addition of DRB

(data without DRB are as in Figure 2C). Data are represented as mean ± SE. h, hours.

(D) Representative immunofluorescence images of YFP, mCherry, and H2AK119ub following DSB induction in control, ATM inhibitor-treated, or siBAF180

cells.

(E) Relative mean fluorescence intensity (RMFI) of H2AK119Ub signal at the reporter site of WT FokI expressing cells treated with ATMi or siBAF180, relative to

control cells. Data are represented as mean ± SD.

(legend continued on next page)
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K27me3 is involved in this (Campbell et al., 2013; Chou et al.,

2010), and it has not been investigated whether PRC2 is required

for ionizing radiation-induced H2AK119ub foci. We depleted the

EZH2 subunit of PRC2 (Figure S6) and found that, similar to

BAF180 and BMI1 depletion, there are fewer H2AK119ub foci

in irradiated cells (Figure 5A), suggesting that PRC2 promotes

PRC1 activity at sites of DNA damage.

It is important to note that we find that DSB-induced transcrip-

tional silencing is also impaired in the EZH2-depleted cells (Fig-

ure 5B), suggesting that both PcG complexes are required for

this activity. Moreover, we find a delay in the repair of a subset

of DSBs at early time points following IR in BMI1 and EZH2-

depleted cells (Figure 5C), similar to cells lacking PBAF (Figure 2),

consistent with the notion that a failure to repress transcription-

flanking DSBs impedes efficient repair.

Cancer-Associated Mutations of BAF180 Do Not
Complement DSB Repair and Transcriptional Silencing
Defects Associated with Loss of BAF180
The gene encoding BAF180 (PBRM1) is frequently mutated in

cancer, and in particular, in clear cell renal cell carcinoma

(ccRCC; Varela et al., 2011). We investigated whether point mu-

tations identified in ccRCC tumor samples affected the DSB

repair and DNA damage-induced transcriptional silencing func-

tions of BAF180. We focused on missense mutations in bromo-

domains 2 (T232P) and 4 (M523I; corresponding to M538I in

isoform 8; Figure 6A) identified in ccRCC samples (Varela et al.,

2011). We recently examined these within the context of both

BAF180 and its yeast homolog and found that they are stably ex-

pressed and competent for a subset of cellular functions,

including transcriptional regulation, yet the mutants display

genome instability, and we found a defect in sister chromatid

cohesion (Brownlee et al., 2014). We introduced thesemutations

into our siRNA-resistant expression construct and transfected

them into cells depleted for BAF180. We found that, in contrast

to the WT construct, neither of the cancer-associated mutant

BAF180 constructs was able to fully rescue either the DSB repair

defect or the failure to arrest transcription observed in the

BAF180-depleted cells (Figures 6Band6C), raising thepossibility

that the function of BAF180 in repressing transcription nearDSBs

contributes to its tumor suppressor activity.

DISCUSSION

Here, we found that the chromatin remodeling complex PBAF is

important for DNA damage-induced transcriptional silencing as

well as the repair of a subset of rapidly repaired DNA DSBs.

Because we can overcome the delay in repair by globally inhibit-

ing transcription, this suggests that this delay is specifically

linked to the repair of the DSBs occurring in the vicinity of actively

transcribed genes. This provides evidence of a physiological

consequence of loss of DNA damage-induced transcriptional

repression.
(F) The formation of conjugated ubiquitin IR-induced foci (IRIF) (FK2) and 53BP1 IR

post-IR.

(G) Quantification of FK2 and H2A K119Ub IRIF in A549 cells exposed to 1.5 Gy

See also Figure S5.
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In addition, these data suggest that the subset of DSBs

located in chromatin-flanking transcriptionally active genes is

normally repaired very rapidly—within 20 min following IR. This

is perhaps not surprising, given their open chromatin configura-

tion, which would allow for rapid detection and repair, but it may

also reflect an evolutionary pressure to repair these breaks in a

timely manner due to the increased vulnerability of DSBs within

transcription factories to translocations (Lin et al., 2009; Mathas

et al., 2009).

Our data demonstrating that a phosphomimetic (Ser-to-Glu)

construct of BAF180 can partly overcome the defect in transcrip-

tional repression due to ATM inhibition indicate that PBAF

functions downstream of ATM to promote efficient H2A ubiquiti-

nation at sites of DNA DSBs. The BAF180 phosphorylation site

(Ser 948 in isoform 1) is not located within any of the known do-

mains of BAF180 (the six bromodomains, two BAH domains, or

the HMG box domain). We are currently investigating the possi-

bility that phosphorylation in this region creates a protein interac-

tion interface that is specific to its role in this pathway.

PBAF Promotes H2AK119ub but Not H2A
K13/15-Dependent Ubiquitin Chain Formation
While depletion of BAF180 resulted in impaired H2AK119ub

foci following IR, we found no defect in 53BP1 or FK2 foci for-

mation, indicating that H2A K13/15 ubiquitination and down-

stream signaling is not dependent on PBAF. BMI1, like PBAF,

is important for global damage-induced H2AK119ub foci for-

mation but does not affect RAP80 or FK2 foci formation (Ginjala

et al., 2011), providing further evidence that these ubiquitin

signaling pathways are separable and lead to distinct cellular

outcomes.

There are a number of potential mechanisms by which PBAF

could promote the accumulation of this modification. ATM is

required for the maintenance of this modification, which is

removed by USP16 when ATM is inhibited (Shanbhag et al.,

2010). One way in which PBAF may facilitate the accumulation

of H2AK119ub, therefore, is by preventing access of USP16 to

the chromatin flanking the DSB. In support of this possibility, it

was recently shown that SWI/SNF subunits (common to both

BAF and PBAF complexes) preferentially localize to chromatin-

containing ubiquitinated H2B (Shema-Yaacoby et al., 2013),

raising the possibility that ubiquitinated H2A containing chro-

matin is also a preferred binding substrate. In this scenario,

PBAF may rapidly bind to H2AK119ub-containing chromatin

and shield it from deubiquitination by USP16.

Alternatively, it is possible that PBAF remodels the chromatin

flanking the break in order to facilitate PRC2 and subsequent

PRC1 activity toward their respective substrates. At promoters,

PRC2 methylates H3 K27, but, consistent with one previous

report (Campbell et al., 2013), we did not find an accumulation

of H3K27me3 at sites of DSBs (data not shown), which may sug-

gest that an alternative PRC2 methylation target functions to

mediate PRC1 recruitment to DSBs.
IF is unaffected by siBAF180 in A549 cells exposed to 1.5 Gy IR and fixed 1 hr

IR and fixed 1 hr post-IR. Data are represented as mean ± SD.
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Figure 5. BMI1 and EZH2, Subunits of PRC1 and PRC2, Respec-

tively, Are Required for DSB-Induced H2AK119ub and Transcrip-

tional Silencing and Efficient DSB Repair at Early Time Points

(A) The formation of H2AK119ub IR-induced foci (IRIF) is defective in cells

depleted for either BMI1 or EZH2 in A549 cells, 60 min following exposure to

1.5 Gy IR.

(B) Quantification of YFP-positive cells as a measure of DSB-induced tran-

scriptional repression in U2OS reporter cells treated with the indicated siRNA.

Data are represented as mean ± SD.

(C) Quantification of gH2AX foci clearance following exposure to 1.5 Gy IR in

U2OS cells treated with the indicated siRNA. Data are represented as mean ±

SD. Ave., average.

See also Figure S6.
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We recently demonstrated that BAF180 is required for main-

taining normal sister chromatid cohesion in mammalian cells

(Brownlee et al., 2014). In both yeast and human cells, cohesin

is additionally recruited to chromatin flanking DSBs outside of

S phase, and while it is not known whether the DSB-dependent

cohesin recruitment is dependent on PBAF in mammalian cells,

the PBAF homolog RSC facilitates DSB-induced cohesion in

yeast (Oum et al., 2011). In Drosophila, PRC1 interacts with

cohesin, and this facilitates PRC1 binding to chromatin (Schaaf

et al., 2013). One intriguing possibility therefore, is that PBAF

promotes PRC1 recruitment to DSBs by regulating cohesin

establishment. Finally, these mechanisms are not mutually

exclusive, and it is conceivable that multiple strategies are

used by PBAF to promote the accumulation of H2AK119ub

and subsequent transcriptional repression at DSBs.

PBAF Activity during Tumorigenesis
The gene encoding BAF180 (PBRM1) is frequently mutated in

cancer. We investigated two cancer-associated mutations of

BAF180, which, we found, do not destabilize the protein (Brown-

lee et al., 2014). These mutations were tested within the context

of the yeast homolog of BAF180 and found to be competent for a

subset of cellular functions, including transcription, but in both

yeast and mammalian cells, they displayed defects in maintain-

ing genome stability and sister chromatid cohesion (Brownlee

et al., 2014). Here, we found that these BAF180 mutants are

also unable to restore the ability of BAF180-depleted cells to

repress transcription-flanking DSBs or promote efficient repair

at early time points, raising the possibility that transcriptional

repression of genes flanking DSBs may be an important aspect

of the ability of BAF180 to prevent tumorigenesis.

EXPERIMENTAL PROCEDURES

Laser Microirradiation

Laser microirradiation was performed in U2OS cells as described elsewhere

(Rulten et al., 2011). Details of the plasmids used are provided in the Supple-

mental Experimental Procedures.

siRNA Transfection and IR-Induced Foci Quantification

siRNA mediated protein knockdown and gH2AX foci quantification post-IR

was performed as described previously (Shibata et al., 2011). Cells were

kept in G0/G1 phase by growing the cells in 5% serum. RNA interference oligo

sequences are provided in the Supplemental Experimental Procedures.

Transcription Reporter Cells

The U2OS cells containing the transcription reporter construct have been

described elsewhere (Shanbhag et al., 2010). These cells were transfected

with 1 mg of the mCherryFokI fusion construct using NanoJuice transfection

reagent, according to the manufacturer’s protocols. Twenty-four hours later,

the cells were treated with 1 mg/ml doxycycline for 3 hr. Transcription status

was monitored by quantifying YFP-positive cells, and phospho-Ser2 RNAPII

and H2AK119ub were monitored by immunofluorescence. Details of fluores-

cent signal quantification are provided in the Supplemental Experimental Pro-

cedures. A 3 hr treatment with 100 mMDRBwas used to inhibit transcription in

both the U20S reporter cells, as well as in A549 cells used for gH2AX foci

quantification.

pEGFP-BAF180 Constructs

Complementation experiments using the pEGFP-BAF180 constructs were

performed in U2OS reporter cells and in U2OS cells for transcription status

and gH2AX foci quantification, respectively. Details of these constructs and
ors



Figure 6. Cancer-Associated Mutations of BAF180 Do Not Comple-

ment DSB Repair and Transcriptional Silencing Defects Associated

with Loss of BAF180

(A) Schematic representation of BAF180, showing the positions of the T232P

and M538I mutations identified in ccRCC samples.

(B) Quantification of YFP-positive cells as a measure of DSB-induced tran-

scriptional silencing in U2OS reporter cells treated with BAF180 or control

siRNA and complemented with BAF180 expression constructs as indicated.

Data are represented as mean ± SD.

(C) Quantification of gH2AX foci clearance following exposure to 1.5 Gy IR

in U2OS cells treated with BAF180 or control siRNA and complemented

with BAF180 expression constructs as indicated. Data are represented as

mean ± SD.

See also Figure S1.
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transfection procedures are provided in the Supplemental Experimental

Procedures.

Chromosome Breakage Analysis

82-6 hTert fibroblasts were treated with nocodazole (100 ng/ml, 1 hr before IR)

to prevent G2-irradiated cells from progressing into G1 during repair time.

Cells were irradiated with 7 Gy. At the end of repair incubation, irradiated cells
Molec
were mixed at a ratio of 1:1 with mitotic HeLa cells (enriched by 200 ng/ml col-

cemid for 20 hr). Polyethylene-glycol-mediated cell fusion and chromosome

preparation were performed as described elsewhere (Mosesso et al., 1999).
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/

10.1016/j.molcel.2014.06.028.
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Noon, A.T., Shibata, A., Rief, N., Löbrich, M., Stewart, G.S., Jeggo, P.A., and

Goodarzi, A.A. (2010). 53BP1-dependent robust localized KAP-1 phosphory-

lation is essential for heterochromatic DNA double-strand break repair. Nat.

Cell Biol. 12, 177–184.

Oum, J.H., Seong, C., Kwon, Y., Ji, J.H., Sid, A., Ramakrishnan, S., Ira, G.,

Malkova, A., Sung, P., Lee, S.E., and Shim, E.Y. (2011). RSC facilitates

Rad59-dependent homologous recombination between sister chromatids by

promoting cohesin loading at DNA double-strand breaks. Mol. Cell. Biol. 31,

3924–3937.

Papamichos-Chronakis, M., and Peterson, C.L. (2013). Chromatin and the

genome integrity network. Nat. Rev. Genet. 14, 62–75.

Rulten, S.L., Fisher, A.E., Robert, I., Zuma, M.C., Rouleau, M., Ju, L., Poirier,

G., Reina-San-Martin, B., and Caldecott, K.W. (2011). PARP-3 and APLF func-

tion together to accelerate nonhomologous end-joining. Mol. Cell 41, 33–45.

Schaaf, C.A., Misulovin, Z., Gause, M., Koenig, A., Gohara, D.W., Watson, A.,

and Dorsett, D. (2013). Cohesin and polycomb proteins functionally interact to

control transcription at silenced and active genes. PLoS Genet. 9, e1003560.
732 Molecular Cell 55, 723–732, September 4, 2014 ª2014 The Auth
Shain, A.H., and Pollack, J.R. (2013). The spectrum of SWI/SNF mutations,

ubiquitous in human cancers. PLoS ONE 8, e55119.

Shanbhag, N.M., Rafalska-Metcalf, I.U., Balane-Bolivar, C., Janicki, S.M., and

Greenberg, R.A. (2010). ATM-dependent chromatin changes silence transcrip-

tion in cis to DNA double-strand breaks. Cell 141, 970–981.

Shema-Yaacoby, E., Nikolov, M., Haj-Yahya, M., Siman, P., Allemand, E.,

Yamaguchi, Y., Muchardt, C., Urlaub, H., Brik, A., Oren, M., and Fischle, W.

(2013). Systematic identification of proteins binding to chromatin-embedded

ubiquitylated H2B reveals recruitment of SWI/SNF to regulate transcription.

Cell Reports 4, 601–608.

Shibata, A., Conrad, S., Birraux, J., Geuting, V., Barton, O., Ismail, A.,

Kakarougkas, A., Meek, K., Taucher-Scholz, G., Löbrich, M., and Jeggo,
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