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SUMMARY

Localization to sites of DNA damage is a hallmark of
DNA damage response (DDR) proteins. To identify
DDR factors, we screened epitope-tagged proteins
for localization to sites of chromatin damaged by
UV laser microirradiation and found >120 proteins
that localize to damaged chromatin. These include
the BAF tumor suppressor complex and the amyo-
trophic lateral sclerosis (ALS) candidate protein
TAF15. TAF15 contains multiple domains that bind
damaged chromatin in a poly-(ADP-ribose) poly-
merase (PARP)-dependent manner, suggesting a
possible role as glue that tethers multiple PAR
chains together. Many positives were transcription
factors; > 70% of randomly tested transcription
factors localized to sites of DNA damage, and of
these, �90% were PARP dependent for localization.
Mutational analyses showed that localization to
damaged chromatin is DNA-binding-domain depen-
dent. By examining Hoechst staining patterns at
damage sites, we see evidence of chromatin de-
compaction that is PARP dependent. We propose
that PARP-regulated chromatin remodeling at sites
of damage allows transient accessibility of DNA-
binding proteins.
INTRODUCTION

Each day, cells are subjected to many different types of DNA

damage, including chemical adducts, depurinations, depyrimidi-

nations, abasic lesions, double-strand breaks, single-strand

breaks, and replication stress errors. The cell, however, has a

myriad of enzymes that repair damaged DNA through chemical
1486 Cell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors
modification, including nucleases, kinases, helicases, phospha-

tases, recombinases, topoisomerases, ligases, demethylases,

and polymerases.

DNA remodeling enzymes must be carefully regulated, both

because they are potentially dangerous to genomic integrity

and because carrying out the appropriate type of DNA repair ne-

cessitates that the right enzymes be activated in the right loca-

tion at the right time. To facilitate this regulation, cells have

evolved the DNA damage response (DDR) network, a sensory

signal transduction pathway that recognizes different types of

DNA lesions and provides information to the cell in order to allow

proper orchestration of the myriad of responses that promote

cell and organismal survival. A major mechanism by which the

DDR accomplishes this is extensive proteomic remodeling

through post-translational modification, including phosphoryla-

tion, ubiquitination, sumoylation, and acetylation (Bennetzen

et al., 2010; Lukas et al., 2011; Matsuoka et al., 2007). Addition-

ally, the DDR coordinates mechanisms of spatial regulation

through direct recruitment of specific factors to sites of DNA

damage (Bekker-Jensen et al., 2006). To accomplish this, the

DDR assembles platforms for recruitment, including the poly-

(ADP-ribose) polymerase (PARP) enzymes, the RPA complex,

the histone H2A family member H2AX, PCNA, and the FANCI-

FANCD2 complex. Importantly, each of these mediates the

recruitment of distinct repair factors corresponding to a distinct

set of structural alterations in the DNA.

H2AX and RPA respond to double-strand breaks (DSBs) and

stalled replication forks (Ciccia and Elledge, 2010; Rogakou

et al., 1998). RPA is recruited to these lesions through recognition

of extensive single-stranded DNA (ssDNA) that is formed nearby

and, once bound, facilitates localized accumulation of several

important repair complexes, including ATRIP/ATR, the RAD17/

RFC2-5 clamp loader, and the 9-1-1 heterotrimer bound to

TOPBP1, as well as SMARCAL1, PRP19 (Maréchal et al., 2014),

RHNO1 (Cotta-Ramusino et al., 2011), and other proteins. H2AX

recruits repair factors to DSBs through a distinct feed-forward

signaling mechanism. Specifically, H2AX is phosphorylated on

mailto:selledge@genetics.med.harvard.edu
http://dx.doi.org/10.1016/j.celrep.2015.04.053
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.04.053&domain=pdf


Ser139 in response to DNA damage and acts as a scaffold to

recruit MDC1, which, in turn, binds the ATM kinase to further

propagate phosphorylation of H2AX for up to 2 Mb of adjacent

chromatin, generating a visible focus of phosphorylation. MDC1

then sets in motion a series of signaling modifications that recruit

repair factors such as RNF8, RNF168, 53BP1, and the BRCA1 A,

B, and C complexes (Ciccia and Elledge, 2010).

PCNA and the FANCI-FANCD2 (ID) complex respond to

events following replication stress (Moldovan and D’Andrea,

2009; Moldovan et al., 2007). In response to replication blocks,

PCNA undergoes monoubiquitination that recruits translesion

polymerases and stimulates direct replication bypass. Addition-

ally, PCNA can become polyubiquitinated with K63-linked

chains to promote recombination-dependent DNA synthesis

across DNA lesions by template-switching mechanisms and re-

cruits ZRANB3 to sites of replication stress (Ciccia et al., 2012).

FANCI and FANCD2 respond to DNA interstrand crosslinks that

arrest replication forks and are recruited to damaged DNAwhere

they are ubiquitinated and promote repair.

PARP1, 2, and 3 enzymes recognize and are activated by a

variety of DNA lesions, including single-strand breaks (SSBs),

DNA crosslinks, or DSBs (Beck et al., 2014). They catalyze the

rapid and transient synthesis of poly-(ADP-ribose) (PAR) struc-

tures and are responsible for the recruitment of a number of

factors to sites of DNA damage, including ALC1, RBMX, and

components of MRN and NuRD complexes, among others

(Adamson et al., 2012; Ahel et al., 2009; Chou et al., 2010; Haince

et al., 2008; Polo et al., 2010). Additionally, the scaffold protein

XRCC1 is recruited to SSBs in a PARP1-dependent manner,

where it mediates the accumulation of a cohort of SSB repair

factors (PNKP, APTX, and Polb) (Caldecott, 2008). These re-

cruited proteins then process ssDNA ends to facilitate repair.

Here, we describe a focused analysis to identify new proteins

recruited to DNA damage. We evaluated spatial changes to

candidate protein localization after DNA damage by UV laser

microirradiation of BrdU-prelabeled cell nuclei. We identified at

least 120 novel factors that show evidence for recruitment to

sites of DNA damage. Among these is the candidate amyotro-

phic lateral sclerosis (ALS) factor TAF15. We found that TAF15

has independent domains that allow it to localize to sites of

DNA damage in a PARP1-dependent manner. Additionally, we

identified five components of SWI/SNF chromatin remodeling

complexes that localize to sites of damage. We discovered

several steroid hormone receptors and transcription factors

that localize to DNA damage, and we show that several of these

are recruited in a manner dependent upon PARP and/or their

DNA-binding domains (DBDs). We propose that PARP-depen-

dent chromatin remodeling may play a role in making DNA

accessible to many proteins at sites of DNA damage.

RESULTS

A Focused Screen to Identify Proteins that Localize
to Damaged Chromatin
To better understand the complement of proteins that respond

to DNA lesions and control localized DNA repair, we conducted

a focused screen for proteins that are recruited to DNA breaks

induced by UV laser microirradiation (Figure 1A). We manually
C

curated a list of 726 candidate genes (851 open reading frames

[ORFs]) using published and unpublished datasets relevant to

the DDR, including a set of genes that encode proteins experi-

mentally identified to be chromatin-enriched after exposure to

DNA damage (Tables S1, S2, and S3) (Adamson et al., 2012;

Chou et al., 2010; Cotta-Ramusino et al., 2011; Hurov et al.,

2010; Matsuoka et al., 2007; O’Connell et al., 2010; Paulsen

et al., 2009; S1abicki et al., 2010; Smogorzewska et al., 2010).

Candidate ORFs were selected from sequence-verified human

ORFeome collections and were individually transduced into

U2OS cells for expression as N- or C-terminal hemagglutinin

(HA) fusion proteins using lentiviruses (Figure 1A). Selected

candidate cell lines were then microirradiated (individually

or as sub-pools) over a period of 5 min and evaluated for

tagged-candidate recruitment to laser-induced DNA damage

tracks (marked by gH2AX co-staining) immediately and/or

after 25 min of recovery. Pooled candidates with at least one

HA-stained laser track were deconvolved and reevaluated indi-

vidually at one or both time points.

We eventually evaluated 576 unique ORFs for post-damage

localization (Table S4). At various stages, candidates were elim-

inated from the screen for both technical and biological reasons.

Technical reasons include unavailability of bacterial DNA stocks,

lack of bacterial growth, and poor growth or selection of trans-

duced cell lines. Biological reasons include selective elimination

of some ORFs corresponding to genes already evaluated or en-

coding proteins observed to have non-nuclear localization in

U2OS cells without microirradiation. Of candidates evaluated

by Sanger sequencing at various stages of analysis, 15 ORFs

were found to be incorrect (i.e., candidates not intentionally

included in our original list) (Table S4) and were removed from

the analysis below. Our final candidate list of 561 unique ORFs

was enriched for genes with known roles in DNA repair and other

nuclear processes, including transcription, RNA splicing, and

chromatin organization (Figure S1). Of those, 178 (179 ORFs,

including two distinct ORFs assigned to C18orf25) encoded pro-

teins that we observed to accumulate at sites of DNA damage

(scored by colocalization with least one gH2AX stained microir-

radiation track), yielding a positive identification rate of 31%

(Figure 1B). These ‘‘hit’’ genes include ones that encode proteins

with previously known localization to DNA breaks. Interestingly,

we observed a higher incidence of candidate recruitment at

the earlier (0–5 min) time point (Table S4). Specifically, of 139

positive ORFs that we evaluated at both 0–5 and 25–30 min

post-microirradiation, proteins encoded by 42 of these demon-

strated recruitment at both time points, 2 (ZNF384 and

RHNO1) were recruited only at 25–30 min, and 95 (68% of these

positives) demonstrated tracks at only the early (0–5 min) time

point. Additionally, of those that scored positive at both time

points, 81% were observed to have a higher percentage of

damaged cells with colocalizing HA and gH2AX tracks in the

earlier sample (Table S4). Notable exceptions to this were CtIP,

TOPBP1, and RAD18, which demonstrated increased percent-

ages of damaged cells with stripes over time.

To validate our primary analysis, positive candidate expres-

sion vectors were clonally isolated and the encoded ORFs

were sequenced to verify gene identity. These constructs were

then used to reconstruct individual expression lines in U2OS
ell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors 1487



Figure 1. A Spatial DNA Damage Localization Screen

(A) Schematic of the screen.

(B) Graphical representation of results from primary analysis and validation. Numbers indicate genes associated with evaluated ORFs.

(C) GO molecular function (MF) terms identified by DAVID among the positive genes from primary screening (fold enrichment compared to the candidate genes

evaluated). The numbers of genes classified by each GO term, and false discovery rate (FDR)-corrected p values (Benjamini) are indicated. Enriched GO terms

with an FDR < 0.25 are red.
cells, and these cells were used reevaluate candidate recruit-

ment to microirradiation tracks. Of the 179 positive ORFs identi-

fied by primary analysis, we reevaluated 151 (150 genes) at one

or both time points. Most candidates not selected for reevalua-

tion were known to have established roles in DNA repair or main-

taining genomic stability and many were shown previously

to localize at DNA lesions. Of these, 114 (113 genes) demon-

strated recruitment to one or more gH2AX stained microirradia-

tion tracks (a validation rate of 75.5%) (Figure 1B). Possible

factors that may have influenced this validation rate include pri-

mary analysis false positives caused by well-to-well candidate

contamination during parallel DNA preparation and validation

false negatives caused by rare localization events. Indeed, can-

didates that did not score in reevaluation (37) had, on average,

fewer damaged cells with visible colocalization tracks in the

primary screen than those that validated (�8.0% compared to

�17%at 0–5min and�1.6%compared to�3.4%at 25–30min).

Proteins that Localize to Sites of Damage Include
ALS-Associated TAF15 and EWSR1
Surprisingly, we observed that our validated positive genes

included many encoding transcription regulators. DAVID func-
1488 Cell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors
tional annotation of hits in our primary screen revealed that ‘‘tran-

scription factor activity’’ and ‘‘transcription regulator activity’’

molecular function termswere enriched over our set of evaluated

genes (FDR < 0.25), a curated list that is itself enriched for genes

involved in nuclear processes (Figures 1C and S1). Additionally,

these positives were enriched for ‘‘DNA binding,’’ ‘‘sequence-

specific DNA binding,’’ and ‘‘nucleic acid binding’’ terms (Fig-

ure 1C). Specific transcription-associated genes among our

validated positives included NFIA, MYBL2, YY1, ZSCAN5A,

ZNF829, ZBTB10, ZNF281, ZNF384, ATF2, ATF7, BATF3,

POU2F2, and PBX2 (Figure 2A). These 13 genes were also

among the 62 identified by DAVID analysis as ‘‘DNA binding’’

(Figure 1C), and interestingly, the DNA-binding regions of

these genes are varied. ORFs encoding YY1, ZSCAN5A,

ZNF829, ZBTB10, ZNF281, and ZNF384 all had intact zinc-

finger (ZnF) domains, those encoding ATF7 and BATF3 con-

tained leucine zippers, POU2F2 and PBX2 were homeobox

containing, and both NFIA and MYBL2 contained other DBDs.

Of note, ATF2 was previously shown to be an ATM phosphoryla-

tion substrate that accumulates at DNA breaks in its phosphor-

ylated form after exposure to ionizing radiation (Bhoumik et al.,

2005).



Figure 2. Transcription Factors and Chromatin Remodeling Factors Localize to Sites of DNA Damage

(A) Validation images of cells expressing indicated HA fusion proteins from ORFs encoded by transcription-associated genes. Each image was individually

adjusted during exposure and processing to best demonstrate protein localization. Scale bars represent 10 mm. Inset numbers represent the percentages of

damaged cells with colocalizing HA and gH2AX damage tracks.

(B) Cells expressingDPF2, BCL7A, BCL7C, or PHF10HA fusion proteins or no exogenous fusion protein weremicroirradiated and immunostained with antibodies

against HA or SMARCC1 and gH2AX (0–5min after microirradiation) as in (A). The table lists the percentages of cells with gH2AXmicroirradiation tracks observed

that have visible accumulation of the indicated protein or HA fusion colocalizing with gH2AX; these data are from screen primary and validation analyses found in

Tables S4 and S5 or independent experiments (indicated with asterisks). N/A indicates data not collected.
Our list also contains ORFs assigned to chromatin-associated

proteins, with known and as-yet-unknown links to DNA repair.

These include components of the Polycomb (BMI1) and nucleo-

some remodelling deacetylase (NuRD) (RBBP4) repressive com-
C

plexes, subunits of which were previously shown to localize to

DNA breaks (Chou et al., 2010; Ismail et al., 2010; Polo et al.,

2010), as well as one isoform (a) of the chromodomain and

chromoshadow domain-containing heterochromatin protein 1
ell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors 1489



Figure 3. Analysis of TAF15 Localization to Chromatin in Response to DNA Damage

(A) Cells expressing TAF15 or EWSR1 HA fusion proteins were microirradiated and immunostained with antibodies against HA and gH2AX (0–5 min after

microirradiation). Each image was individually adjusted during exposure and processing to best demonstrate protein localization. Scale bars represent 10 mm.

The table (below) lists the percentages of damaged cells with gH2AX microirradiation tracks observed to colocalize with accumulation of the indicated HA fusion

protein; these data are from screen primary and validation analyses found in Tables S4 and S5. For TAF15, images were collected from an independent

experiment. N/A indicates data not collected.

(B) Cells expressing TAF15-HA were treated with PARP inhibitors (5 mMAZD2281 or 1 mMKU0058948) or DMSO for 1 hr, microirradiated for 5 min, and then fixed

immediately for immunostaining with antibodies against HA and gH2AX. Scale bars represent 10 mm.

(legend continued on next page)
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(HP1, encoded by CBX5) and the HP1-binding protein 3

(HP1BP3). The three human isoforms of HP1, including b and g

(not included in our library), have emerging roles in DNA repair

tied to damage-induced changes in protein mobility (Dinant

and Luijsterburg, 2009). Additionally, of five ORFs encoding sub-

units of the human SWI/SNF complexes (BAF or PBAF) included

in our library, four were positive for damage tracks (Figure 2B).

These ORFs all encode components of the BAF complex:

DPF2, BCL7A, BCL7C, and PHF10 (Kadoch et al., 2013). Using

antibodies against a fifth BAF protein, we showed that

SMARCC1 also accumulates at microirradiation tracks with

similar kinetics (Figure 2B).

Our validated list of ORFs also includes a few that encode

canonical components of the DDR, including RFC3, RFC4,

and RAD18, known mediators of BER (POLB) and TC-NER

(TCEA1), and one that encodes a protein recently characterized

in the DDR and described at DNA breaks (PPM1G) (Beli et al.,

2012; Khoronenkova et al., 2012). These serve as positive con-

trols. CHTF18, a component of an alternative replication factor

C (RFC) complex, which along with DCC1, CTF8, and RFC1-4

loads PCNA onto DNA (Bermudez et al., 2003), is present among

our validated positives. Finally, two RING-domain-containing

proteins (RNF138, and RNF113A) and the SCF-like ubiquitin

ligase specificity factor, CDT2 (DTL), which degrades CDT1 in

response to DNA damage to control replication firing (Jin et al.,

2006), are also present on this list.

Among our strongest candidates were TAF15 and EWSR1,

two members of the FET (FUS, EWSR1, and TAF15) family of

proteins (formerly called TET). These proteins have similar

domain structures, each with a low complexity (LC)/transcrip-

tional activation domain at the N terminus, a ZnF domain,

an RNA recognition motif (RRM), and RGG-rich regions that

could also mediate RNA binding (Kovar, 2011). FET proteins

are ubiquitously expressed and notorious for their presence at

the break points of chromosomal translocations associated

with human cancers, including Ewing’s sarcomas, liposarcoma,

chondrosarcoma, and various leukemias (Kovar, 2011). In our

validation analysis, TAF15 and EWSR1 yielded damage tracks

colocalizing with gH2AX in 39.4% and 53.3% of damage cells,

respectively (Figure 3A; Table S5). Endogenous TAF15 localiza-

tion was confirmed using antibodies against The TAF15 protein

(Figure S4). The third member of the FET protein family (FUS)

was not included in our library; however, consistent with our re-

sults, both FUS and EWSR1 were recently observed to accumu-

late at sites of DNA damage (Mastrocola et al., 2013; Qiu et al.,

2014; Wang et al., 2013). Interestingly, TAF15 and FUS were

also among the top ten proteins recently identified by prote-

ome-wide mass spectrometry to be PARylated after exposure

to genotoxic stress (Jungmichel et al., 2013), a list which also

included the RNA-binding protein RBMX and transcription factor

ZNF384. We previously found RBMX to be recruited to sites of

DNA damage in a transient and PARP-dependent manner

(Adamson et al., 2012), and ZNF384 scored for recruitment to
(C) Structure-function analysis of TAF15 localization to damaged chromatin. Cell

with DMSO (right panel) or PARP inhibitor (5 mM AZD2281, left panel) for 1 hr, m

antibodies against gH2AX. Scale bars represent 10 mm.Data represent themean p

±SD (n = 2).

C

DNA lesions in our validation analysis (Figure 2A; Table S5).

Notably, ZNF384 has also been observed in recurrent rearrange-

ments with TAF15 or EWSR1 in acute leukemia (Martini et al.,

2002). Similar to RBMX, TAF15 damage tracks observed in our

primary and validation analyses were diminished by 25–30 min

post-microirradiation (Figure 3A), and additional work revealed

that TAF15 recruitment is also PARP dependent (Figure 3B).

Furthermore, in the absence of PARP, microirradiation of cells

expressing HA-TAF15 produced antistripes, as we and others

previously reported for a number of RNA proteins (Chou et al.,

2010; Adamson et al., 2012; Beli et al., 2012).

To gain further insight into the mechanism by which TAF15

is recruited to sites of DNA damage, we examined a series

of GFP-tagged TAF15 truncations (Figure 3C). Interestingly, we

observed that two non-overlapping truncation mutants of the

N and C terminus localize to DNA regions damaged by microir-

radiation (Figure 3C). One fragment contains the entire LC

domain while the second contains an RGG-rich domain. A third

fragment that contains just 24 overlapping residues with the

N-terminal fragment and includes the RRM and ZnF motifs

also localizes to damaged regions; however, a fragment with

the ZnF motif but lacking the RRM demonstrated impaired local-

ization. Preincubation of cells expressing full-length GFP-TAF15

or these mutants with the PARP inhibitor AZD2281 completely

abolished localization of the full-length fusion protein and all of

the different truncated versions to microirradiation tracks (Fig-

ure 3C). Thus, two and possibly three independent regions of

TAF15 are capable of localizing to sites of DNA damage in a

PARP-dependent manner.

Nuclear Receptors Localize to Sites of DNA Breaks
in a PARP-Dependent Manner
Another factor examined was ESRRA, a member of a subfamily

of orphan nuclear receptor transcription factors. ESRRA shares

significant homology with the estrogen receptor (ESR1) and

thus is referred to estrogen receptor-related (ESRR). The other

subfamily members are ESRRB and ESRRG. These proteins

have established roles as regulators of gene networks and are

involved in energy homeostasis (Lanvin et al., 2008). To date,

there is no evidence implicating any subfamily members in

the DNA damage response. We found an ESRRA-HA fusion

protein was recruited to DNA damage tracks colocalizing with

gH2AX in 61% of the damaged cells (Figures 4A and 4C). Coloc-

alization tracks were visible at 0–5 min. These diminished by

25–30 min post-microirradiation (data not shown). ESRRB-HA

and ESRRG-HA also localize to sites of DNA damage (Figures

4A and 4C). Both the frequency of visible ESRRB-HA and

ESRRG-HA accumulation (48% and 46%, respectively) (Figure

4C) and its transient nature (data not shown) were similar to

ESRRA recruitment.

Three members of another subfamily of orphan nuclear re-

ceptors (NR4A) were recently shown to be recruited to IR-

and UV-induced DNA damage foci in a PARP-dependent
s expressing GFP-TAF15 (full length or the indicated truncations) were treated

icroirradiated for 5 min, and then fixed immediately for immunostaining with

ercentages of damaged cells with GFP and gH2AX colocalizing damage tracks

ell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors 1491



Figure 4. Localization of Steroid Hormone

Receptor Family Members to Damaged

Chromatin

(A) Accumulation of ESRR family proteins at

UV laser-induced DNA damage tracks. Cells

expressing ESRRA-, ESRRB-, or ESRRG-HA

(C-terminal) fusion proteins were microirradiated

for 5min and fixed immediately for immunostaining

with antibodies against HA and gH2AX. Each

image was individually adjusted during exposure

and processing to best demonstrate protein

localization. Scale bars represent 10 mm.

(B) Cells treated with PARP inhibitor (5 mM

AZD2281) for 1 hr prior to microirradiation were

processed and analyzed similar to those in (A).

(C) Quantification of microirradiated cells with

ESRRA-, ESRRB-, or ESRRG-HA accumulation at

gH2AX damage tracks. Data represent the mean

percentages of damaged cells with colocalizing

tracks ± SD (n = 3).

(D) Localization of seven additional nuclear re-

ceptors from three different subfamilies after UV

laser-induced DNA damage. Cells and images

processed as described in (A).
manner (Jagirdar et al., 2013; Malewicz et al., 2011). To test

whether PARP activity is similarly required for ESRRA, ESRRB,

and ESRRG, we evaluated their damage-induced recruitment

after pretreatment with a PARP inhibitor (AZD2281) and found

the frequency and intensity of colocalization tracks were

greatly diminished compared to untreated controls (Figures

4A–4C).

Given that six nuclear receptors from two different subfamilies

accumulate at DNA damage sites, we decided to test several

other nuclear receptors for their ability to localize to DNA

damaged by UV microirradiation. In total, we tested seven

more nuclear receptors (RARB, RORC, THRB, NR2C2, NR5A2,

RXRG, and NCOA5). Surprisingly, six of these (with the excep-

tion of NCOA5) demonstrated recruitment to DNA damage as

HA-fusion proteins (Figure 4D).
1492 Cell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors
Multiple Classes of Transcription
Factors Localize to Damaged
Chromatin in a Manner Dependent
on Intact DBDs
The observation that many nuclear re-

ceptors localize to sites of DNA damage,

along with the fact that our list of vali-

dated hits is enriched for transcription

factors, prompted us to speculate that

localization to DNA damage in these

cases may be in part linked to a common

property shared by proteins with tran-

scription factor activity. To test this pos-

sibility, we compiled a list of 35 additional

transcription factors (Table 1). These

transcription factors were selected based

on the sole criterion that they have no

known involvement in the cellular

response to DNA damage. Otherwise,
the list is composed of transcription factors of various types,

some with tissue-specific expression patterns and/or defined

developmental roles and others with wide expression patterns

and functions. As most transcription factors from the primary

screen maximally localized to UV-microirradiation sites at the

0–5 min time point, we chose to test their localization at

0–5 min post-microirradiation. Strikingly, 71% (25/35) accumu-

lated at UV laser-induced microirradiation tracks (Table 1; Fig-

ures 5F and S2). The positive scoring group could be divided

into 3 categories based on the intensity of the fluorescent signal.

Of these, 28% (7/25) formed high-intensity stripes, 28% (7/25)

medium intensity, and 44% (11/25) low intensity (Table 1; Fig-

ure S2). Among this group, the percentage of damaged cells

with candidate accumulation at gH2AX tracks varied between

17% and 80% (Figure 5F). Together, these results demonstrate



Table 1. A Set of 35 Transcription Factors Evaluated for Localization to Damaged Chromatin

Gene

Symbol ORF ID

Accession

Version

Localization to

DNA Damage

Intensity of

Colocalization

with gH2AX DNA-Binding Domains Identified with Pfam or blastp

CTCF 6,173 BC014267.2 yes zinc-finger double domain (7); C2H2-type zinc finger (2)

HOXC10 1,844 BC001293.1 yes homeobox (1)

ZNF625 5,197 BC007868.2 yes zinc-finger double domain (7)

HOXA9 5,870 BC006537.2 yes Strong homeobox (1)

ZNF366 56,668 BC121053.1 yes zinc-finger double domain (2); C2H2-type zinc finger (8)

SATB2 52,671 BC098136.1 yes CUT domain (2); homeobox (1)

HOXC9 11,938 BC053894.1 yes homeobox (1)

NEUROG1 2,872 BC008687.1 yes helix-loop-helix (1)

ZNF219 2,058 BC036105.1 yes zinc-finger double domain (1); C2H2-type zinc fingers (7)

HOXD10 13,989 BC069619.1 yes homeobox (1)

SOX5 10,885 BC060773.1 yes Medium HMG box (1)

ZNF324a 4,991 BC007717.2 yes

PITX2 6,983 BC013998.2 yes homeobox (1); OAR domain (1)

NR1H4 54,905 BC130573.1 yes C4-type zinc finger (2)

MYOG 11,922 BC053899.1 yes myogenic basic domain (1); helix-loop-helix (1)

TSHZ3 56,855 BC127095.1 yes C2H2-type zinc finger (4)

STAT5A 8,201 BC027036.1 yes STAT_bind (1)

HOXA10 14,955 BC071843.1 yes homeobox (1)

ZNF786 55,871 BC128392.1 yes zinc-finger double domain (9); C2H2-type zinc finger (1)

ZIM3 56,365 BC114503.1 yes Weak zinc-finger double domain (9)

MYCL1a 7,111 BC011864.2 yes

TCF7L2 9,999 BC032656.1 yes HMG box (1)

ZNF184 8,172 BC022992.1 yes zinc-finger double domain (17); C2H2-type zinc finger (1)

ESR2 1,485 BC024181.2 yes C4-type zinc finger (2)

C17orf49 11,390 BC040036.1 yes SANT domain (1)

CTCFL 54,781 BC130486.1 no zinc-finger double domain (7); C2H2-type zinc finger (2)

ZNF174a 2,748 BC000876.1 no

WT1 1,923 BC032861.2 no zinc-finger double domain (3)

ZNF434a 4,197 BC002859.2 no

HOXB1a 55,783 BC096192.1 no Negative

MYPOP 72,064 BC044311.1 no Myb/SANT-like DNA-binding domain (1)

MYB 12,304 BC064955.1 no Myb/SANT-like DNA-binding domain (2)

PPARG 2,704 BC006811.1 no C4-type zinc finger (2)

MIER2 9,505 BC028203.1 no Myb/SANT-like DNA-binding domain (1); ELM2 domain (1)

TADA2A 3,358 BC001172.1 no Myb/SANT-like DNA-binding domain (1)

Proteins were randomly selected from 836 transcription factors present in the ORFeome collection (hORFeome V8.1), excluding ORFs with a previous

association to DNA damage responses, DNA repair, and related GO terms. Selected ORFs were stably expressed as N-terminal HA fusions in U2OS

cells. These cells were microirradiated for 5 min, fixed immediately, and immunostained with antibodies against HA and gH2AX. For each transcription

factor, the intensity of the fluorescent signal from the colocalizing tracks was evaluated by eye and assigned to one of four intensity categories (strong,

medium, weak, or negative) based on the researcher’s discretion.
acDNAs lack DNA-binding domains annotated by Pfam and blastp.
that localization of transcription factors to site of DNA damage is

a wide-ranging phenomenon.

The ability to bind DNA is a defining feature of transcription

factors. Although different types of DBDs can dramatically vary

in structure, in general, they all convey high affinity toward

DNA and could, therefore, potentially mediate the localization

of transcription factors to DNA damage sites. To determine if
C

DBDs are indeed the common trait that facilitates recruitment,

we generated mutated versions of three transcription factors

(HOXC10, PITX2, and NR1H4) with disrupted DBDs and tested

their ability to localize to microirradiation tracks.

HOXC10 is amember of theHox family of transcription factors,

which play an important role in morphogenesis in all multi-

cellular organisms (Philippidou and Dasen, 2013). HOXC10
ell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors 1493



Figure 5. Transcription Factor Localization to Damaged Chromatin Is Pervasive and DNA-Binding-Domain Dependent

(A) Schematic of deletions in the DNA-binding region of the homeodomain of HOXC10.

(B) Structure-function analysis of HOXC10. Cells expressing the indicated HA-HOXC10 fusion proteins (illustrated in A) were microirradiated for 5 min and fixed

immediately for immunostaining with antibodies against HA and gH2AX. Each image was individually adjusted during exposure and processing to best

demonstrate protein localization. Scale bars represent 10 mm.

(C) Schematic of HA-PITX2 DNA-binding domain mutants and corresponding structure-function analysis. Cells expressing the indicated deletion mutants were

treated and analyzed as in (B).

(D) Schematic of HA-NR1H4 DNA-binding domain mutants and corresponding structure-function analysis. Cells expressing the indicated deletion mutants were

treated and analyzed as in (B).

(legend continued on next page)
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contains a homeodomain, a DBD that is highly conserved among

members of the Hox family. The HOXC10 homeodomain has two

residue clusters that make direct contact with DNA (LaRonde-

LeBlanc and Wolberger, 2003). We generated a series of three

N-terminal HA-tagged HOXC10 deletion mutants: (1) HA-

HOXC10 del269-275 that disrupts the N-terminal cluster and

lacks seven residues, (2) HA-HOXC10 del311-324 that disrupts

the C-terminal cluster and lacks 14 residues, and (3) HA-

HOXC10 del269-324 that disrupts the entire homeodomain

and lacks 55 residues (Figure 5A). Each deletion impairs the

accumulation at microirradiation-induced DNA damage (Figures

5A, 5B, and 5E). We observed that the fluorescence intensity of

the HA-HOXC10 del269-275 signal at damage sites was much

weaker and the fraction of cells with visible tracks colocalizing

with gH2AX was also reduced by 47% (Figures 5A, 5B, and

5E). Deleting the C-terminal cluster had an even more dramatic

effect with 67% reduction of colocolizing stripes compared to

the full-length protein. Moreover, the HA-HOXC10 del269-324

colocalization signal was barely visible and the fraction of cells

with visible colocalization tracks was reduced by 96%compared

to the wild-type protein (Figures 5A, 5B, and 5E).

We also evaluated PITX2, another homeodomain-containing

transcription factor, using a similar structure-function analysis.

PITX2 plays an important role in the establishment of the left to

right axis of various organs during embryogenesis (Varón and

Havsteen, 1990). We generated a single mutant version of

PITX2 (HA-PITX2_del126–184) that lacks 59 residues corre-

sponding to the entire homeodomain of the protein. In the

absence of this DBD, localization of the protein to microirradia-

tion tracks was nearly abolished; we observed tracks of colocal-

izing HA-PITX2_del126–184 and gH2AX in only 15%of irradiated

cells compared to 82% for the full-length protein, and for these,

the fluorescent signal was extremely faint (compared to the rela-

tively strong signal of the wild-type protein) (Figures 5C and 5E).

Next, we examined the localization of NR1H4 (the nuclear

receptor family subfamily 1, group H, member 4). This protein re-

sponds to bile acid ligands by binding its cognate DNA-binding

sites through a pair of ZnFs and activating transcription (Stau-

dinger et al., 2013). Similar to HOXC10 and PITX2, deletion of

the first ZnF of NR1H4 (amino acids 129–152) significantly dimin-

ished its ability to localize to damaged chromatin (Figures 5D

and 5E). HOXC10 and all of its derivatives are dependent upon

PARP for localization (Figure 6E). Thus, the ability to bind DNA

is critical for the localization of these transcription factors.

The Pattern of Early Recruitment among Positives
Correlates with PARP Dependency
To get a sense of the prevalence of PARP-dependent accumula-

tion at sites of DNA damage among our set of proteins that

localize to microirradiation-induced damage tracks, we reeval-

uated 31 in the presence and absence of the PARP inhibitor

AZD2281 (Figures 6A–6D). Of these, 8 showed complete or

partial PARP-independence (RAD18, RPL27A, DTL, CCDC82,
(E) Quantification of damaged cells with colocalizing HA and gH2AX tracks from th

of damaged cells with colocalizing tracks (n = 3).

(F) Cells expressing HA-fusion proteins of the indicated transcription factors were

against HA and gH2AX, and quantified. Scale bars represent 10 mm. Data repres

C

UHRF2, CTCF, RFC4, and POU2F2). However, the remaining

23 factors demonstrated nearly complete PARP dependency

for recruitment (74%). Proteins with PARP-dependent localiza-

tion to damaged chromatin are quickly and transiently recruited

(Li and Yu, 2014), and intriguingly, data from our primary screen

suggest that many of our positives were similarly transiently

recruited. In particular, nearly two-thirds of the positives that

were evaluated at both 0–5 and 25–30 min demonstrated tracks

at only the early time point. Together, these conclusions suggest

that many of our positives overall may be strongly PARP depen-

dent for localization. Therefore, we hypothesize that any factor

that similarly accumulates transiently at microirradiation tracks

are also likely to be PARP dependent.

PARP1 Induces Chromatin Changes at Sites of UV
Laser Microirradiation
Apotential explanation for howDNA-bindingproteins relocalize to

laser inducedUVdamage is that the DNAbecomes accessible by

means of relaxing the chromatin structure at the site of the dam-

age. To test this notion,we examined the intensity of DNAstaining

with Hoechst upon laser striping. UV laser microirradiation re-

sulted in a dark-stripe pattern due to reduced staining along the

path of the beam, which is indicative of chromatin decompaction

(Mazumder et al., 2008) (Figure S3). Importantly this ‘‘antistripe’’

pattern was mediated by PARP1, as inhibition of PARP activity

or depletion of PARP1 using small interfering RNA (siRNA) pre-

vented the formation of this pattern. One possible mechanism

for chromatin decompaction would be the recruitment of chro-

matin remodeling factors. We have attempted to identify factors

that might mediate this chromatin expansion and have depleted

them using RNAi and examined localization of DNA-binding

proteins. We examined ALC1, CHD4, INO80, TIP60, KAT2A,

SMARCC1, SMARCC2, BAZ1B, EZH2, SUZ12, and p300, and

none of these appeared to affect localization of the PARP-depen-

dent factor HA-HOX9A after UV laser irradiation (data not shown).

While the effects could be due to as-yet-unidentified chromatin

remodelers or a combination of factors we tested that act redun-

dantly, an alternative hypothesis is that PARP1 modification

of chromatin can directly affect its structure. While the precise

nature of the chromatin alteration is not known, there is clearly a

physical change in the DNA, and the possible mechanisms

allowing that are discussed below.

DISCUSSION

The localization of proteins to sites of DNA damage is thought to

be a hallmark of involvement in DNA damage sensing and repair

processes. Here, we present a focused screen of a large set of

proteins, enriched for factors with potential roles in DNA repair

and other nuclear processes, that identified a set of proteins

that localize to sites of UV laser microirradiation-induced DNA

damage at either 0–5 min or 25–30 min postirradiation. Of 576

genes evaluated in our primary screen from our focused library,
e experiments depicted in (B)–(D). Data represent the mean percentages ± SD

microirradiated for 5 min, fixed immediately for immunostaining with antibodies

ent the percentages of damaged cells with colocalizing HA and gH2AX tracks.
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Figure 6. PARP-Dependent Localization Is Frequent for Proteins Identified by Our Screening Analysis

(A) Cells expressing the indicated HA fusion proteins were treated with a PARP inhibitor (5 mM AZD2281) or DMSO for 1 hr, microirradiated for 5 min, and fixed

immediately for immunostaining with antibodies against HA and gH2AX. Each image was individually adjusted during exposure and processing to best

demonstrate protein localization. The top 16 images are of validated candidates identified by screening. The lower panel displays a set of six transcription factors

described in Table 1. Scale bars represent 10 mm.

(legend continued on next page)
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179 ORFs appeared positive (31%), and of these, we retested

151 to identify a set of 113 genes encoding proteins that localize

to damaged chromatin. Interestingly, approximately two-thirds

of candidates evaluated were only detected at damage sites in

the early time point. Additionally, DAVID analysis usingmolecular

function Gene Ontology (GO) terms implicated transcriptional

control in the DNA damage response. Another 9 nuclear recep-

tors, 25 additional transcription factors, 1 additional component

of the BAF complex were also found to localize to sites of

damaged chromatin, bringing the number of genes encoding

these damage localizing factors to 148. The majority of these

had not previously been reported to localize to sites of DNA

damage.

A number of chromatin remodeling proteins are known to

localize to sites of DNA damage, for example components of

the NuRD and Polycomb complexes (Chou et al., 2010; Polo

et al., 2010; Smeenk et al., 2010). Here, we identified one isoform

of the chromodomain and chromoshadow domain-containing

protein HP1 and the HP1-binding protein 3 (HP1BP3) and five

components of mammalian SWI/SNF complexes (DPF2,

BCL7A, BCL7C, SMARCC1, and PHF10) (Kadoch et al., 2013).

Consistent with these results, previous reports demonstrated

that BRG1, a component of SWI/SNF complexes, colocalizes

with gH2AX (Park et al., 2006) and binds both gH2AX nucleo-

somes (Lee et al., 2010) and BRCA1 (Bochar et al., 2000).

Mammalian SWI/SNF complexes are involved in chromatin re-

modeling and contain known tumor suppressors. Together, their

subunits have been reported to be mutated in nearly 20% of

cancers (Kadoch et al., 2013). Additionally, the PBAF-specific

SWI/SNF subunit BRD7 has been shown to regulate the function

of p53, a key mediator of DNA-damage-induced cell-cycle

arrest, and both BRD7 and an additional subunit (BAF180) are

required for oncogene-induced and/or replicative senescence

(Burrows et al., 2010). A role in responding to DNA damage could

also be important for this complex.

Among transcription factors strongly recruited to sites of dam-

age is TAF15. TAF15 is a component of TFIID (Bertolotti et al.,

1996), a multiprotein general transcription factor complex

composed of 13 evolutionarily conserved TBP-associated

factors (TAF proteins) and the TATA-binding protein (TBP)

(Bhaumik, 2011). TFIID is a component of the RNA polymerase

II (RNAPII) preinitiation complex, which positions RNA polymer-

ase for transcriptional start (Thomas and Chiang, 2006). TAF15 is

also a member of the FET family of DNA/RNA-binding proteins,

the other members of which are FUS and EWSR1 (Kovar,

2011). These proteins possess a number of conserved structural

features, including an RNA-binding domain and a characteristic

low complexity (LC) domain. The LC domains bind the CTD re-

gion of RNAPII and act as transcriptional activation domains

(Kwon et al., 2013). They are also partners in translocations
(B) Cells expressing the indicated HA fusion proteins were processed as in (A),

localization tracks (Adamson et al., 2012). Four of these 13 HA-fusion proteins (RP

and are shown in (A). Images were processed as in (A).

(C) Quantification of cells depicted in (A). Data represent the percentages of dam

(D) Quantification of cells depicted in (B).

(E) Localization of HA-HOXC10 fusion proteins, and two of its DNA-binding doma

Cells and images were processed as in (A).

C

with a variety of different DBDs in cancer (Kovar, 2011). Interest-

ingly, LC domains can form hydrogels (composed of polymeric,

amyloid-like fibers) that self-assemble in a concentration-depen-

dent manner and may heterotypically trap other LC-containing

proteins (Kato et al., 2012). Importantly, accumulation of FET

proteins within neuronal and glial cytoplasmic inclusions is a

pathological characteristic of amyotrophic lateral sclerosis

(ALS) associated with mutations in FUS and in subtypes of

frontotemporal lobar degeneration (FTLD), with FUS accumu-

lation observed in ALS and all FET proteins observed in FTLD

inclusions (Mackenzie and Neumann, 2012; Neumann et al.,

2011). TAF15 has also been described as a candidate ALS

protein (Couthouis et al., 2011).

Several links between FET proteins and DNA damage have

been previously reported. EWSR1 is important for resistance to

irradiation (IR) and UV (Hurov et al., 2010; Paronetto et al.,

2011), and alternative splicing mediated by EWSR1 is sup-

pressed after exposure to UV, perhaps due to UV-induced reloc-

alization to the nucleolus (Paronetto et al., 2011). Most relevant

to our work, both EWSR1 and FUS have been shown to localize

rapidly and transiently to sites of DNA damage (Mastrocola et al.,

2013; Wang et al., 2013). FUS localization is PARP dependent

(Mastrocola et al., 2013), and familial ALS FUS mutants cause

spontaneous DNA damage, implying a role in DNA repair

(Qiu et al., 2014). Furthermore, all three members of the FET pro-

tein family are PARylated under genotoxic stress conditions

(Jungmichel et al., 2013).

Like FUS, we found accumulation of TAF15 to sites of DNA

damage is PARP dependent. Structural analysis of the depen-

dency of TAF15 domains for localization revealed the presence

of two separable domains that can independently localize to

sites of microirradiation, one of which is the LC domain. This is

reminiscent of the structure/function analysis of another RNA-

binding protein, RBMX, which also accumulates at microirradi-

ated chromatin in a PARP-dependent manner and has two

separable domains that can independently localize (Adamson

et al., 2012). These results suggest the possibility that these pro-

teins each contact multiple different surfaces on PAR structures,

which could allow the bridging of different PAR branches,

assembling them into a larger structure or perhaps even acting

as a ‘‘glue’’ to hold distinct structures together. Such an assem-

bly of PAR structures from both sides of a DSB could transiently

hold the broken ends of DNA together to facilitate DNA repair.

Indeed, while PARP is primarily thought to coordinate repair of

single-strand breaks, there is evidence to suggest that PARP

also promotes DSB repair via a Ligase III-dependent alternative

non-homologous end-joining pathway (Ciccia and Elledge,

2010). The LC domains could also serve a bridging role based

on their proposed ability to engage in associations with other

LC sequences (Kwon et al., 2013). The degree to which FET
except that PARG was depleted by siRNA in order to strengthen candidate

S27A, DTL, CCDC82, and GATAD1) were also tested without PARG depletion

aged cells with colocalizing HA and gH2AX tracks.

in mutants depicted in Figure 5A, in the presence or absence of PARP inhibitor.
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protein involvement with PARP-generated structures in

response to DNA damage might influence neuronal survival in

ALS remains to be determined; although of note, the accumula-

tion of DNA damage in neurons is thought to play an important

role in neuronal dysfunction (Ciccia and Elledge, 2010).

We identified DNA-binding proteins from multiple families

that localize to damaged chromatin, including homeodomain-

containing and ZnF-containing proteins. Additionally we found

that ESRRA, the nuclear receptor class orphan steroid hormone

related, is similarly recruited. Direct examination of other related

factors revealed that eight out of nine different nuclear receptors

from multiple families can localize to microirradiation tracks;

these are ESRRB, ESRRG, RARB, RORC, THRB, NR2C2,

NR5A2, and RXRG. This suggests that such localization may

be a general property of transcription factors. A direct test of

35 additional transcription factors revealed that 71%can localize

to UV laser tracts. This high incidence of positives suggests that

the property of DNA binding itself may be responsible for locali-

zation. Mutation of the DBDs of three different proteins revealed

that these domains are responsible for protein localization to

damaged chromatin, providing support for this hypothesis.

It is known that ectopically expressed DNA-binding proteins

tend to bind regions previously established as Dnase-hypersen-

sitive sites (Wu et al., 2014), which have reduced nucleosome

density established by so-called pioneer transcription factors

(Zaret and Carroll, 2011). Thus, the remodeling of chromatin

structure may facilitate such DNA binding. One hypothesis for

how this might be related to our localization findings rests

upon our observation that several DNA-binding proteins show

PARP-dependent localization (Figure 6A). If PARPwere to initiate

chromatin remodeling to free up DNA, then DNA-binding pro-

teins might have greater access. Several chromatin remodeling

factors are recruited to damaged chromatin in a PARP-depen-

dent manner, including components of the NuRD complex

(Chou et al., 2010; Polo et al., 2010) and the SNF2-related protein

CHD1L (ALC1) protein (Ahel et al., 2009; Gottschalk et al., 2009).

Thus, PARylation may reconfigure chromatin structure at sites of

UVmicrobeam irradiation. This could result in exposed DNA that

could then provide accessible binding sites for transcription fac-

tors. Our experiment examining the Hoechst staining pattern of

nuclear DNA in response to UV laser treatment supports a phys-

ical change in chromatin at the sites of DNA damage. In support

of these findings, microirradiation of spots in nuclear DNA have

been recently shown to expand and then shrink in response to

UV laser treatment (Burgess et al., 2014). While PARP was not

examined in that study, the physical changes they observe

happen on a timescale consistent with PARP activity. While

these effects could be due to as-yet-unidentified chromatin re-

modelers or a combination of factors we tested that act redun-

dantly, an alternative hypothesis is that PARP1 modification of

chromatin can directly affect its structure. PARP has been shown

to relax chromatin structure in vitro and in Drosophila in vivo

(Poirier et al., 1982; Tulin and Spradling, 2003). Furthermore, it

has been shown that PARP1 can be incorporated into chromatin

as a structural component that is interchangeable with the linker

histone H1 (Kim et al., 2004). (ADP-ribosyl)ation of this incorpo-

rated PARP1 result in disassociation of nucleosomes and subse-

quent decompaction of chromatin at that site (Kim et al., 2004).
1498 Cell Reports 11, 1486–1500, June 9, 2015 ª2015 The Authors
Thus, PARP1’s activity on chromatin might directly relax chro-

matin structure, leading to greater accessibility for DNA-binding

factors.

The large number of factors that we have found to localize to

sites of damage was unexpected. In particular, the fact that

71% of independently selected transcription factors accumu-

lated at these sites begs the question of what the physiological

role of any particular factor might be. It is possible that rapid

association of such factors generates a burst of transcription

at the break sites, and it has been suggested that DICER-

dependent siRNAs are rapidly synthesized at the sites of DSBs

(d’Adda di Fagagna, 2014). However, the mechanism by which

this double-stranded RNA is made is unknown. These factors

could be involved in such processes. However, it is also possible

that the accumulation of any particular DNA-binding factor has

little or no physiological relevance but is merely associating

with newly and possibly transiently accessible DNA. Neverthe-

less, what is clear is that the roles of these factors in DNA-

damage-relevant processes remains to be determined. Despite

this, it is likely that many of the factors identified in this work

are likely to have physiological relevance, and as such, our

results will be a valuable resource for future study of the DNA

damage response.

EXPERIMENTAL PROCEDURES

Cell Culture

Human HEK293T were grown in DMEM, and U2OS cells were grown in

McCoy’s 5A both media supplemented with 9% fetal bovine serum (FBS;

Clontech), 99 U/ml penicillin, and 0.1 mg/ml streptomycin (Invitrogen).

Transduced cell lines were selected and carried in media supplemented with

1 mg/ml puromycin.

Antibodies and Reagents

Primary antibodies used for immunofluorescence were fluorescein-isothiocy-

anate-conjugated anti-HA (Bethyl Laboratories, A190-108F), anti-phospho-

histone H2A.X (Ser139) (EMD Millipore, 05-636), anti BAF155 (SMARCC1)

(Santa Cruz Biotechnology, sc-10756), and anti-TAF15 (Abcam, ab134916).

Secondary antibodies used for immunofluorescence were goat anti-mouse

immunoglobulin G (IgG) Alexa Fluor 594 conjugate (Life Technologies,

A11005) for visualization of gH2AX and goat anti-rabbit IgG Alexa 488

conjugate (Life Technologies, A11034) for visualization of SMARCC1 and

TAF15. The PARP inhibitors AZD2281 (Axon Medchem) and KU0058948

(KuDOS Pharmaceuticals) were used as indicated. PARP1 was depleted

from the cells using siGenome siRNA pool (Dharmacon, MU-006656-01-

0002), and anti-PARP1(Cell Signaling, #9532) was used to detect PARP1

knockdown efficiency.

For more information on cell line construction and processing for primary

screening, library cloning, candidate validation, and other analysis, see the

Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and five tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.04.053.
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