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BRCA1 is a breast and ovarian tumor suppressor. Given its numerous incompletely understood functions and
the possibility that more exist, we performed complementary systematic screens in search of new BRCA1 protein-
interacting partners. New BRCA1 functions and/or a better understanding of existing ones were sought. Among
the new interacting proteins identified, genetic interactions were detected between BRCA1 and four of the
interactors: TONSL, SETX, TCEANC, and TCEA2. Genetic interactions were also detected between BRCA1 and
certain interactors of TONSL, including both members of the FACT complex. From these results, a new BRCA1
function in the response to transcription-associated DNA damage was detected. Specifically, new roles for BRCA1
in the restart of transcription after UV damage and in preventing or repairing damage caused by stabilized R loops
were identified. These roles are likely carried out together with some of the newly identified interactors. This new
function may be important in BRCA1 tumor suppression, since the expression of several interactors, including
some of the above-noted transcription proteins, is repeatedly aberrant in both breast and ovarian cancers.
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BRCA1 is a breast and ovarian tumor suppressor gene
(Miki et al. 1994), and its full-length protein product,
p220, is a genome integrity maintenance protein. Its
validated functions include, but are not limited to, its
role in the repair of double-strand DNA breaks (DSBs) by

homologous recombination (HR). However, how and
with what protein-binding partners BRCA1 executes its
molecular and tumor suppression functions are incom-
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pletely understood. Gaining a better understanding of
these processes will be beneficial in conceiving new
therapies for BRCA1 and BRCA1-like cancers.
Success in gaining a better understanding of the func-

tions of certain proteins has been achieved through
systematic mapping of their protein interaction networks
(Rual et al. 2005; Stelzl et al. 2005), like that performed for
a group of tumor viral oncoproteins (Rozenblatt-Rosen
et al. 2012). Focused analysis has identified such BRCA1
and BRCA2 interactors as BARD1 and PALB2 (Wu et al.
1996; Xia et al. 2006), while network analysis (Pujana
et al. 2007), an immunoprecipitation-based study (Wang
et al. 2000), and a yeast two-hybrid (Y2H) and mass
spectrometry (MS)-based analysis of a BRCA1 functional
motif have identified yet other BRCA1-interacting pro-
teins (Woods et al. 2012). However, gaps in the BRCA1
network likely remain, given the limited understanding
of BRCA1 function.
Therefore, we carried out protein–protein interaction

screens using two complementary methodologies to
search for new BRCA1-interacting partners (Fig. 1A). A
primary goal was to gain evidence of new functions for
BRCA1 based on known activities of newly detected
interacting proteins (also known as interactors). Another
was to identify new cancer genes or therapeutically
targetable signal transduction pathways served by newly
identified interacting proteins.

Results

Bipartite screening effort identifies new
BRCA1-interacting partners

The bipartite screening effort involved two complemen-
tary approaches. The first consisted of a systematic binary
screen using both full-length BRCA1 protein (also known
as p220) and strategically designed fragments thereof
(Supplemental Table S1) tested against the gene products
present in the human ORFeome version 5.1 collection in
a high-throughput Y2H format (Dreze et al. 2010). We
screened BRCA1 only as prey, since the BRCT domain of
this protein acted as an autoactivator. The complemen-
tary screen was a tandem affinity purification (TAP)
followed by MS analysis (TAP-MS) of BARD1–BRCA1
complexes isolated from the nuclei of HeLa S3 cells (Fig.
1A). BARD1 is the heterodimeric binding partner of
BRCA1 and was used as bait because expression of
BRCA1 at levels high enough for TAP-MS is toxic to cells.
In the TAP-MS screen, we identified 96 unique inter-

actors (Supplemental Table S2). From the Y2H screen, we
identified 54 unique interactors (Supplemental Table S3).
Since some of the Y2H interactors bound to multiple
overlapping BRCA1 fragments, wewere able tomap these
interactions to specific domains of BRCA1 (Supplemental
Fig. S1A; Supplemental Table S3). For example, based on
the BRCA1 fragments with which it interacted, we were
able to predict that a newly detected BRCA1 interactor,
SETX, binds to the C terminus of BRCA1 (Fig. 1A;
Supplemental Fig. S1A; Supplemental Table S3). We also
predict that the N terminus of SETX is important for it to

interact with BRCA1, since only full-length SETX and not
a shorter C-terminal fragment interacted with BRCA1
(Supplemental Fig. S1A). Knowing the BRCA1 domain
with which proteins interact could be important in pre-
dicting the subtype of disease or treatment strategies that
can be deployed in association with a BRCA1 mutation
that alters a highly specific BRCA1–protein X interaction.
The overall quality of the binary Y2H BRCA1 protein

interaction network was evaluated using an empirical
framework approach (Venkatesan et al. 2009) in which
full-length BRCA1 and all of its Y2H-interacting partners
were tested in the orthogonal split Gaussia princeps
luciferase complementation assay (GPCA) (Cassonnet
et al. 2011). Under conditions where none of our negative
control pairs were detected, ;35% of verified BRCA1
Y2H pairs tested positive in this assay, which is within
the expected range of binary assay sensitivity (Braun et al.
2009; Venkatesan et al. 2009). This demonstrates the high
quality of the observed Y2H interactions. Coimmunopre-
cipitation was also performed on a select subset of
exogenously overexpressed interactors from both modal-
ities, and we observed frequent coprecipitation with
either exogenously overexpressed or endogenous BRCA1
(Supplemental Figs. S2A–H).
In total, 147 interactors were identified in the com-

bined screening effort (Supplemental Table S4). The over-
lap between the methodologies was small but significant
(three common network edges: BARD1, CSNK1D, and
SETX; P = 0.002) and within the range expected based on
the results of previous dual screens (Rozenblatt-Rosen
et al. 2012). The 147 interactors were grouped into
a network in which the central nodes are BRCA1 and
BARD1 (Fig. 1B). Twenty-five of these interactions had
been previously detected as physical interactors in other
screening efforts (Wang et al. 2000; Pujana et al. 2007;
Woods et al. 2012). The other 122 were novel. In
addition, 47 of the hits were identified as potential
cancer genes in systematic cancer gene screening efforts
(Beroukhim et al. 2010; Rozenblatt-Rosen et al. 2012;
T Rolland, M Tasxan, B Charloteaux, SJ Pevzner, N Sahni,
Q Zhong, S Yi, I Lemmens, C Fontanillo, R Mosca, et al.,
in prep.), and 12 are present in two large cancer gene lists
(the overlap between our 147 hits and these two cancer
gene lists was significant; P < 0.001) (Fig. 1B; Supple-
mental Fig. S1B; Supplemental Table S5; Futreal et al.
2004; Vogelstein et al. 2013).
We queried the gene ontology (GO) term (Ashburner

et al. 2000) association of these interactors and found an
enrichment (47 of the 147 hits) for proteins involved in
DNA damage repair, replication, and transcription among
other functions (all highlighted in the network, with the
gene symbol being selectively colored to reflect various
GO term associations as indicated in the key in Fig. 1B;
Supplemental Fig. S1B; Supplemental Table S5). BRCA1
is already known to participate in the first two functions,
although the mechanisms by which it operates in these
settings are not completely understood. BRCA1 has been
indirectly linked to transcription and/or mRNA process-
ing through its interactions with BARD1 and RNA poly-
merase II (Pol II) (Scully et al. 1997). The functional
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relevance of the interaction with RNA Pol II is still
unclear, but BARD1 has been linked tomRNA processing
and transcription-associated damage, thereby suggesting
a role for BRCA1 in these processes as well (Kleiman and
Manley 1999, 2001; Kleiman et al. 2005).
BARD1 interacts with the polyadenylation factor

CstF50 to form a complex that inhibits polyadenylation

of mRNA transcripts (Kleiman and Manley 1999). UV-
and HU-induced DNA damage leads to an increase in
the inhibition of 39 mRNA processing by this complex
(Kleiman and Manley 2001). Although the protein levels
do not change after UV exposure, the amount of BRCA1,
BARD1, and CstF50 that interacts increases after UV
treatment. Moreover, at least the BARD1–CstF50 com-

Figure 1. Bipartite screening effort to identify new protein-interacting partners for BRCA1 (see also Supplemental Figs. S1, S2A–H;
Supplemental Tables S1–S5). (A) The Y2H and TAP-MS screening methods used are outlined here. In the Y2H screen, depicted at the
top, full-length BRCA1 (p220) and fragments strategically designed to contain specific BRCA1 functional domains (shown in the map)
were screened against the human ORFeome version 5.1. The two example plates shown represent full-length BRCA1 and fragment 33
screened against the same 94 members of the ORFeome. The TAP-MS operation sequence is depicted at the bottom. Nuclei were
harvested from HeLa S3 cells stably expressing Flag-StrepTactin (SII)-tagged BARD1 or empty vector as a control. The nuclei were
fractionated into soluble nuclear and chromatin fractions from which the complexes were tandemly immunoprecipitated. A silver-
stained gel depicting a small fraction of one of the three purifications is shown at the bottom of the panel. (S) Soluble fraction; (C)
chromatin fraction. (B) This network represents BARD1 and BRCA1 as the central nodes for TAP-MS associations and direct
biophysical Y2H interactions, respectively, with all interactors from the screen emanating from them. The code for edge color and style
as well as node color is defined in the key below the network.

BRCA1 screening and transcription damage
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plex is necessary for the inhibition of 39 mRNA process-
ing observed after UV damage (Kleiman and Manley
2001). This inhibition of processing likely results from
the ubiquitination of active RNA Pol II, as triggered
directly or indirectly, by the BRCA1–BARD1 complex
and its subsequent degradation (Kleiman et al. 2005). The
inhibition of mRNA processing in each of these studies
was BARD1-dependent. Nevertheless, the close associa-
tion between BRCA1 and BARD1 suggests that there may
be a role for BRCA1 in this process as well, even if it is
simply to enhance the E3 ligase activity of BARD1. In
addition, BRCA1 has been speculated to play some un-
identified role in transcription and transcription-coupled
repair (Scully et al. 1997; Le Page et al. 2000). However,
the relevance of the RNA Pol II interaction and the link
between BRCA1 and transcription is mechanistically
undefined. Therefore, insights into such a BRCA1 func-
tion would be valuable.
Defective RNA processing or halting of transcription

may arise from loss of function of relevant RNA-binding
proteins, physiological transcription-modulating sites
(e.g., pause sites), or exogenous lesions in the DNA.
All can lead to DNA damage. This can occur through
multiple mechanisms. One is through the stabilization
of R loops, which are normal physiologic structures
that consist of the three-stranded nucleic acid structure
formed by the nontranscribed DNA strand when a
nascent RNA transcript anneals to the transcribed DNA
strand, leaving the nontranscribed single strand to bubble
out and become susceptible to damage if this structure
is stabilized for prolonged periods (Li and Manley 2006;
Mischo et al. 2011; Skourti-Stathaki et al. 2011; Aguilera
andGarcia-Muse 2012). BRCA1 and BRCA2 have recently
been implicated in suppressing the development of R loops,
and BRCA2 appears to be important in suppressing the
DNA damage associated with them (Bhatia et al. 2014).
Transcription-associated damage can also occur through
the damaging of DNA opened up for transcription by
drugs or other exogenous stressors, the collision of active
transcription complexes and replication forks, and/or the
collapse of stalled transcription complexes (Paulsen et al.
2009; Aguilera and Garcia-Muse 2012; Helmrich et al.
2013).
BRCA1 has already been linked to transcription through

its interaction with RNA Pol II (Scully et al. 1997) and to
mRNA processing in its binding to BARD1 (Kleiman and
Manley 1999, 2001; Kleiman et al. 2005). Therefore, because
of the enrichment of transcription and transcription DNA
damage proteins in our network and because it is primarily
a DNA damage response protein, we hypothesized that
BRCA1 plays a significant role in the prevention or repair of
DNA damage associated with transcription arrest and/or
RNA processing along with some of the proteins in our
BRCA1 interactor data set.

BRCA1 depletion leads to increased sensitivity of cells
to transcription arrest

To test the validity of this hypothesis, we asked whether
BRCA1 depletion leads to increased cell sensitivity to the

development of DNA damage that arises in the setting of
transcription arrest induced by certain compounds. We
found that depletion of BRCA1 led to increased sensitiv-
ity to two compounds, each known to halt transcription
and induce DNA damage: 5,6-Dichlorobenzimidazole 1-
b-D-ribofuranoside (DRB) (Fig. 2A,B; Supplemental Figs.
S2I, S3A; Chodosh et al. 1989) and a-amanitin (Fig. 2C,D;
Supplemental Figs. S2I, S3B; Lindell et al. 1970). We verified
that treatment of cells with these compounds does cause
DNA damage by demonstrating that a 24-h exposure
to them leads to an increased number of cells with
DNA damage marked by gH2AX foci (Fig. 2B,D).
We also demonstrated that the DNA damage caused
by a-amanitin is exacerbated in the setting of BRCA1
depletion (Fig. 2E; Supplemental Fig. S2I).
To ascertain whether this was a BRCA1 depletion-

specific effect, we attempted to rescue the a-amanitin
sensitivity of cells depleted of BRCA1 by stably express-
ing an siRNA-resistant BRCA1 cDNA in these cells (Fig.
2F,G; Supplemental Fig. S3C). Rescue was achieved in
repeated assays, which suggests that after BRCA1 de-
pletion, the increased a-amanitin sensitivity is in part
due to the loss of BRCA1 function. However, other
proteins involved in repairing DNA damage may also be
associated with transcription arrest.
Taken together, these data support the hypothesis that

BRCA1 plays a role in the response to transcription
arrest-associated DNA damage. Moreover, BRCA1 may
well play a major role in this process, since when the
BRCA1 concentration was increased over the baseline
level, a-amanitin sensitivity decreased significantly (Fig.
2G, cf. lanes 1 and 3).

BRCA1 interacts genetically with transcription-
associated proteins

These results prompted a search for links between
BRCA1 and transcription-related proteins identified in
our screens. To assess the physiological relevance be-
tween BRCA1 and previously unknown interactors from
our screens, we searched for genetic interactions in
cell lines bearing heterozygous mutations (generated by
TALENs) (Joung and Sander 2013) in BRCA1 or a given
interactor. Verification of mutations and, where relevant,
the decreased expression of a protein of interest is shown
in Supplemental Figure S4, A–G. We confirmed that all
cells that were studied proliferated and cycled at the same
rate as wild-type (WT) controls so that no abnormal
phenotypes could be attributed to a cell cycle prolifera-
tion defect (Supplemental Fig. S4H). We also attempted
to determine whether the BRCA1+/� cells manifested
a BRCA1 functional defect so that any phenotypes ob-
served in this cell line and not in theWT/WTcontrol cells
could be attributed to decreased BRCA1 protein levels.
TheWT/WT parent line and BRCA1+/� lines both contain
a single copy of a well-known HR reporter stably in-
tegrated into their genomes (Weinstock et al. 2006). This
reporter consists of two fragments of a GFP sequence, one
of which contains an I-SceI recognition site. When the
cells are transfected with I-SceI, the single site on the
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Figure 2. BRCA1 is required to prevent or
repair DNA damage associated with tran-
scription arrest (see also Supplemental Figs.
S2I [for siRNA validation], S3A–C). (A) IC50s
for DRB sensitivity in U2OS cells depleted
of BRCA1 or controls. U2OS cells were
transfected with either siGL2 as a control,
siBRCA1 exon 13, or siBRCA1 39 untranslated
region (UTR) and tested for sensitivity to
varying doses of DRB by colony formation
assay. The experiment was repeated a mini-
mum of three times for each siRNA. IC50s
were estimated by fitting a nonlinear regres-
sion curve to the data from each individual
experiment for each siRNA, and the bar graph
shows the average of the IC50 values calcu-
lated from the replicates for each siRNA. The
error bars represent the standard deviation
between the IC50s from the multiple experi-
ments. The P-values above the bars (calcu-
lated from a two-tailed t-test) indicate the
significance of the difference in IC50 values
between the siGL2 control and each individ-
ual BRCA1 siRNA. (B) In the left panel,
representative photos are shown of U2OS
cells incubated for 24 h in medium containing
either 100 mM DRB or an equivalent volume
of ethanol (Mock) and then stained for
the classic DNA damage marker gH2AX.
This experiment was repeated four times,
and the percentage of cells containing five or
more gH2AX foci under each condition was
counted for each repetition. The bar graph in
the right panel represents the average of these
percentages for each treatment, and the error
bars represent the standard deviation between
replicates. The P-value indicates the signifi-

cance of the difference between the vehicle and DRB treatment as demonstrated by a two-tailed t-test. (C) IC50s for a-amanitin
sensitivity in U2OS cells depleted of BRCA1 or controls. U2OS cells were transfected with either siGL2, siBRCA1 exon 13, or siBRCA1
39 UTR and tested for sensitivity to varying doses of a-amanitin by colony formation assay. The experiment was repeated a minimum
of three times for each siRNA. IC50s were estimated by fitting a nonlinear regression curve to the data from each individual experiment
for each siRNA, and the bar graph shows the average of the IC50 values calculated from the replicates for each siRNA. The error bars
represent the standard deviation between the IC50s from the multiple experiments. The P-values (calculated by a two-tailed t-test)
demonstrate the significance of the difference between the IC50s for each BRCA1 siRNA compared with the siGL2 control. (D) In the left
panel, representative photos are shown of U2OS cells incubated for 24 h in medium containing either 10 mM a-amanitin or an equivalent
volume of ddH2O and then stained for the classic DNA damage marker gH2AX. This experiment was repeated three times, and the
percentage of cells containing five or more gH2AX foci under each condition was counted for each repetition. The bar graph in the right

panel represents the average of these percentages for each treatment, and the error bars represent the standard deviation between
replicates. The P-value (calculated by a two-tailed t-test) indicates the significance of the difference between the vehicle and a-amanitin
treatment. (E) Bar graph representing the percentage of cells with two different tail length ranges (0–60 pixels represented as the gray part
of the bar, and >60 pixels represented as the black part of the bar) from alkaline comet assays performed on U2OS cells transfected
independently with either siGL2, siBRCA1 exon 13, or siBRCA1 39 UTR and then cultured in medium containing either 0.35 uM
a-amanitin (AA) or the equivalent amount of water (H2O) for 24 h. The bars represent the average of the percentages from a minimum of
three separate experiments for each siRNA, and the error bars represent the standard deviation between these experiments. P-values that
compare the differences in percentages of cells with tail lengths >60 were calculated using a two-tailed t-test. The significant P-values
for different comparisons are as follows: siGL2-H2O versus siGL2-AA >60 pixels, P = 0.0106; siBRCA1 exon 13-H2O versus siBRCA1 exon
13-AA >60 pixels, P = 0.0165; siBRCA1 39 UTR-H2O versus siBRCA1 39 UTR-AA >60 pixels, P = 0.0096; siGL2-AA versus siBRCA1 exon
13-AA >60 pixels, P = 0.0005; and siGL2-AA versus siBRCA1 39 UTR-AA >60 pixels, P = 0.0001. (F) Immunoprecipitation-Western blot of
wild-type HCC38 (WT) and HCC38+BRCA1 (B1) cDNA lines transfected with siRNAs used in G (siGL2 and siBRCA1 39 UTR [39 UTR]).
Arrows indicate various BRCA1 isoforms (p220 is full-length BRCA1 and is what we refer to as BRCA1 throughout the text; D11b is
a shorter isoform lacking exon 11). (G) Wild-type HCC38 cells (WT) or HCC38 cells stably expressing HA-tagged BRCA1 (BRCA1 OE:
overexpressed) transfected with either siGL2 or a BRCA1 siRNA targeting its 39 UTR (39 UTR) and tested for sensitivity to varying doses
of a-amanitin by colony formation assay. The experiment was repeated three times. IC50s were estimated by fitting a nonlinear regression
curve to the data from each individual experiment for each siRNA, and the bar graph shows the average of the IC50 values calculated from
the replicates for each siRNA. The error bars represent the standard deviation between the IC50s from the three experiments. P-values
were calculated using a two-tailed t-test for the differences observed in IC50s and are shown on the bar graph. (The brightness for every
photo in B andDwas increased by 40% and the contrast was increased by 20% using PowerPoint to overcome the difficulty of converting
to PDF. Please note that these images are best viewed in the electronic version of the figure and not on a printed page.)

GENES & DEVELOPMENT 1961

 Cold Spring Harbor Laboratory Press on October 4, 2019 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


reporter is cleaved, generating a DSB. If the cell is
competent to perform HR, the break will be repaired in
such a way that a full-length functional GFP cDNA is
generated, and GFP is produced. This allows the number
of GFP-positive cells to be quantified and used as a re-
porter of the capacity of the cell line to perform HR. We
infected the WT/WT and BRCA1+/� cell lines with
a control and multiple BRCA1 shRNAs and performed
this HR assay. As would be expected, both cell lines had
a reduced HR capacity upon BRCA1 depletion (Supple-
mental Fig. S4D). The BRCA1+/� cell line yielded a signif-
icantly lower percentage of GFP-positive cells than the
WT/WT line even when treated with the control shRNA,
however, indicating that the BRCA1+/� line was defective
inHR, likely due to itsmarkedly lower BRCA1protein level
comparedwith theWT/WT line. The presence of a BRCA1-
associated functional defect in the BRCA1+/� line indicates
that other phenotypes, such as genetic interactions, ob-
served in this line are likely related to its decreased level of
BRCA1 protein compared with the control.
Searching for genetic interactions in such heterozygous

mutant lines as a means of validating novel interactions
is a reasonable approach given that a recent study in cells
heterozygous for mutations in the BRCA1-binding part-
ner PALB2 demonstrated that PALB2 heterozygosity can
be associated with phenotypes that have mechanistic and
biological implications (Nikkila et al. 2013).
Thus, we posed the question of whether a BRCA1

heterozygous cell line reveals synthetic lethality upon
depletion of a BRCA1-interacting protein of interest.
Positive results would reflect a breakdown in the physi-
ological interaction between these proteins.
Genetic interaction between BRCA1 and an interactor

from the screen was demonstrated by colony formation
assays performed on WT/WT and BRCA1+/� cell lines
transfected with a control siRNA (siGL2) or with two
siRNAs targeting the interactor of interest. If gene-specific
depletion led to fewer colonies in the BRCA1+/� line than
the WT/WT control, that would reflect a genetic interac-
tion between BRCA1 and the interactor gene of interest.
By colony formation assay, we detected a genetic in-

teraction between BRCA1 and SETX, an RNA helicase
that prevents R-loop-associated damage (Fig. 3A; Supple-
mental Fig. S2M; Mischo et al. 2011; Skourti-Stathaki
et al. 2011). BRCA1 and SETX co-occupy sites on selected
meiotic chromosomes (XY body), where the possibility of
R-loop involvement for both proteins in this setting exists
(Becherel et al. 2013). We also detected genetic interac-
tions between BRCA1 and each of two transcription
elongation factors: TCEANC (Fig. 3B; Supplemental
Fig. S2N) and TCEA2 (Fig. 3C; Supplemental Fig. S2O).
TCEA2 is a member of a family of proteins that assists
RNA Pol II in traversing pause sites and certain transcrip-
tion-arresting sites (Wind andReines 2000). It also engages
in responses to DNA damage/errors that arise during
transcription (Wind and Reines 2000). In contrast, the
BRCA1-interacting and transcription-elongating protein
TCEB3 failed this test, indicating that not all core
transcription factors that directly interact with BRCA1
do so in a genetically definable manner.

These results reinforce the view that BRCA1 responds
to transcription-based DNA damage, since it influences
or is influenced by these transcription-engaging proteins.
Since some of the BRCA1 interactors with which genetic
interactions were detected perform different biochemical
activities related to this function, one can speculate that
BRCA1 performs its roles in this process through a num-
ber of biochemical routes, depending on the specific
functionality of its interacting partner proteins.

Genetic interaction between TONSL and BRCA1

We also tested another interactor and potential transcrip-
tion protein, TONSL, which was identified as an inter-
actor in the BARD1 TAP-MS analysis. We focused on
TONSL for multiple reasons. First, it was identified in
Sleeping Beauty transposon tumorigenesis screens in
mice (Supplemental Fig. S1B; Supplemental Table S5),
signifying it as a candidate cancer gene (Starr et al. 2009).
In these screens, the Sleeping Beauty transposon was used
to insert loss-of-function and gain-of-function mutations
into mouse genomes in such a way that a mutated gene
was easily identified, and the mice were followed for
cancer development, thereby allowing for the rapid iden-
tification of new cancer genes in the context of an animal
model (Collier and Largaespada 2007). In addition, com-
plexes of overexpressed, tagged TONSL and endogenous
BRCA1 concentrated in chromatin, consistent with them
exerting genome-associated functions (Supplemental Fig.
S2B). In this regard, TONSL is already known to partic-
ipate in the repair of collapsed or stalled replication forks
(Duro et al. 2010; O’Connell et al. 2010; O’Donnell et al.
2010; Piwko et al. 2010), which is also a known BRCA1
function (Pathania et al. 2011; Schlacher et al. 2012).
However, as shown below, we found that TONSL may
also participate in the response to transcription-associ-
ated damage.
Genetic interaction between BRCA1 and TONSL was

demonstrated by colony formation assays performed on
WT/WT, BRCA1+/�, and TONSL+/� cell lines (Supple-
mental Fig. S4A–G) transfected with a control siRNA
(siGL2), two siRNAs targeting BRCA1 (Fig. 3D; Supple-
mental Fig. S2I), or two siRNAs targeting TONSL (Fig. 3E;
Supplemental Fig. S2J). Compared with WT/WTcontrols,
the BRCA1+/� and TONSL+/� lines were more sensitive
to depletion of their respective wild-type residual pro-
teins. This shows that the decreased baseline levels of
each of these proteins in the heterozygotes led to a gene-

specific effect on colony formation, thereby validating

the specificity of genetically observed phenotypes in

these lines. This evidence is supported by the demon-

stration of a BRCA1 HR defect in the BRCA1+/� cell line

(Supplemental Fig. S4D).

TONSL and BRCA1 localize to UV-induced DNA
damage sites

Since TONSL and BRCA1 both participate in the repair of
stalled replication forks (Duro et al. 2010; O’Connell et al.
2010; O’Donnell et al. 2010; Piwko et al. 2010; Pathania
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et al. 2011; Schlacher et al. 2012), we asked whether
a BRCA1–TONSL complex is engaged in this repair. To
test this possibility, we searched for TONSL localization
in UV irradiation-associated nuclear territories (micropores)
(Polo et al. 2006) where BRCA1 localizes and where its only
known function thus far is in the repair of stalled replication
forks (Pathania et al. 2011). Thus, cells were exposed to UV

micropore irradiation and then immunostained for
TONSL and BRCA1 up to 24 h thereafter. Like BRCA1,
TONSL localized in micropores (Fig. 3G,H; Supplemen-
tal Fig. S5). However, TONSL first appeared there 4–8 h
after irradiation, which is long after BRCA1 had con-
centrated at these sites (Fig. 3G,H; Supplemental Fig.
S5; Pathania et al. 2011).

Figure 3. BRCA1 interacts genetically with
various transcription-associated proteins, one
of which has not been previously linked with
transcription or transcription-associated DNA
damage (see also Supplemental Figs. S2I,J,M,N,
O [for siRNA validation], S3D, S4, S5). (A–C)
WT/WT (WT) and BRCA1+/� (+/�) U2OS cell
lines were transfected with a control (siGL2)
and multiple gene-specific siRNAs to search
for synthetic lethality upon codepletion of
specific gene products together with BRCA1.
The average number of colonies from at least
three separate experiments is shown for the
WT/WT and BRCA1+/� cell lines transfected
with either siGL2 or two different siRNAs
targeting either SETX (A), TCEANC (B), or
TCEA2 (C). The error bars represent the
standard deviation between the replicates of
the experiment, and the P-values (calculated
by a two-tailed t-test on a union of all repli-
cates of the repetitions of the experiments)
indicate the significance of the difference
in colony number between heterozygous
mutants and the WT/WT line for the gene-
specific siRNA transfections. Due to differ-
ences in colony-forming efficiency with each
siRNA, the siGL2 results can only be com-
pared with siGL2 and so forth. (D) The aver-
age number of colonies from three separate
experiments is shown for WT/WT, BRCA1+/�,
and TONLS+/� U2OS cell lines transfected
with either siGL2, siBRCA1 exon 13, or
siBRCA1 exon 11. The plots are designed as
described above. (E) The average number of
colonies from three separate experiments is
shown for WT/WT, BRCA1+/�, and TONLS+/�

U2OS cell lines transfected with siGL2,
siTONSL #1, or siTONSL #2, plotted as de-
scribed above. (F) UV IC50s for U2OS cells
depleted of TONSL or BRCA1 compared with
controls are shown. U2OS cells were trans-
fected with siRNAs, plated at a suitable den-

sity for colony formation, treated with varying doses of UV, and later stained and counted. The experiment was repeated four times.
The IC50 was estimated by fitting a nonlinear regression curve to the data from each individual experiment for each siRNA, and the bar
graph shows the average value calculated from the four replicates for each siRNA. The error bars represent the standard deviation
between the four experiments. The P-values (calculated by a two-tailed t-test) indicate the significance of the difference between the
siGL2 values and the three individual gene-specific siRNAs. (G,H) Representative immunofluorescence photos of U2OS cells treated
with 30 J UV-C through micropores and stained for TONSL and cyclobutane pyrimidine dimers (CPDs are a marker of UV damage) (G)
or TONSL and BRCA1 (H) 4 h after treatment. Yellow arrows indicate examples of cells in which there is either CPD–TONSL or
BRCA1–TONSL costaining. (I,J) U2OS cells stably expressing either G1-specific Cdt1-RFP (I, red) or S-phase-specific Geminin-GFP (J,
green) degrons were irradiated with 30 J through micropores and, 4 h later, stained for BRCA1 and TONSL. Normally, Geminin and
Cdt1 are stably expressed in S phase and G1, respectively, and are rapidly degraded upon exit from these phases (Sakaue-Sawano et al.
2008). Tagging them or their isolated degrons with fluorescent markers has been a useful way to mark cells being studied by
immunofluorescence in specific phases of the cell cycle. In this method, the fluorescent tag is only expressed in the phase of the cell
cycle in which the degron is inactive (Sakaue-Sawano et al. 2008). Yellow arrows indicate phase-specific cells in which TONSL localized
in UV micropores. (Please note that these images are best viewed in the electronic version of the figure and not on a printed page.)
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Therefore, one manifestation of the BRCA1–TONSL
genetic interaction may well operate at sites of UV-in-
duced damage, where both proteins are normally engaged
in complex DNA damage responses (Duro et al. 2010;
O’Connell et al. 2010; O’Donnell et al. 2010; Piwko et al.
2010; Pathania et al. 2011). Indeed, as one might expect for
a protein involved in a UV damage response, cells depleted
of TONSL became more sensitive to UV irradiation than
controls but not as sensitive as when BRCA1 was depleted
(Fig. 3F; Supplemental Figs. S2I,J, S3D). Since TONSL did
not localize at micropores in every cell in which BRCA1
was so localized, it is possible that colocalization occurs
only during a limited cell cycle interval, which may offer
a clue as to the function of the BRCA1–TONSL complex.
To test this possibility, detection of TONSL and BRCA1

in micropores was assessed in cells expressing cell cycle-
dependent reporters that are degraded along with their
fluorescent tags as soon as cells exit the phase for which
the reporters are specific (Mechali and Lutzmann 2008;
Sakaue-Sawano et al. 2008). The results showed that
TONSL concentrates in these damage sites during both
S and G1 (Fig. 3I,J). The S-phase localization supports the
suggested role for TONSL in repair of stalled and collapsed
replication forks, but the G1-phase localization does not.
However, a putative role in the response to transcription-
associated DNA damage is possible.
Indeed, the list of known TONSL interactors includes

proteins that function in transcription and likely operate in
both S and G1—in particular, both members of the FACT
complex: SSRP1 and SUPT16H (Duro et al. 2010; O’Connell
et al. 2010; O’Donnell et al. 2010; Piwko et al. 2010). The
FACT complex supports transcription elongation through
regions of chromatin by facilitating alteration and accurate
replacement of nucleosome structure (Reinberg and Sims
2006). This allows transcriptional progression through chro-
matin regions without permanently disrupting epigenetic
markers (Reinberg and Sims 2006). In addition, the FACT
complex has recently been implicated inmultiple aspects of
transcription-associated DNA damage control and the res-
olution of collisions between replication and transcription
complexes (Dinant et al. 2013; Herrera-Moyano et al. 2014).
Such functions could occur in either G1 or S.

TONSL and BRCA1 function at sites of transcription-
associated damage together with the FACT complex

Thus, we searched for evidence linking FACT, TONSL,
and BRCA1 at UV damage sites. We first asked whether
TONSL localization atmicropores is dependent on BRCA1
or FACT. We performed UV micropore assays with and
without BRCA1, SSRP1, SUPT16H, or TONSL depletion
(Figs. 4A; Supplemental Figs. S2I–L, S6A,B). While SSRP1,
SUPT16H, and TONSL depletion had no effect on BRCA1
micropore localization (Supplemental Fig. S6A), BRCA1,
SSRP1, or SUPT16H depletion led to fewer cells exhibiting
TONSL in micropores (Fig. 4A). Under the conditions
used, none of these depletions caused significant cell cycle
arrest (Supplemental Fig. S6B). Thus, BRCA1, SSRP1, and
SUPT16H expression may be necessary for TONSL local-
ization at these damage sites in cells in multiple phases of
the cell cycle.

Given the influence of FACT on TONSL and the link
between TONSL and BRCA1, we wondered whether
there was also a link between FACT and BRCA1. Thus,
we tested for a genetic interaction between BRCA1 and
either SSRP1 (Fig. 4B; Supplemental Fig. S2K) or SUPT16H
(Fig. 4C; Supplemental Fig. S2L), again using the colony
formation assay. We found that the BRCA1+/� line pro-
duced significantly fewer colonies than the WT/WT line
when transfectedwith siRNAs specific for either SSRP1 or
SUPT16H. Therefore, we conclude that BRCA1 interacts
genetically with TONSL and the TONSL partners SSRP1
and SUPT16H.
Given this association, the question arose of whether

either member of the FACT complex also localizes to
UV-induced damage sites with BRCA1 and, if so, in which
phase of the cell cycle this occurs. We searched for SSRP1
and SUPT16H in micropores with either TONSL or
BRCA1 in both asynchronous cells and cells arrested in
G1 by mimosine, a plant amino acid that arrests cells in
G1 (Fig. 4D–F; Supplemental Fig. S6C). We failed to detect
SUPT16H in micropores, but SSRP1 colocalized with
both BRCA1 (Fig. 4D) and TONSL (Fig. 4E) in these UV-
irradiated territories in both asynchronous and G1-
arrested cells. We also observed that TONSL colocalizes
with BRCA1 in both asynchronous and G1-arrested cells
and that the percentage of cells containing BRCA1 and
TONSL colocalizing micropores increases significantly
in G1-arrested cells, indicating that an important func-
tion of the BRCA1–TONSL–FACT complex is likely
manifest in G1, which is consistent with the prospect of
transcription-associated damage being dealt with by such
a complex in G1 (Fig. 4F).
Given the influence of FACT and BRCA1 on TONSL

localization, the genetic interactions between FACT and
BRCA1 and between TONSL and BRCA1 and the colo-
calization of FACT, BRCA1, and TONSL at UV damage
sites in G1-arrested cells, we speculated that, in addition
to aiding in the repair of stalled replication forks, TONSL
and BRCA1 cofunction with FACTat sites of UV damage.
There, one might speculate that they (1) prevent tran-
scription through such sites, (2) contribute to its restart or
repair, and/or (3) resolve R-loop-associated damage that
has occurred due to the stabilization of these structures at
arrested transcription complexes. These hypotheses are
supported by existing evidence. First, after UV damage,
the FACT complex interacts with RNA Pol II pS5 and
certain transcription-coupled nucleotide excision repair
(NER) proteins and participates in transcription restart
(Dinant et al. 2013). Second, the FACT complex is
important in preventing DNA damage associated with
the stabilization of R loops, some of which is caused by
collisions between transcription and replication com-
plexes (Herrera-Moyano et al. 2014).

BRCA1 localizes at sites of post-UV transcription-
associated DNA damage

To determine whether the UV sites at which BRCA1,
TONSL, and FACT colocalize contain transcription-
associated DNA damage, we asked whether actively
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Figure 4. BRCA1, TONSL, and FACT interact functionally at sites of UV damage (see also Supplemental Figs. S2I,J,K,L, S4, S6). (A) The
bar graph represents the average number of U2OS cells containing TONSL in CPD-positive micropores from four separate experiments
in which cells were transfected with a control siRNA (siGL2) or one of two different BRCA1-, SSRP1-, or SUPT16H-specific siRNAs. After
transfection, the cells were irradiated with 30 J UV and stained 4 h later for BRCA1, CPDs, and TONSL. The error bars represent the
standard deviation between the counts from the four experiments. The P-values (calculated by a two-tailed t-test) demonstrate the
significance of the difference between the siGL2 values and the various gene-specific siRNA values. (B,C) The average number of colonies
from three separate experiments is shown for the WT/WT (WT) and BRCA1+/� (+/�) U2OS cell lines transfected with either siGL2 or two
different siRNAs targeting either SSRP1 (B) or, independently, SUPT16H (C). The plots are designed as described in Figure 3. (D–F) U2OS
cells were incubated in medium containing 0.5 mM mimosine or an equivalent volume of vehicle for 24 h and then irradiated with 30 J
through micropores, allowed to recover for 4 h, and costained for SSRP1 and BRCA1 (D), SSRP1 and TONSL (E), and TONSL and BRCA1
(F). Arrows mark some of the cells where colocalization is observed. The BRCA1–TONSL costaining in F was repeated four times, and the
number of cells in which TONSL and BRCA1 colocalized in micropores in either vehicle- or Mimosine-containing medium was counted
each time. The bar graph in the right panel of F shows the average percentage of cells containing colocalizing BRCA1 and TONSL under
both conditions. The bars are the averages from four experiments, and the error bars represent the standard deviation between experiments.
The P-value (calculated using a two-tailed t-test) indicates the significance of the difference between vehicle- and Mimosine-treated cells.
(Please note that these images are best viewed in the electronic version of the figure and not on a printed page.)
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transcribing RNA Pol II (RNA Pol II pS5) colocalizes with
the DNA damage marker gH2AX and BRCA1 after UV
treatment. We were not able to performmicropore assays
because RNA Pol II pS5 does not concentrate in these
large territories at levels greater than those detected in an
unirradiated nucleus. Thus, we performed whole-cell UV
irradiation, since RNA Pol II pS5 forms distinct foci in
this setting when cells are appropriately fixed (Espinosa
et al. 2003). In preparation for these assays, we validated
the specificity of our BRCA1 and RNA Pol II pS5
antibodies by various means, since RNA Pol II detection
requires harsher fixation conditions than micropore im-
munofluorescence staining (Supplemental Fig. S7A–E).
The results showed that active RNA Pol II forms an

increased number of distinct foci after UV treatment
(Figs. 5, 6B). These foci costained with the DNA damage
marker gH2AX as well as with BRCA1 after UV treat-
ment, and the percentages of cells containing foci in
which there was colocalization between active RNA Pol
II and these two proteins were greatly increased after UV
treatment (Fig. 5A,B). BRCA1 also colocalized with
gH2AX foci in a greater percentage of cells after UV
treatment (Fig. 6A). Given the large increase in cells
containing foci in which there is colocalization between
RNA Pol II pS5 and gH2AX, between BRCA1 and gH2AX,
and between RNA Pol II pS5 and BRCA1, it is likely that
RNA Pol II pS5, BRCA1, and gH2AX are colocalizing in
a significant fraction of the same cells after UV exposure.
The colocalization of BRCA1 and RNA Pol II at sites of

UV DNA damage fits with previous results indicating
that the BARD1–BRCA1 complex contributes to the
degradation of RNA Pol II after UV damage (Kleiman
et al. 2005). However, the persistence of these structures
4 h post-irradiation suggests that causing degradation of
RNA Pol II at sites of UV damage is not the only role for
BRCA1 at such sites. It suggests that, in the setting of
irreparable damage, BRCA1–BARD1 promotes the degra-
dation of RNA Pol II to allow for repair at that site, while
in the setting of repairable damage, BRCA1 may aid in
overcoming the damage and restarting transcription,
both proposals to be studied further. Furthermore, both
directly and indirectly, UV irradiation contributes to the
development of multiple forms of DNA damage as well as
transcription arrest. Conceivably, BRCA1 plays specific
roles in the relevant responses to these perturbations.
To test whether there are ssDNA stretches and thus

R loops, collapsed transcription complexes, or perhaps
collapsed replication forks that had collided with a tran-
scription fork at these damage sites, we stained for
colocalization of BRCA1 and phosphorylated RPA, which
is known to coat ssDNA at such sites (Supplemental
Fig. S8A). We found that the number of cells containing
BRCA1 and pRPA colocalized at foci greatly increased
after UV treatment (Supplemental Fig. S8A). This implies
that stabilized R loops, fork collapse, and/or collisions are
forms of transcription-associated DNA damage that are
likely confronted by BRCA1 at these sites.
One possibility is that, upon recognition of a stalled

transcription complex, BRCA1 recruits other proteins to
assist its restart. One of the interactors detected in our

screen, TCEA2, is a member of the TFIIS family of tran-
scription factors that is responsible for assisting RNA
polymerase in overcoming various obstacles encountered
during transcription (Wind and Reines 2000). Although no
available TCEA2 antibodies worked with the relevant
fixation protocol, an antibody directed at a closely related
isoform, TCEA1 (commonly referred to as TFIIS and
referred to as TFIIS in the figures and other parts of this
study), did operate in this staining protocol (Supplemental
Fig. S7F–H). Moreover, after UV irradiation, there was
a significant increase in the percentage of cells containing
foci in which RNA Pol II pS5 and TFIIS foci colocalized
(Fig. 6B), and the same was true for TFIIS and gH2AX
(Supplemental Fig. S8B). Thus, like BRCA1, TFIIS also
localized at post-UV transcription-associated damage foci.
Given the increased numbers of cells after UV treatment
that contain foci in which TFIIS and BRCA1 colocalize
with either gH2AX or active RNA Pol II, it is likely that
BRCA1 and TFIIS also colocalize in at least a fraction of
these transcription-associated damage foci.
We were unable to test TCEANC, SETX, TONSL,

SSRP1, or SUPT16H for RNA Pol II pS5 colocalization,
since we lacked antibodies that function in this fixation
protocol. Nevertheless, the above-noted evidence further
supports the hypothesis that BRCA1 functions at sites
of transcription-associated damage and the notion that
a BRCA1–TONSL–FACT complex functions at these
sites. Given the colocalization of BRCA1 with active
RNA Pol II at post-UV damage structures, it is likely that
a BRCA1–TONSL–FACT complex participates in some
part of the recognition or repair of these structures. This is
because these proteins all localize to sites of UV damage
in G1-arrested cells where transcription and not DNA
replication is in progress and because FACT has already
been implicated in such a function (Dinant et al. 2013).
Furthermore, this evidence, along with the above-

noted TFIIS staining, implies that BRCA1 can participate
in the response to various forms of transcription-associ-
ated DNA damage or stalling and that it does so in
different ways by interacting with different protein-bind-
ing partners, such as TFIIS or TONSL–FACT.

BRCA1 participates in various processes at sites
of transcription-associated DNA damage

Given the localization of BRCA1 at sites of transcription-
associated damage and the multiple functions of its new
interactors that could be occurring at these sites, we set
out to determine what functional roles BRCA1 exhibits
in this setting.
One group has already shown that at least one member

of the FACT complex is important in supporting the
restart of transcription after UV damage (Dinant et al.
2013). Thus, we asked whether BRCA1 is also involved in
this function and found that depletion of BRCA1 leads to
a slower recovery fromUV-associated transcription arrest
than is observed in control cells (Fig. 7A–C). This fits with
data indicating that, after UV damage, a BARD1–CstF50
complex prevents aberrant 39 mRNA processing, likely
through signaling for the degradation of RNA Pol II by the
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BRCA1–BARD1 complex (Kleiman and Manley 2001;
Kleiman et al. 2005). Perhaps the BRCA1–BARD1 complex
triggers RNA Pol II degradation or transcriptional restart,
depending on the severity of the damage. It is likely that
a BRCA1–FACT complex and either a BRCA1–TONSL–

FACT complex or, given the known function of TFIIS and
its localization to UV-induced transcriptional damage, a
BRCA1–TFIIS complex are recruited to sites of arrested
transcription to aid in damage repair and/or transcription
restart at these sites.

Figure 5. Active RNA polymerase and BRCA1 colocalize in distinct foci after UV damage (see also Supplemental Figs. S7, S8). (A,B)
U2OS cells were exposed to 0 J or 25 J (whole-cell irradiation, without micropore filters), fixed with methanol–acetic acid 4 h later, and
costained for either active RNA polymerase (RNA Pol II pS5) and gH2AX (A) or RNA Pol II pS5 and BRCA1 (B). One representative
photo of a field of cells is shown for each staining after 0 J and 25 J of UV, and one representative cell from the 25-J photo in which there
is significant colocalization between the costained proteins has been cut out and magnified using PowerPoint at the bottom of the
panel. Yellow arrows point to the magnified cell in the 25-J field of cells photos. In addition, at the right of the magnified photos is a bar
graph showing the average percentage of cells containing three or more colocalizing foci for the stained protein pair in that panel.
A minimum of 200 cells were counted for each treatment in each experiment. The bars in each bar graph represent the average
percentages from three separate experiments for each staining pair, and the error bars represent the standard deviation between
experiments. The P-values (calculated by a two-tailed t-test) represent the significance of the difference between the 0-J and 25-J counts.
In the bar graph in A, the 0-J value is extremely low compared with the 25-J value and is difficult to see in the bar graph. The average
percent for 0 J in Awas 0.49, with a standard deviation of 0.84. The 0-J value in the bar graph in B is also very low when compared with
the 25-J value. The average percent for 0 J in B was 0.82, with a standard deviation of 1.03. (The brightness for every photo in the figure
has been increased by 40% using PowerPoint to overcome the difficulty of converting to PDF. Please note that these images are best
viewed in the electronic version of the figure and not on a printed page.)
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UV arrest of transcription could lead to damage by
multiple mechanisms, one of which is stabilization of
R loops and subsequent evolution of single-strand breaks
at these sites into DSBs. This mechanism of damage is
particularly interesting because several of the new BRCA1
interactors identified in this screen are involved in pre-
venting this kind of damage, including SETX and at least

one member of the FACT complex (Mischo et al. 2011;
Skourti-Stathaki et al. 2011; Herrera-Moyano et al. 2014).
In addition, BRCA1 and BRCA2 depletion have recently
been linked to an increase in the number of DNA:RNA
hybrids (Bhatia et al. 2014).
Thus, to address whether this is a type of DNA damage

that BRCA1 contributes to repairing or overcoming at

Figure 6. BRCA1 and TFIIS localize to sites of UV-induced transcription-associated DNA damage (see also Supplemental Figs. S7, S8).
(A,B) U2OS cells were treated with 0 J or 25 J (whole-cell irradiation, without micropore filters), fixed with methanol-acetic acid 4 h
later, and costained for either gH2AX and BRCA1 (A) or RNA Pol II pS5 and TFIIS (B). One representative photo of a field of cells is
shown for each staining after 0-J and 25-J irradiation, and one representative cell from the 25-J photo in which there is significant
colocalization between the costained proteins has been cut out and magnified using PowerPoint below the two fields. Yellow arrows
point to the magnified cell in the 25-J photos. In addition, at the right of the magnified photos is a bar graph showing the average
percentage of cells containing three or more colocalizing foci for the staining pair in that panel. A minimum of 200 cells was counted
for each treatment in each experiment. The bars in each bar graph represent the average percentages from three separate experiments
for each staining pair, and the error bars represent the standard deviation between experiments. The P-values (calculated by a t-test)
represent the significance of the difference between the 0-J and 25-J counts. The 0-J value in the bar graph in B is very low and difficult
to see compared with the 25-J value. The average percent for 0 J in B was 0.64, with a standard deviation of 0.73. (The brightness for
each photo in the figure has been increased by 40% using PowerPoint to overcome the difficulty of converting to PDF. Please note that
these images are best viewed in the electronic version of the figure and not on a printed page.)
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Figure 7. BRCA1 functions in multiple ways
at sites of transcription arrest, and its tran-
scription-associated damage repair function is
relevant in breast and ovarian cancer devel-
opment and progression (see also Supple-
mental Figs. S2I [for siRNA validation], S7I;
Supplemental Table S6). (A–C) The role of
BRCA1 in transcription restart following UV
damage was measured and compared in con-
trol siRNA and BRCA1 siRNA (either siBRCA1
exon 13 or siBRCA1 39UTR) transfected U2OS
cells by measuring RNA synthesis using
5-ethinyl uridine (EU) uptake over a 2-h label-
ing period (Dinant et al. 2013). siRNA trans-
fected cells were exposed to an equivalent
air exposure (mock) or 8 J, labeled with EU
for 2 h either immediately (air sample; referred
to as ‘‘mock’’ in the figures) or 2 or 16 h after
UV treatment, fixed, and stained. Photo-
graphs were taken of the stained cells for
each treatment at each time point, and at
least 300 nuclei were analyzed for their
mean fluorescent intensity using CellProfiler
for each treatment at each time point. Rep-
resentative photos of the siGL2 cells and
one of the siBRCA1-treated sets of cells are
shown in A at each time point. The merged
Hoechst-EU staining is shown at the top,
and the EU staining alone is shown at the
bottom. A histogram depicting the distribu-
tion of mean nuclear EU intensities from
one representative experiment for siGL2 is
shown in B. The arrested cells, appearing at
the left, revealed a lower EU-staining inten-
sity than the recovered cells at the right. The
black line denotes two standard deviations
below the mean of the mock distribution.
Irradiated cells at the right of this line are
considered to have recovered to normal
transcriptional levels, whereas those at the
left are considered to be transcriptionally
arrested (cf. siGL2-2 h and siGL2-16 h with
siGL2-Mock, and siBRCA1-2 h and siBRCA1-16 h

with siBRCA1-Mock). The bar graph in C shows the percentage of cells for each siRNA that has recovered based on the above
calculations at a given time point. Results are the average of three experiments, and the error bars represent the standard deviation
between experiments. P-values were calculated using a two-tailed t-test. (D) To test the possibility that BRCA1 is involved in
preventing or repairing R-loop-associated DNA damage, U2OS cells were transfected with either siGL2 or one of three different
BRCA1-specific siRNAs (targeting exon 13, exon 11, or the 39 UTR) on days 1 and 2, transfected with either empty vector
or RNASEH1 on day 3, and then fixed 24 h later. The cells were costained for gH2AX and RNASEH1. For vector+siRNA trans-
fected cells, the number of cells containing five or more gH2AX foci was counted from the whole population, and for the
RNASEH1+siRNA transfected cells, the number of RNASEH1-expressing cells containing five or more gH2AX foci was counted. A
minimum of 150 cells was counted for each treatment in each experiment. This experiment was repeated five times for each siRNA,
and the average percentage of cells containing five or more gH2AX foci for each siRNAwith either vector or RNASEH1 expression was
calculated from these five experiments and is represented by the bars in the bar graph shown here comparing the vector and RNASEH1
values for each siRNA. The error bars represent the standard deviation between the five replicates, and the P-values (calculated by
a two-tailed t-test) above the paired counts represent the statistical significance of the difference between the vector and RNASEH
counts for each individual siRNA. (E) A network representing overlap between genes in the BRCA1 interactome and previously
reported gene expression profiling results obtained from breast and ovarian tumors. The expression of genes detected as BRCA1-
interacting protein partners (BRCA1 Interactome) was queried in various gene expression profiling data sets in Oncomine Concepts
Map for both breast and ovarian cancers. Each group of nodes encircled by different colors represents a molecular concept with which
the BRCA1 interactome is associated, and the individual nodes represent significantly associated data sets within that particular
concept with a Q-value #0.01 (the majority are overexpression data sets). The width of each edge reflects the number of overlapping
genes between the BRCA1 interactome and the linked data set—the wider the edge, the greater the overlapping gene number. Node
color represents the tumor type analyzed in the linked data set. (Pink) Breast; (blue) ovarian. (F) Networks representing the genes from
the BRCA1 interactome that were found to be in either amplified (left panel) or deleted (right panel) regions in a statistically significant
way (P < 0.05 and Q < 0.25) in a TCGA (The Cancer Genome Atlas) data set for breast cancers or ovarian cancers or across 11 different
cancers. The nodes are grouped according to association with select GO terms, and the key to node color is noted below the networks.
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sites of transcription arrest, we tested whether over-
expressing RNASEH1, an enzyme that specifically digests
DNA:RNA hybrids such as those underpinning R loops,
decreases the amount of DNA damage marked by gH2AX
foci that is observed after BRCA1 depletion.We found that
RNASEH1 overexpression caused a small decrease in the
number of cells with gH2AX foci for multiple different
BRCA1 siRNAs compared with an empty vector (Fig. 7D;
Supplemental Fig. S7I). This fits with the fact that BRCA1
depletion leads to an increase in the abundance of DNA:
RNA hybrids (Bhatia et al. 2014) and suggests that BRCA1
contributes to either preventing or repairing DNAdamage
associated with the persistence of R loops.
Importantly, the decreases observed in gH2AX foci after

RNASEH1 expression, while not large, were statistically
significant and reproducible. This is not surprising, since
BRCA1 likely deals with a variety of forms of DNA
damage that lead to gH2AX foci, only some of which are
related to transcription and R loops. Therefore, only a
small percentage of the damage that BRCA1 deals with is
likely to be caused by R-loop persistence/abnormal stabi-
lization. The increase in DNA:RNA hybrids observed
upon BRCA1 depletion was also observed to be small
(Bhatia et al. 2014). This supports the idea that suppressing
or repairing DNA damage associated with these structures
is only one of the molecular functions of BRCA1.

Novel BRCA1 interactors identified in our screen
exhibit cancer links with therapeutic implications

The question of whether any of our interactors or the
new roles for BRCA1 in the response to transcription-
associated DNA damage are clinically relevant was also
addressed. Oncomine Concepts Map (Rhodes et al. 2007)
was used to search for associations between our results
and those of prior gene expression profiling studies
performed on breast and ovarian cancers. BRCA1 tumor
suppression largely extends to these two organs.
The results show that our 147 screening hits are

enriched for proteins that are significantly overexpressed
or underexpressed in tumors associated with negative
clinical outcomes, high-grade pathology, and advanced
clinical stage (Fig. 7E). This suggests that a number of
interactors exhibit altered expression in clinically aggres-
sive tumors and may therefore contribute to disease
progression and lack of therapeutic benefit.
In keeping with these observations, we also asked

whether any of our interactors are encoded by genes that
map to amplified or deleted regions in breast tumors or
ovarian tumors or across a set of 11 cancer types that have
been systematically analyzed (Zack et al. 2013). Indeed,
90 out of 147 of our hits were located within these
genomic regions (Fig. 7F; Supplemental Table S6). Sixty-
three hits were localized to amplified regions; 15 of these
63 proteins are involved in transcription, replication, and/
or DNA damage. Thirty-nine additional hits mapped to
deleted regions, and 12 of these hits are known to engage
in one or more of these same functions. Moreover, some
of the genes that we demonstrated as being genetically
associated with BRCA1 are located in these regions,

including TONSL, TCEA2, and SETX. These data are
particularly interesting with respect to TONSL, since it
was found in a Sleeping Beauty screen, thereby implying
that it affects tumorigenesis, at least in animal models
(Supplemental Fig. S1B; Supplemental Table S5).
One caveat associated with these data is that the

regions identified here are large and contain multiple
genes. Hence, there is no guarantee that a BRCA1 inter-
actor gene of interest operates as a tumor suppressor or
an oncogene in these regions. However, this concern is
lessened by the fact that 12 of our hits are already known
to be cancer-associated (Fig. 1B; Supplemental Fig. S1B;
Supplemental Table S5; Futreal et al. 2004; Vogelstein
et al. 2013). Therefore, these data suggest that a number
of the hits from our BRCA1 interactome screens and the
new functional role proposed for BRCA1 participate in
human tumorigenesis.

Discussion

The complementary protein interaction screening ap-
proaches used here have led to the generation of a more
complete BRCA1 protein interaction network. Knowl-
edge of the anatomy of this network has made possible
genetic tests of the physiological relevance of certain
interactions. From the results of these analyses, the
relevance of the function of certain BRCA1-interacting
proteins to BRCA1 function was demonstrated, and
a combined role for BRCA1 and these interacting proteins
in the response to transcription-associated DNA damage
was detected.
While the overlap in hits that we detected in our two

BRCA1-focused screens was small (three out of 147
interactors), it is not surprising, since the two methods
ask different questions, and each has different limita-
tions. The Y2H screen can detect only direct interactions
that do not require post-translational modifications of
either interactor and is limited to the library with which
one is screening (in our case, a library of ;15,000 human
ORFs). BRCA1 itself undergoes many post-translational
modifications, including but not limited to multiple
phosphorylations, which are important in mediating pro-
tein–protein interactions (Manke et al. 2003; Yu et al.
2003; Greenberg 2008; Huen et al. 2010). In contrast to
the Y2H method, the TAP-MS method detects interac-
tions that may be indirect among members of large
protein complexes and may rely on either post-trans-
lational modifications or perhaps linking structures like
mammalian chromatin to facilitate their interactions.
The Y2H could therefore miss certain interactions
detected in a TAP-MS screen because those interactions
may require post-translational modifications, be indirect,
involve a protein or isoform of a protein not represented
in the ORFeome library that we screened, or be de-
pendent on the complex containing both BRCA1 and
BARD1. On the other hand, detection of an interactor in
the TAP-MS method is dependent on the stability of the
interaction and the abundance of the interacting pro-
teins and therefore could miss interactions that would
be detectable by Y2H. These limitations contribute to
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the lack of overlap between the screens but also point
out the potential complementarity of performing a dual
screen.
Demonstrating the physiological relevance of interac-

tions identified in a screen can be challenging. Here, we
used a genetic assay to test whether the candidate
interactors showed synthetic lethality with BRCA1 de-
pletion. Because complete depletion of BRCA1 can lead to
cell cycle arrest (Xu et al. 2001), it is especially difficult to
perform mechanistic studies on several of its functions.
However, the BRCA1+/� lines used in our experiments
cycled normally and thus made it easier to study certain
functions through genetic manipulations, allowing phys-
iologically relevant insights to be made. Similar methods
could be extended to other systems in the future.
The results of our screens and of the validation of

multiple candidate interactors have uncovered a new role
for BRCA1 in the prevention and/or repair of DNA
damage associated with transcription arrest. Imputed
functions of TONSL and known functions of the
TONSL-binding FACT complex and of SETX, TCEANC,
and TCEA2—all proteins engaged in transcription and/or
RNA processing and all proteins that genetically interact
with BRCA1—represent new processes through which
BRCA1 participates in the prevention and/or repair of
DNA damage. That BRCA1 is engaged in transcription-
associated damage control is supported as a concept by
these results and by BRCA1- and BARD1-linked phenom-
ena observed by others (Scully et al. 1997; Kleiman and
Manley 1999, 2001; Le Page et al. 2000; Kleiman et al.
2005; Becherel et al. 2013; Yuce and West 2013; Bhatia
et al. 2014). Moreover, data reported here now strongly
suggest that BRCA1 responds to DNA damage at sites of
stalled or defective transcription to either aid in tran-
scription restart and/or resolve certain damaged struc-
tures at these sites. These findings are also consistent
with the hypothesis that BRCA1 can perform different
functions at these sites, depending on the type of damage
and on the particular interacting proteins (TONSL–
FACT, TCEA2, etc.) that are corecruited with it.
For example, both the FACT complex and SETX are

involved in preventing R-loop stabilization (Mischo et al.
2011; Skourti-Stathaki et al. 2011; Herrera-Moyano et al.
2014). We showed that BRCA1 is required to prevent
or repair DNA damage associated with R loops in an
RNASEH1 rescue assay (Fig. 7D). This is supported by
data from others showing that BRCA1 depletion leads to
accumulation of DNA:RNA hybrids (Bhatia et al. 2014).
We showed that BRCA1 is important in not only resolving
these structures but also preventing or repairing the DNA
damage caused by their persistence. It is conceivable that
BRCA1 accompanies RNA Pol II, with which it is known
to interact (Scully et al. 1997), to prevent stalling and
repair damage at R loops. Alternatively, BRCA1 might be
recruited to RNA Pol II that collects at pause sites or sites
of DNA damage and recruits SETX or the FACT complex
to these sites to prevent R-loop stabilization or repair
R-loop-associated damage.
The FACT complex has multiple other functions

as well. The best understood function of FACT is in

rearranging chromatin to allow transcription elongation
to proceed through chromatin without disturbing its
epigenetic architecture (Reinberg and Sims 2006), and
FACT has now been implicated in transcription restart
after and potential repair of UV-induced, transcription-
associated damage (Dinant et al. 2013). In addition to
detecting a role for BRCA1 (like that of FACT) in
preventing R-loop-associated damage, we also found that
BRCA1 accelerates the restart of transcription after UV
damage (again, like the FACTcomplex). This fits with the
demonstration by others that BARD1 is important in
preventing 39 mRNA processing after UV damage and
that BRCA1–BARD1 complexes promote RNA Pol II
degradation after UV damage (Kleiman and Manley
1999, 2001; Kleiman et al. 2005). Conceivably, a BRCA1–
TONSL–FACT complex is recruited to active RNA Pol II
in such a setting. If there is associated damage or an
obstacle in the DNA that can be overcome, then BRCA1,
possibly together with FACT and TONSL, aids in restart-
ing transcription. If the DNA damage is too severe, then
BARD1–BRCA1 may signal for the degradation of RNA
Pol II and aid in the repair of the damage. It will be
interesting in the future to see whether BRCA1 and its
role as a ubiquitin ligase and/or its functional interaction
with PARP1 are linked to the regulation of FACTactivity
at sites of DNA damage, especially in the setting of
transcription-associated DNA damage. FACT is known
to be regulated by a complex parsylation signaling cas-
cade in the setting of DNA damage (Huang et al. 2006;
Heo et al. 2008).
In keeping with this theme, the interactor TCEA2 is

a member of the TFIIS family of transcription elongation
factors. TCEA1 (also known as TFIIS or S-II) is the most
studied member of this family. TCEA1 promotes tran-
scription elongation-associated RNA transcript cleavage
as well as the elimination of transcript errors when RNA
Pol II encounters various endogenous and exogenously
induced DNA obstacles (Wind and Reines 2000). While
TCEA2 was originally identified as a testes- and ovary-
specific version of TFIIS (Wind and Reines 2000), it is also
expressed in certain somatic cells (Supplemental Fig.
S2O). TCEA2 and TCEA1 are homologous for a functional
domain that is critical for TFIIS transcription elongation
function (Wind and Reines 2000), and both stimulate RNA
Pol II in the same way (Wind and Reines 2000). Since
BRCA1 andTCEA1 (labeledTFIIS in the figures) colocalized
at UV-induced sites of transcription-associated damage, it is
likely that the closely related and BRCA1-interacting
TCEA2 operates similarly with BRCA1. These hypotheses
fit with our observation that BRCA1 depletion is associated
with increased sensitivity to the halting of transcription.
The possibility that BRCA1 responds to transcription-

associated damage by multiple mechanisms may mean
that there are multiple steps in these repair/response
pathways that could be targets for mutation and possibly
even therapy. The Cancer Genome Atlas (TCGA) data
cited earlier (Fig. 7F) are consistent with the notion that
the function of multiple transcription-associated proteins
is altered across different types of cancers. For example,
TCEA2 is amplified across 11 different tumor types,
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including breast and ovarian cancers (Fig. 7F). One won-
ders whether this is a manifestation of compensation for
ongoing broadly based threats to transcription procession,
given the functional interaction of TCEA2with BRCA1. If
this were the case, increasing transcription-associated
damage or blocking TCEA2 involvement in such tumors
might evolve as part of a rational therapeutic strategy for
these cancers.
In considering the therapeutic relevance of the BRCA1

interaction network, HCC38, the cells studied in the
a-amanitin rescue experiments, represent a sporadic
breast cancer cell line in which the BRCA1 promoter is
methylated (Xu et al. 2010). This results in these cells
expressing less BRCA1 than normal (Xu et al. 2010). Such
a deficiency makes it possible that HCC38 harbors de-
fects in BRCA1 function (Xu et al. 2010). Not only was
the HCC38 a-amanitin sensitivity that was induced by
BRCA1 depletion rescued after overexpressing BRCA1
cDNA (Fig. 2G), there was also decreased sensitivity to
a-amanitin in the BRCA1 cDNA-expressing line com-
pared with naı̈ve HCC38 cells (Fig. 2G, cf. lanes 1 and 3).
This suggests that promoter methylation-associated
BRCA1 depletion, a relatively common event in sporadic
BRCA1+/+ breast and ovarian cancers (Press et al. 2008;
Dworkin et al. 2009), can give rise to chronically en-
hanced sensitivity to a-amanitin or other transcription
inhibitors. If so, deficient BRCA1-driven, transcription-
associated DNA damage control might prove to be
a specific molecular vulnerability or even a therapeutic
target in this setting.
There may already be an example of clinical success in

targeting this BRCA1-driven transcription-associated
damage control in BRCA1 mutant and sporadic basal-
like breast tumors. The latter are, in part, BRCA1mutant
breast cancer phenocopies. Multiple clinical trials and
retrospective studies of BRCA1mutant (Silver et al. 2010)
and sporadic basal-like breast tumors (Sirohi et al. 2008;
Chew et al. 2009; Silver et al. 2010; Staudacher et al. 2011;
Hurley et al. 2013) reveal signs of efficacy of the cross-
linking agent cisplatin. Cisplatin cross-links cause DNA
damage by blocking the procession of transcription or
DNA replication (Todd and Lippard 2009). BRCA1 is
known to participate in the repair of stalled replication
forks, and loss of this function could at least in part
explain the therapeutic efficacy of cisplatin in these
tumors (Pathania et al. 2011; Schlacher et al. 2012).
However, data shown here suggest that a block of BRCA1
participation in transcription-associated damage control
could also contribute to cisplatin efficacy in such tumors.
Indeed, cisplatin is also known to cause DNA damage and
cell death through transcription arrest (Todd and Lippard
2009). Thus, it is reasonable to speculate that cisplatin
efficacy in these tumors is further enhanced by eliciting
a defect in BRCA1-driven, transcription-associated DNA
damage control.
In conclusion, gaining a better understanding of how

BRCA1 functions at sites of transcription-associated
DNA damage with the interactors identified here and
likely other proteins yet to be detected may also prove to
be of therapeutic interest. It could provide opportunities

to generate biomarkers useful in identifying subsets of
breast and ovarian tumors that are susceptible to therapy
that targets this pathway. In addition, understanding the
methods of BRCA1-dependent and BRCA1-independent
repair of transcription-associated damage may be im-
portant in other diseases as well. Transcription occurs
constantly even after terminal differentiation, such as in
neuronal cells and cardiac myocytes (Zhang et al. 2008).
Thus, one might speculate that transcription-associated
DNA damage plays a role in the pathogenesis of certain
diseases in these tissues.

Materials and methods

A detailed explanation of all procedures and statistical analysis
performed is included in the Supplemental Material.

Dual-protein interaction screen

The Y2H screen was carried out as previously described (Dreze
et al. 2010) using full-length BRCA1 and strategically designed
BRCA1 fragments as prey. The TAP-MS analysis was performed
on BARD1–BRCA1 complexes purified from the chromatin and
soluble nuclear fractions of the nuclei of HeLa S3 cells stably
expressing Flag-StrepTactin-tagged BARD1 or empty vector.
More details are available in the Supplemental Material.

Tissue culture and transfection

HeLa S3 cells and wild-type and TALEN-induced heterozygotes
of U2OS cells were cultured in DMEM containing 10% FBS and
1% penicillin/streptomycin (Pen/Strep). HCC38 cells were cul-
tured in American Type Culture Collection RPMI 1640 (catalog
no. 30-2001) with 10% FBS and 1% PenStrep. All siRNA trans-
fections were carried out using Lipofectamine RNAiMax (Life
Technologies). More details are available in the Supplemental
Material.

Immunofluorescence

UV treatment and micropore staining were carried out as pre-
viously described (Polo et al. 2006; Pathania et al. 2011). For UV
micropore immunofluorescence, cells were fixed in 3% para-
formaldehyde and permeabilized with 0.5% Triton X-100. For
SSRP1 staining, the cells were permeabilized first. For RNA
Pol II staining (Figs. 5, 6), methanol–acetic acid fixation was
used, and the staining was carried out as described previously
(Espinosa et al. 2003). More details are available in the Supple-
mental Material.

Transcription restart assay

UV treatment was performed as previously described (Pathania
et al. 2011). U2OS cells transfected with various siRNAs were
exposed to either 8J or an equivalent time of air exposure and
allowed to recover for various amounts of time before being
incubated in medium containing 1 mM 5-ethinyl uridine (EU).
The cells were fixed 2 h after addition of EU and stained for
measurement of post-UV transcriptional restart using a Life
Technology RNA synthesis labeling kit (catalog no. C10329) as
described (Dinant et al. 2013). Analysis of nuclear mean fluores-
cent intensity of the cells was performed using CellProfiler
(Carpenter et al. 2006; Kamentsky et al. 2011). A minimum of
300 cells was analyzed for each siRNA at each time point in all
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three replicates of the experiment. More details are available in
the Supplemental Material.

RNASEH1 DNA damage rescue assay

This assay was performed as described previously (Herrera-
Moyano et al. 2014). U2OS cells were seeded on coverslips on
day 1, transfected with siRNAs on days 2 and 3, transfected with
pcDNA3-empty vector or pcDNA3-RNASEH1 on day 4, and
fixed and stained for gH2AX and RNASEH1 staining 24 h after
the day 4 transfection. The numbers of cells containing greater
than five gH2AX foci were counted from the whole population of
vector transfected cells and only from RNASEH1-expressing
cells in the RNASEH1 transfected population. More details are
available in the Supplemental Material.
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