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Women having BRCA1 germ-line mutations develop cancer in breast
and ovary, estrogen-regulated tissues, with high penetrance. Bind-
ing of estrogens to the estrogen receptor (ER) transiently induces
DNA double-strand breaks (DSBs) by topoisomerase Il (TOP2) and
controls gene transcription. TOP2 resolves catenated DNA by
transiently generating DSBs, TOP2-cleavage complexes (TOP2ccs),
where TOP2 covalently binds to 5’ ends of DSBs. TOP2 frequently
fails to complete its catalysis, leading to formation of pathological
TOP2ccs. We have previously shown that the endonucleolytic activ-
ity of MRE11 plays a key role in removing 5’ TOP2 adducts in G4
phase. We show here that BRCA1 promotes MRE11-mediated re-
moval of TOP2 adducts in G4 phase. We disrupted the BRCAT gene
in 53BP1-deficient ER-positive breast cancer and B cells. The loss of
BRCA1 caused marked increases of pathological TOP2ccs in G4 phase
following exposure to etoposide, which generates pathological
TOP2ccs. We conclude that BRCA1 promotes the removal of
TOP2 adducts from DSB ends for subsequent nonhomologous end
joining. BRCA17-deficient cells showed a decrease in etoposide-
induced MRE11 foci in G4 phase, suggesting that BRCA1 repairs
pathological TOP2ccs by promoting the recruitment of MRE11 to
TOP2cc sites. BRCA1 depletion also leads to the increase of unre-
paired DSBs upon estrogen treatment both in vitro in Gs-arrested
breast cancer cells and in vivo in epithelial cells of mouse mammary
glands. BRCA1 thus plays a critical role in removing pathological
TOP2ccs induced by estrogens as well as etoposide. We propose that
BRCA1 suppresses tumorigenesis by removing estrogen-induced
pathological TOP2ccs throughout the cell cycle.
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Mutations in the BRCAI gene predispose carriers to a high
incidence of breast and ovarian cancer. BRCAL plays a
critical role in homology-directed repair (HDR) of DNA double-
strand breaks (DSBs) (1). The HDR pathway is essential for the
repair of spontaneously arising DSBs that occur during DNA
replication, and prevents the accumulation of mitotic chromo-
some breaks (2-4). Since HDR plays an essential function in all
cycling cells, a major unresolved question in BRCA biology is,
why does the phenotype of a defective BRCA1 manifest in such a
highly tissue-restricted manner?

DSBs are repaired by two major repair pathways: HDR and
nonhomologous end joining (NHEJ) (reviewed in ref. 5).
BRCAI1 and Rad51 are involved in HDR, while 53BP1, the
catalytic subunit of the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), Ku70/80, and ligase IV are all involved in
NHEJ. HDR is active only in S and G, phases, while NHEJ is
active throughout the cell cycle. The choice of HDR or NHEJ
depends on DSB resection, as the formation of 3’ single-strand
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overhangs at DSB sites by the nucleases CtIP and MREI11 ini-
tiates HDR while inhibiting NHEJ (6). The functional in-
teraction between BRCA1 and 53BP1 plays a critical role in this
choice in such a manner that BRCAL facilitates DSB resection
while 53BP1 suppresses it, promoting NHEJ (7). This functional
interaction is validated by data demonstrating that a defect in
BRCA1 in mice causes embryonic lethality although mice de-
ficient in both BRCA1 and 53BP1 are viable (8), showing a
rescue of the HDR defect in BRCAI mutant cells (9). These
viable mice manifest constitutively high levels of genomic insta-
bility, but why this is the case remains elusive.

Breast and ovary tissues rely on estrogens for their pro-
liferation. Estrogens stimulate cell proliferation through the
activated estrogen receptor alpha (ERa), which serves as a
transcription factor. Activated ERa recruits topoisomerase II
(TOP2)a and TOP2p to some of the ERa target genes, and
triggers the initiation of their transcription (reviewed in ref. 10).
In addition to the transcriptional initiation, catalyses by TOP2
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play a critical role in transcriptional elongation (11), DNA rep-
lication, and decatenation of entangled, newly replicated sister
chromatids before the separation of mitotic chromosomes (11,
12) (reviewed in ref. 10). TOP2 has been shown to play a role in
transcriptional control by steroid hormones, including both an-
drogen and estrogen hormones (13-16).

The TOP2 enzymes resolve DNA catenanes by catalyzing the
transient formation of DSBs, which is followed by enzymatic
religation of the broken strands. Transient DSB formation allows
an intact DNA duplex to pass through the DSB. During such
transient DSB formation, TOP2 becomes covalently bound to
the 5" DNA end of the break, forming TOP2-DNA cleavage-
complex intermediates (TOP2ccs) (10). Abortive catalysis, a
consequence of failing to complete the religation step, causes the
formation of pathological stable TOP2ccs. Abortive catalysis has
been demonstrated to occur very frequently during physiological
cell cycling (17). The exposure to the male hormone dihy-
drotestosterone causes persistent DSBs in cells, suggesting that
pathological TOP2ccs can be induced by the sex hormone (18).

A number of enzymes contribute to the repair of pathological
TOP2ccs. The function of such enzymes can be evaluated by
measuring cellular sensitivity to etoposide (VP-16), a TOP2
poison, which strongly stabilizes TOP2ccs and causes genome
instability (19). When TOP2 fails to religate TOP2ccs, the
resulting 5’ adducts, intact TOP2 and its degradation products,
need to be removed before DSB repair by NHEJ (10, 18, 20, 21).
Pathological TOP2ccs are removed by tyrosyl-DNA phosphodi-
esterase 2 (TDP2) (22) as well as by endonucleases such as CtIP
and MREI1 in yeast and vertebrate cells (23-26). A genetic
study of chicken DT40 cells and biochemical studies with Xen-
opus egg extracts suggest that the physical interaction between
CtIP and BRCAL1 contributes to the repair of pathological
TOP2ccs (24, 27). These observations indicate that DSB resection
by BRCAL, CtIP, and MREI11 in HDR generates 3’ single-strand
overhangs and thereby removes 5’ single-strand sequences in-
cluding 5" adducts. However, it remains unclear whether BRCA1
removes pathological TOP2ccs in G¢/G; phases, when HDR-
mediated DSB repair does not work. We recently demonstrated
that the nuclease activity of MREI11 is required to prevent the
endogenous accumulation of pathological TOP2ccs in the brains
of embryonic mice and tissue-culture cells, including G;-phase
cells (17). Thus, MRE11 is able to remove TOP2ccs before DSB
repair by NHEJ, independent of its function in HDR.

We here report that BRCA1 promotes the removal of 5
TOP2 adducts from pathological stable TOP2ccs for subsequent
NHE]J in G, phase. BRCAL is required for efficient recruitment of
MRE11 to TOP2cc sites. Remarkably, BRCA1 depletion leads to
the marked accumulation of pathological TOP2fccs over time
upon a pulse estrogen treatment in G-arrested breast cells. This
study uncovered the strong genotoxicity associated with a physi-
ological concentration (10 nM) of estradiol-17p (EZ2), whose
genotoxicity depends on both activated ERa and TOP2f. BRCA1
depletion also caused the accumulation of E2-induced yH2AX
foci in the epithelial cells of mammary ducts as well as in mice
deficient in NHEJ, but not in wild-type mice. BRCAL thus plays a
critical role in removing pathological TOP2ccs. We propose that
BRCAL1 suppresses tumorigenesis by removing estrogen-induced
pathological TOP2ccs throughout the cell cycle.

Results

Recruitment of BRCA1 to E2-Induced DNA-Damage Sites in MCF-7
Cells in G; Phase. We explored whether TDP2 contributed to
the repair of E2-induced DSBs in the MCF-7 human breast
adenocarcinoma cell line. We created TDP2~~ MCF-7 cells (ST
Appendix, Fig. S1 A and B). SI Appendix, Table S1 provides a list
of the gene-disrupted clones analyzed in this study. To exclude
the effects of DNA replication and HDR-mediated repair, we
enriched G;-phase cells by serum starvation for 24 h (28), added
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E2, and examined yH2AX foci only in cyclin-A-negative, G-
phase cells (SI Appendix, Fig. S2). Remarkably, the loss of TDP2
caused an ~70% increase in the number of E2-induced YH2AX
foci in Gy phase (Fig. 14), suggesting the induction of patho-
logical TOP2ccs by E2.

MREL11 as well as TDP2 plays a role in removing pathological
TOP2ccs (10). We hypothesized that BRCA1 and MRE11 are
both involved in the repair of E2-induced DNA damage in G,
phase, since these two HDR factors collaborate to perform DSB
resection and may also play a role in microhomology-mediated
end joining even in G; phase (29, 30). To explore the role played
by BRCALI in E2-induced DNA lesions, we costained YH2AX
and BRCAL foci and analyzed them only in cyclin-A-negative,
Gi-phase cells (Fig. 14). To examine the colocalization of the
two foci, we scanned individual foci in nuclei and measured the
relative intensity of the yH2AX and BRCAL1 signals in each focus
(SI Appendix, Fig. S34). Of the foci showing BRCA1 or yH2AX
signal, 87% showed both BRCA1 and yH2AX signals (SI Ap-
pendix, Fig. S34, dot plot). Thus, treatment with E2 induces
DSBs where BRCA1 accumulates. The recruitment of BRCA1
to DSB sites in Gy cells suggests that BRCAL is involved in the
repair of E2-induced DSBs independent of its function in HDR.

Loss of BRCA1 Causes Prolonged YH2AX-Focus Formation After Pulse
Exposure to E2. We next examined E2-induced yH2AX foci in
BRCA1-deficient MCF-7 cells. We disrupted the BRCAI gene in
a 53BPI-deficient background (SI Appendix, Fig. S1 C-F), since
inactivation of 53BP1 rescues embryonic lethality in BRCAI1-
deficient mice (8, 13). The resulting 53BP17/"/BRCAI™"~ cells
were able to proliferate with nearly normal kinetics. We did
serum starvation for 24 h and examined yYH2AX foci only in
cyclin-A—negative, G-phase cells. We monitored YH2AX foci
following a 2-h pulse exposure of cells to E2 (10 nM), the con-
centration equivalent to the serum concentration of pregnant
women. This concentration of E2 efficiently induces YH2AX foci
in S phase of wild-type MCF-7 cells (31). Remarkably, BRCA1-focus
formation was higher in G-phase 53BPI”~ and TDP2~~ cells than
in wild-type cells at 24 h (2-h pulse exposure followed by a 22-h chase
period) (Fig. 1B and SI Appendix, Fig. S3B). Prolonged yH2AX-
focus formation was seen in 53BPI7'"/BRCAI™ cells, CRISPRi-
mediated BRCA1-depleted cells (SI Appendix, Fig. S4), as well as in
TDP27~ cells at 24 h after addition of E2 (Fig. 1 C and D and SI
Appendix, Fig. S3 C and D). These observations suggest that
BRCAL1 promotes the repair of TOP2ccs, as does TDP2, which
eliminates 5" TOP2 adducts from DSBs (22). Another possibility is
that BRCA1 might function upstream of TDP2-dependent repair of
TOP2ccs. NHEJ, which is partially dependent on 53BP1 (32), is
then able to ligate broken ends in G; phase.

We investigated the involvement of TOP2 in E2-induced DSB for-
mation by disrupting the TOP2 gene in wild-type and 53BPI7-
BRCAI™" cells (SI Appendix, Fig. S1 G-I). Expression of TOP2 was
down-regulated more than 10 times at 24 h after serum starvation (57
Appendix, Fig. S1J). E2-mediated induction of yH2AX foci was con-
siderably lower in TOP2p™~ and TOP2377/53BP17/BRCAI7~ cells
than in wild-type and 53BP17'~/BRCA1~'~ cells, respectively (Fig.
1C and SI Appendix, Fig. S3 C and D). These data suggest that
the vast majority of the E2-induced YH2AX foci in serum-starved
MCEF-7 cells represent TOP2fccs.

To confirm the genotoxicity of E2, we measured chromosomal
aberrations in mitotic chromosome spreads following 36 h of con-
tinuous exposure of cycling cells to E2 together with serum. The
prominent induction of chromosome breaks in 53BPI~7/BRCAI™~
cells and in BRCAl-depleted cells, but not in wild-type cells,
demonstrates that E2 has a strong genotoxic potential in the
absence of BRCA1 (Fig. 1E).

E2-Induced DNA Damage Is Dependent on Functional ERs. We next
investigated whether functional ERs are required for E2-induced
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Fig. 1. E2-induced genomic instability in the BRCAT-deficient MCF-7 cell. (A) BRCA1 and yH2AX foci in serum-starved MCF-7 cells treated with E2 (10 nM)
[E2(+)] or DMSO [E2(-)] for 2 h followed by incubation in E2-free medium for 2 h. Dotted lines outline each nucleus. (B and C) The median of the numbers of E2-
induced BRCA1 (B) and yH2AX (C) foci in individual MCF-7 cells after 2-h pulse E2 treatment. We subtracted the median number of foci in E2-untreated cells
from the median number of foci in E2-treated cells. Actual numbers of foci per cell are shown in SI Appendix, Fig. S3 B and C. Genotypes of the analyzed cells
are shown between the graphs. The error bars show SD of three independent experiments. The single and double asterisks in B indicate P < 0.03 and P < 0.02,
respectively. The single and double asterisks in C indicate P < 0.04 and P < 0.03, respectively. The P values were calculated by Student'’s t test. Representative
images of yH2AX foci are shown in SI Appendix, Fig. S3D. (D) Percentage of yH2AX focus-positive cells in CRISPRi-mediated BRCAT-depleted cells. BRCA1-guide
RNA (gRNA) vector or empty vector was transiently transfected into MCF-7 cells expressing dCas9-KRAB before E2 treatment (S/ Appendix, Materials and Methods
and Fig. S4D). A pulse treatment with E2 was done as in B. Focus-positive cells are defined as cells that show at least 10 foci per cell. We subtracted the percentage
of untreated focus-positive cells from the percentage of treated focus-positive cells. (E) E2-induced chromosome aberrations in mitotic chromosome spreads.
Following 24-h incubation with media containing charcoal-filtered serum, cells were further incubated in media containing charcoal-filtered serum in the absence
(=) or presence (+) of E2 (10 nM) for 36 h and then immediately subjected to chromosome analysis. The y axis shows the number of mitotic chromosome ab-
errations: exchange, isochromatid break (both sister chromatids broken at the same site), and chromatid break (one of two sister chromatids broken). Error bars
were plotted for SD from three independent experiments. At least 50 mitotic chromosome spreads were analyzed for each experiment. The single and double
asterisks indicate P < 0.02 and P < 0.03, respectively, calculated by Student’s t test. (F) The inhibitory effect of fulvestrant (100 nM) and tamoxifen (1 pM) on E2-
induced yH2AX-focus formation in 53BP1~"/BRCA1~"~ cells. Cells were treated with the indicated reagents for 2 h, followed by incubation in drug-free media for
an additional 2 h. Error bars indicate SD calculated from three independent experiments. The asterisks indicate P < 0.003, calculated by Student’s t test.

yH2AX-focus formation in serum-starved MCF-7 cells. Clinically
relevant concentrations of inhibitors against the ER, both ful-
vestrant and tamoxifen (33), completely repressed E2-induced
yH2AX-focus formation (Fig. 1F). These observations indicate
that activation of the ER by E2 is responsible for the TOP2p-
dependent DNA damage.

E2-Induced DNA Damage Is Independent of Ongoing Transcription. To
test whether or not transcriptional elongation causes E2-induced
YH2AX foci, we added the RNA polymerase inhibitors 5,6-
dichloro-1-p-p-ribofuranosylbenzimidazole and a-amanitin to
stop general transcription 3 h before exposure of cells to E2 (S
Appendix, Fig. S54). In this experiment, we measured YH2AX
foci only in cyclin-A-negative G, 53BPI~"/BRCAI™~ cells.
Following serum starvation, the inhibitors had no detectable
impact on the E2-induced yH2AX foci (SI Appendix, Fig. S5 B
and C). We thus conclude that the E2-induced yH2AX foci seen
in G; phase do not result from transcriptional elongation or the
resulting R-loop formation (31, 34-36). The data suggest that E2-
induced YH2AX foci may represent TOP2ccs formed at tran-
scriptional regulatory sequences such as the promoter (10, 37, 38).

E10644 | www.pnas.org/cgi/doi/10.1073/pnas.1803177115

Delayed Repair of E2-Induced Pathological TOP2fccs at the pS2
Promoter in BRCA1-Deficient Cells. A previous report showed that
ER-mediated transcriptional initiation requires TOP2p-mediated,
site-specific DSB formation at the pS2 promoter of MCF-7 cells
(13). We detected DSBs by chromatin immunoprecipitation using
an a-yH2AX antibody. DSB formation was seen transiently about
10 min after addition of E2 (13). We also detected this site-specific
DSB formation at 10 min after addition of E2 in serum-starved
wild-type cells, but not in TOP2p~'~ cells (SI Appendix, Fig. S5D,
Left). We next examined DSB formation at the pS2 promoter after
a 2-h exposure to E2 (10 nM) followed by a 10-h chase period (S/
Appendix, Fig. S5D, Right). Unrepaired DSBs were detectable in
53BPI7"/BRCAI™~ cells but not in wild-type cells at 12 h. We
conclude that the absence of BRCAL causes defective repair of
TOP2ccs induced by E2 at the pS2 promoter.

Epistatic Relationship Between BRCA1 and the Canonical NHEJ
Pathway in the Repair of Etoposide-Induced DNA Damage.
BRCAL’s contribution to the repair of E2-induced DSBs in G
phase suggests a collaboration between BRCA1 and canoni-
cal NHEIJ. To investigate this collaboration, we took a genetic

Sasanuma et al.
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approach using the chicken DT40 cell line, since DT40 cells sensitive to etoposide. Remarkably, the etoposide sensitivity of the
deficient in BRCAI (BRCAI™'") are able to proliferate (39). We =~ BRCAI~'~/LIG4~'~ double mutant was very similar to that of
disrupted the BRCAI gene in a LIG4™~ background, as de- LIG4~'~ cells (Fig. 2B). This epistatic relationship suggests that
scribed previously (39). We verified gene disruption by genomic ~ BRCA1 collaborates with the canonical NHEJ pathway in the
PCR and reverse-transcription PCR of the resulting mutant,  repair of TOP2ccs in DT40 cells in such a manner that BRCA1
BRCAI™'~/LIG47'~ cells (SI Appendix, Fig. S6 A and B). To  promotes the removal of 5" TOP2 adducts for subsequent NHEJ.
assess the role played by BRCAL in the removal of 5" TOP2

adducts from DSBs, we measured cellular sensitivity to etopo- ~ BRCA1 Promotes the Removal of 5’ Adducts from DSBs in G, Phase in
side, a TOP2 poison, which strongly stabilizes the TOP2-DNA  the Human TK6 Cell Line. To investigate the role played by human
intermediate (19). As expected, TDP2~~ DT40 cells showed a BRCAL in the repair of TOP2ccs, we conditionally disrupted the
prominent sensitivity to etoposide (Fig. 2B) (40). DSBs in- BRCAI gene in the human lymphoblastoid TK6 cell line (41, 42)
duced by etoposide are repaired mainly by NHEJ, but not by by inserting the miniauxin-induced degron (mAID) tag (43, 44) into
HDR, in DT40 cells (21). The BRCAI™~ cells were also very  the C terminus of BRCAI allelic genes, generating BRCA[/P/AIP
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Fig. 2. Function of BRCA1 is dependent on the canonical NHEJ pathway and independent of TDP2 in the repair of etoposide-induced DNA damage. (A and B)
Cellular sensitivity of chicken DT40 cells to y-rays (A) and etoposide (TOP2 poison) (B) was measured by clonogenic cell-survival analysis. Error bars show SD
calculated from three independent experiments. (C) Number of spontaneously arising mitotic chromosome breaks (Upper) and etoposide-induced chro-
mosome breaks (Lower). BRCATAP'AID cells were treated with auxin (250 pM) (+) or without auxin (=) for 9 h. The cells were treated with etoposide (100 nM)
for 9 h (Lower). Cells were incubated with colcemid for the last 3 h. Error bars represent SD of three independent experiments. At least 50 metaphase cells per
experiment were examined for the chromosome analysis. The single and double asterisks (Lower) indicate P < 0.03 and P < 0.02, respectively, calculated by
Student’s t test. (D) DSB-repair kinetics of TK6 cells in G4 phase following 0.5-h pulse exposure to etoposide (10 nM). Cells were released to fresh medium after
the pulse exposure. DSB repair was evaluated by counting the number of yH2AX foci at 0.5, 1, and 6 h after the initiation of the pulse exposure. The per-
centage of cells with at least five foci per nucleus is shown on the y axis. Error bars were plotted for SD from three independent experiments. The asterisk
indicates P < 0.01, calculated by Student’s t test. More than 100 G, cells (cyclin-A-negative) were analyzed for each experiment. The average numbers of
yH2AX foci per cell are shown in SI Appendix, Fig. S8.
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TKG6 cells (SI Appendix, Fig. ST A-C). The loss of BRCA1 was
lethal to the TK6 cells, while the 53BPI~/~/BRCAAPHAIP cells
were viable even in the presence of auxin (SI Appendix, Fig.
S7C). We then generated 53BPI~"/BRCA1™'~ TK6 cells (SI
Appendix, Fig. S7 D and G). The 53BPI~/~/BRCAI™'~ cells were
also able to proliferate, although they showed a substantial
number of spontaneously arising chromosome breaks in mitotic
chromosome spreads (Fig. 2C, Upper), as seen in mice carrying
mutations in both the 53BPI and BRCAI genes (8).

To evaluate the role played by BRCAL1 in the repair of
TOP2ccs, we pulse-exposed cells to etoposide and measured the
number of chromosome breaks in mitotic chromosome spreads
(Fig. 2C, Lower). The auxin-treated BRCAI"P!P and 53BP17~/
BRCAI™PMAID ells, as well as the 53BP177/BRCAI™'~ cells,
showed defective repair of pathological TOP2ccs generated by
etoposide. 53BP1~'~ cells showed a modest defect, since
53BP1 is largely dispensable for NHEJ (32, 45). We disrupted
the TDP2 gene in BRCAIYPID cells (SI Appendix, Fig. ST H
and I) and treated the resulting TDP2~'~/BRCAI'™PAP cells
with auxin. These cells showed a greater sensitivity to etoposide
than did the auxin-induced BRCAI"4P cells (Fig. 2C). In
summary, human BRCA1 may repair pathological TOP2ccs in-
dependent of TDP2, as does MRE11 (17).

To verify the role played by BRCA1 in DSB repair in G;
phase, we monitored the resolution kinetics of yH2AX foci fol-
lowing pulse exposure to etoposide in TK6 cells. We analyzed
Gy-phase cells by excluding cyclin-A—positive, S/G,-phase cells
(Fig. 2D and SI Appendix, Fig. S8). A 30-min pulse exposure to
etoposide caused YH2AX-focus increases of several fold, as seen
previously (17). By 6 h after exposure, these foci had reduced to
almost the background level in wild-type cells (black bar in Fig.
2D), whereas they persisted in the 53BPI~'~ and LIG4™'~ mu-
tants (orange and white bars in Fig. 2D), both of which are de-
fective in NHEJ. The TDP27~ cells exhibited the delayed
kinetics of yH2AX-focus removal (blue bar in Fig. 2D). Re-
markably, the 53BP1~/~/BRCAI~'~ cells showed a more prominent
delay in DSB repair than did the 53BP1~~ cells (red bar in Fig.
2D). We conclude that BRCA1 promotes the repair of etoposide-
induced DSBs in G; phase. This conclusion, as well as the epistatic
relationship between BRCAI™~ and LIG4~~ (Fig. 2B), suggests
that BRCA1 may contribute to the repair of pathological TOP2ccs
independent of its functioning in HDR. As with the MRE11 nu-
clease (17), BRCAI may facilitate the removal of 5’ TOP2 adducts
before DSB repair by canonical NHEJ.

Measurement of Stable TOP2ccs by Dot-Blot Analysis. To test the
hypothesis that BRCA1 facilitates the removal of 5 TOP2 ad-
ducts, we measured the number of TOP2ccs (TOP2 covalently
associated with genomic DNA). To this end, we lysed cells and
separated TOP2ccs from free TOP2 in cellular lysates by sub-
jecting them to sedimentation by means of cesium chloride
(CsCl)-gradient ultracentrifugation, 100,000 x g (Fig. 34). We
measured the amount of genomic DNA in each cellular lysate
(81 Appendix, Table S2). The free TOP2 remained in the top two
fractions, whereas the TOP2ccs moved to the lower fractions of
the CsCl gradient, which correspond to the migration of chro-
mosomal DNA. TOP2ccs were detected as single or double dots
in the middle fractions of the “TOP2-DNA complex” shown at
the bottom of the blot (Fig. 3 B, C, and E). Wild-type cells treated
with etoposide displayed free TOP2, with a small fraction of
TOP2 in the third-lowest fraction (Fig. 3B). Depletion of TDP2,
which is known to remove TOP2ccs (22), generated TOP2ccs
that were detected in the middle fractions of the CsCl gradient
after etoposide treatment (Fig. 3B) (17). In agreement with the
increased etoposide sensitivity of S3BP1™"/BRCAI™~ TKG6 cells
compared with 53BPI~~ TK6 cells (Fig. 2C, Lower), TOP2ccs
were detected in the middle fractions of the CsCl gradient from
53BPI7"/BRCAI™'~ TK6 cells but not 53BPI™'~ cells, a result

E10646 | www.pnas.org/cgi/doi/10.1073/pnas.1803177115

that is similar to TDP2 deletion (Fig. 3 C and D). The BRCA1-
depleted BRCAI"PAP TK6 cells also showed TOP2ccs in the
middle fractions of the CsCl gradient (Fig. 3 C and D). In sum,
we conclude that BRCA1 promotes the removal of pathological
TOP2ccs in the TK6 human B-cell line.

We next examined TOP2fccs in a serum-starved MCF-7 cell
population following pulse exposure to etoposide. As expected,
exposure of TOP2f™~ cells to etoposide showed no TOP2fcc
signals (Fig. 3E). TOP2pccs were detectable in the middle frac-
tions of the CsCl gradient of 53BP1~'"/BRCAI~'~ and TDP27/~
cells, but not in those of 53BP17~ or wild-type cells (Fig. 3 E and
F). These results demonstrate that TOP2pccs accumulate in the
absence of BRCAI. Unlike etoposide-treated TK6 cells, no
signal was seen in the third-lowest fraction in the etoposide-
treated MCF-7 cells. The signals seen in the middle fractions
were shifted upward to the third-lowest fraction in the presence
of the proteasome inhibitor MG132 (Fig. 3E, compare the fifth
and sixth rows). Thus, the third-lowest fraction may contain
TOP2ccs containing intact TOP2. The proteasome may have par-
tially degraded the TOP2 included in the TOP2ccs, leading to an
increase in the specific gravity of this protein-DNA complex and
generating signals in the middle fractions. In conclusion, BRCA1 is
important for the removal of the 5’ adducts in G; phase.

BRCA1 Promotes the Removal of E2-Induced TOP2 Adducts from DSB
Ends. To detect E2-induced TOP2fccs, we treated serum-starved
MCEF-7 cells with lovastatin to completely inhibit the G-S
transition (46). We then exposed the cells to E2 (100 nM) to-
gether with MG132 for 1 h. We enriched TOP2f by immuno-
precipitation, followed by the identification of TOP2ccs, as
shown in Fig. 34. The E2 treatment increased the amount of
TOP2fccs in 53BP17'"/BRCAI™~ and TDP27'~ cells by 3.6- and
1.6-fold, respectively, but not in wild-type cells (Fig. 3 G and H).
These data suggest that E2-induced yH2AX foci, shown in Fig.
2B, represent TOP2fccs.

BRCA1 Promotes the MRE11-Dependent Removal of 5’ Adducts from
Pathological TOP2ccs. The dominant role played by the nuclease
activity of MREI11 in repairing TOP2ccs (17, 47) led us to hy-
pothesize that BRCA1 enhanced the capability of MREI11 to
eliminate 5" TOP2 adducts. To test this hypothesis, we took a
genetic approach, comparing etoposide-induced TOP2ccs
in MRE117"1?°N  53BP17/~/BRCAI~'~, and MRE11~/""?°N/
53BPI7/"/BRCA1~'~ TK6 cells gSI Appendix, Fig. S94). We
analyzed TOP2ccs in MREI17""?°/53BPI~"/BRCAI™~ cells
after addition of 4-hydroxytamoxifen (4-OHT), which converts
the MRE11M12°N genotype to MRE1I~2°N by activating the
Cre recombinase, and excised the intact MREII* allele (48).
Note that MRE117""#72°N cells are capable of proliferating
exponentially without exhibiting spontaneous mitotic chromo-
somal breaks for 3 d after addition of 4-OHT (17). We incubated
cells with 4-OHT for 3 d, exposing them to etoposide for the last 2 h.
Although MRE117#12°N cells showed more TOP2ccs than did
53BPI7'"/BRCAI™~ cells, MRE117™"*N and MREI17""*V
53BPI7/"/BRCAI™'~ TK6 cells showed very similar numbers of
TOP2ccs (Fig. 4 A and B). This similarity suggests that BRCA1
contributes to the removal of pathological TOP2ccs possibly
through the nuclease activity of MRE11. Supporting this idea,
we found DNA damage-induced complex formation between
BRCAL1 and MREL11 in Gy cells (SI Appendix, Fig. S9C).

To investigate the role played by BRCA1 in MRE11-dependent
repair of etoposide-induced DSBs, we performed immunostaining
of MREI11 foci following pulse exposure of 53BP1~/~ and
53BP17'~/BRCAI~'~ MCF-7 cells to etoposide. We also depleted
BRCA1 by siRNA treatment (SI Appendix, Fig. S9B). After serum
starvation, we examined only cyclin-A-negative G; cells. The
percentage of MREl11-positive cells was reduced by 68% in
the siBRCAI-treated cells, compared with the control siRNA
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Fig.3. Accumulation of TOP2ccs in BRCAT-deficient cells. (A) Schematic of in vivo TOP2cc measurement by immunodetection with «-TOP2 antibody. Genomic
DNA (50 pg) (from TK6 and MCF-7) was subjected to sedimentation by CsCl-gradient ultracentrifugation. Genomic DNA from wild-type TK6 cells treated with
etoposide (10 uM) for 2 h was included as a control for every dot blot of TK6 cells. The treatment reduced cellular survival by only ~1% relative to untreated
wild-type TK6 cells. Individual fractions were blotted to PVDF filters followed by dot blot using a-TOP2 antibody. The top two fractions include free
TOP2 while the bottom fractions include TOP2ccs. (B and C) Dot blot of TOP2 in the indicated TK6 cells treated with etoposide (10 uM) (+) or DMSO (=) for 2 h.
BRCATAPIAID cells were pretreated with auxin for 2 h, and then incubated with etoposide (10 pM) plus auxin for an additional 2 h. (D) Quantification of
TOP2cc in the indicated genotypes from C relative to the amount of TOP2cc in wild-type TK6 cells treated with etoposide (10 pM) for 2 h. Each experiment was
done independently at least three times. Error bars represent SD. The asterisk indicates P < 0.01, calculated by Student’s t test. (E) TOP2pcc detection in MCF-
7 cells. The indicated cells were serum-starved for 24 h and then treated with etoposide (10 uM) for 2 h. The addition of a proteasome inhibitor (MG132) with
etoposide caused a signal shift from the middle fractions to the upper-third fraction (Upper). (F) Quantification of etoposide-induced TOP2cc for the indicated
genotypes from E, relative to the amount of TOP2cc in wild-type MCF-7. Data are presented as in D. The asterisk indicates P < 0.01, calculated by Student’s
t test. (G) Detection of TOP2Bcc accumulation by E2 in MCF-7. The diagram (Upper) indicates the experimental design. After incubating MCF-7 cells carrying
the indicated genotypes in serum-free medium for 12 h, we added a CDK inhibitor, lovastatin (10 uM), to completely eliminate any cycling cells. We added
MG132 and E2 at 24 h after serum starvation and harvested cells at 25 h. MG132 prevents the proteasome degradation of TOP2 at TOP2ccs. Genomic DNA was
sheared by sonication. We then conducted immunoprecipitation with «-TOP2p to enrich the TOP2pccs and subjected them to sedimentation by CsCl-gradient
ultracentrifugation, as in A. The bottom fractions including TOP2Bccs were analyzed by dot blot with «-TOP2B antibody. Threefold serial dilutions of cell
lysates were subjected to dot-blot analysis with o—p-actin antibody. (H) Quantification of immunoprecipitated TOP2pccs for the indicated genotypes from G,
relative to the amount of immunoprecipitated TOP2cc in wild-type MCF-7 without E2 following normalization with oa—B-actin of whole-cell extract (input) as
an internal control. Error bars represent SD of three independent experiments. The asterisks indicate P < 0.05, calculated by Student’s t test.

(Fig. 4 C and D). Loss of BRCAI in 53BP1™~ MCF-7 cells also caused
a significant reduction of MRE11 foci, compared with 53BPI7" cells
(Fig. 4 C and D). In summary, BRCA1 may be required for efficient
recruitment of MREL11 to pathological TOP2cc sites.

E2 Induces Prominent yH2AX Foci in the Mammalian Epithelial Cells of
53BP1~'~IBRCA1~'~ as Well as in NHEJ-Deficient Mice. To verify the
genotoxicity of E2 in BRCAl-deficient mice, we administered
E2 to mice by i.p. injection (ip) and monitored the number of
yH2AX foci in the mammary gland. We analyzed luminal epi-
thelial cells in wild-type, 53BP17"~, and 53BP1~~/BRCAI~"~ mice
after ip with E2 (8). Only a few E2-induced YH2AX foci were seen
in wild-type mice. In marked contrast, 53BP1~~/BRCAI~'~ mice
displayed significant induction of YH2AX focus-positive cells at
6 h after ip with E2 (Fig. 5 A and B and SI Appendix, Fig. S104).
The prominent yYH2AX foci are reminiscent of the kinetics of E2-
induced YH2AX foci in MCF-7 cells (Fig. 1C). We therefore
conclude that BRCAL1 significantly prevents genome instability
caused by E2 in the mammary luminal epithelial cells of mice.
The 53BP17~ mice displayed a defect in the repair of E2-
induced DSBs, whose defect was less prominent than that seen
in 53BPI7"/BRCA17'~ mice (Fig. 5B). To confirm the role
played by NHEJ in the repair of E2-induced DSBs, we examined
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yH2AX-focus formation at 6 h after ip injection with E2,
comparing wild-type and DNA-PKcs—deficient (Scid) mice.
Remarkably, Scid mice, but not wild-type mice, displayed nu-
merous YH2AX foci in the individual epithelial cells of the
mammary ducts (Fig. 5C and SI Appendix, Fig. S10B). Only less
than 1% of epithelial cells was labeled with 5-Ethynyl-2'-deoxy-
uridine, indicating the formation of YH2AX foci in Gy/Gy-phase
cells (SI Appendix, Fig. S10C). In conclusion, E2 is highly geno-
toxic in the absence of BRCA1 and NHEJ. The numerous yH2AX
foci of the Scid mice displayed in Fig. SC may explain their sus-
ceptibility to mammary adenocarcinoma (49).

If estrogen-dependent formation of pathological TOP2ccs is re-
sponsible for oncogenesis of luminal epithelial cells, TDP2 might
also play a role in suppressing the genotoxic effect of E2, as does
BRCAL. The homozygous deep deletion of the TDP2 gene was seen
in 0.4 and 0.8% of 818 breast-invasive carcinomas and 333 prostate
cancer patients, respectively, registered in The Cancer Genome
Atlas (TCGA) database (50) (Fig. 5D). By contrast, no deep de-
letion of TDP2 was seen in 212 colorectal, 373 liver, 230 lung, or
150 pancreas cancer patients (50-53). These data support the notion
that the sex hormones drive oncogenesis in mammary glands as well
as in prostate glands by forming pathological TOP2ccs.
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Discussion

We show in this work that BRCA1 plays an important role in
eliminating pathological TOP2ccs (Fig. 3), independent of its
role in promoting HDR (Fig. 2B). BRCA1 promotes the elimi-
nation of pathological TOP2ccs, most likely through nucleolytic
processing of MRE11 (Fig. 4). Exposure of cells to E2 induces
pathological TOP2pccs, and their efficient eradication requires
BRCAL as well as TDP2 (Fig. 3 G and H). The strong genotoxic
effect of E2 in the absence of BRCAL1 is also evidenced by nu-
merous chromosome breaks in mitotic chromosome spreads (Fig.
1F) and by the presence of prominent YH2AX foci in murine lu-
minal epithelial cells (Fig. 5 A and B). In summary, BRCAL1 pro-
motes genome integrity from abortive TOP2 activity throughout the
cell cycle (Fig. 5SE). Our data have uncovered a potentially novel
molecular mechanism underlying the initiation of cancers restricted
to estrogen-regulated tissues, such as breast and ovary tissues, in
carriers with germ-line mutations of the BRCAI gene.

The current study has revealed the strong genotoxicity of the
estrogen hormone. Accumulating evidence has indicated that fe-
male steroid hormones drive oncogenesis not only as “promoter”
but also as “initiator” mutagens. The current study highlights the
E2-dependent mutagenicity that is dependent on both ERs and
TOP2. Previous studies found that cells deficient in translesion
DNA synthesis (TLS) were more sensitive than a wild-type control

E10648 | www.pnas.org/cgi/doi/10.1073/pnas.1803177115

sterisks indicate P < 0.02 and P < 0.03, respectively, calculated by Student’s t test.

to 4-hydroxyestradiol, suggesting that 4-hydroxyestradiol may form
estrogen-DNA adducts that interfere with DNA replication (54,
55). This idea agrees with the data showing that a short exposure of
cycling MCF-10A breast epithelial cells to E2 causes DSBs, mainly
in S/G; phases, even though MCF-10A does not express ERa (56).
These studies indicate the mutagenesis is caused by TLS over
estrogen—-DNA adducts on template strands. The idea that estrogen-
DNA adducts interfere DNA replication does not explain carcino-
genesis restricted to estrogen-regulated tissues in carriers having
BRCAI mutations, because estrogen—-DNA adducts can form in
any tissue. Our data show that 10 nM E2 effectively induces
DSBs, whose genotoxicity depends on both TOP2$ and the ER
in G¢/G; phases (Fig. 1 C and F). This ER-dependent genotox-
icity can explain the carcinogenesis restricted to estrogen-
regulated tissues in carriers having BRCAI mutations.

The question is, how do TOP2p and the ER cause DSBs outside
of S phase? We show that E2-induced R loops (34) are unlikely to
cause DSBs in G;-phase MCF-7 cells (SI Appendix, Fig. S5 A-C).
We propose that E2 induces pathological TOP2fccs at transcrip-
tional regulatory sequences, including promoter sequences (Fig.
SE), for the following reasons. TOP2p promotes the initiation of
transcription by binding to transcriptional regulatory sequences
(10). Catalysis of TOP2 is essential for the transcriptional initia-
tion of genes controlled by several nuclear receptors (13, 16). Thus,
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transient formation of TOP2ccs in transcriptional regulatory sequences (step 2). Some ER target genes require TOP2-mediated catalysis for their transcrip-
tional control (step 3). Occasional abortive catalysis of TOP2 causes the formation of pathological TOP2ccs, including DSBs covalently associated with the
degradative products of TOP2 (step 4, yellow arrow). BRCA1 promotes the recruitment of MRE11 to pathological TOP2cc sites (step 5). MRE11 as well as
TDP2 removes TOP2 and its degradative products from DSB ends for subsequent ligation by NHEJ (step 6) in Go/G; phase.
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E2-induced yH2AX foci in BRCA1-deficient cells (Fig. 1 C and D)
may result from abortive TOP2fccs formed at transcriptional
regulatory sequences in estrogen target genes in Go/G; phases (Fig.
SE). This idea is verified at least in the pS2 promoter of this ER
target gene (SI Appendix, Fig. S5D). In sum, we propose that
E2 can cause pathological TOP2fccs at transcriptional regulatory
sequences in Go/G; phases.

Prolonged formation of pathological TOP2ccs suggests that they
may cause driver mutations in BRCAl-deficient tumors. One
possible scenario is that the activation of ER often causes patho-
logical TOP2ccs (Figs. 1F and 5E) and the loss of BRCA1 might
compromise the fidelity of pathological TOP2cc repair, leading to
the deletion of transcriptional regulatory sequences important for
appropriate responses to the estrogen hormone. In this context, the
loss of the TDP2 gene would also decrease the fidelity of TOP2cc
repair and might cause deletion of transcriptional regulatory se-
quences leading to tumorigenesis of breast cancer in response to
estrogens. This prediction is verified by the data that homozygous
deep deletions of TDP2 were observed in breast malignant tumors
(Fig. 5D). The deep deletion is frequently seen also in prostate
cancers, indicating that androgens as well as estrogens may be
mutagenic in the absence of TDP2. It remains elusive how
BRCAL1 and MREI1 accurately repair pathological TOP2ccs in
collaboration with canonical NHEJ, as endonucleolytic cleavage by
MREI11 at the 5" strands of DSBs can cause deletion of cleaved
nucleotides during canonical NHEJ (47). E2-induced TOP2cc sites
represent transcriptional regulatory sequences and may be hotspots
of nucleotide-sequence deletion in BRCA1-deficient cells. Identi-
fying E2-induced TOP2cc sites in the whole genome would con-
tribute to our understanding of the molecular mechanisms for
oncogenesis in BRCA1-deficient mammary epithelial cells.

The loss of BRCA1 may increase the accumulation of mutations
to a much greater extent in S phase than in Gy/G; phases through
the following mechanisms. First, pathological TOP2ccs may form
throughout the cell cycle. Collision between pathological TOP2ccs
and replication forks may result in the collapse of replication forks.
In addition to this TOP2-dependent genotoxicity, collision between
E2-induced R loops and replication forks could cause DSBs in the
S phase of BRCAl-deficient cells, since the formation of the R
loops is suppressed by BRCA1 (31, 34-36). These collision events
may lead to the formation of the DSBs that are repaired by
BRCA1-mediated HDR. Collectively, estrogen may have extremely
strong genotoxic effects via a TOP2-dependent mechanism as well
as via TOP2-independent mechanisms during DNA replication in
BRCAI-deficient cells. Multiple roles for BRCAL in preventing
estrogen-induced mutagenesis would explain the carcinogenesis
restricted to estrogen-regulated tissues even in carriers with germ-
line mutations in the BRCA1 gene.

Since most human BRCA1 mutant breast cancers are basal-like/
triple-negative (57, 58), the ER-negative breast stem cell has been
suggested to be the “cell of origin” for BRCA1-deficient tumors.
However, our current study has suggested that the cell of origin may
be ER-positive luminal cells and/or their precursors. The possible
scenario is that the extremely high genotoxicity of estrogens in

. Prakash R, Zhang Y, Feng W, Jasin M (2015) Homologous recombination and human
health: The roles of BRCA1, BRCA2, and associated proteins. Cold Spring Harb
Perspect Biol 7:a016600.

. Sonoda E, et al. (1998) Rad51-deficient vertebrate cells accumulate chromosomal
breaks prior to cell death. EMBO J 17:598-608.

3. Mehta A, Haber JE (2014) Sources of DNA double-strand breaks and models of re-

combinational DNA repair. Cold Spring Harb Perspect Biol 6:a016428.

4. Venkitaraman AR (2014) Cancer suppression by the chromosome custodians,
BRCA1 and BRCA2. Science 343:1470-1475.

. Jasin M, Rothstein R (2013) Repair of strand breaks by homologous recombination.
Cold Spring Harb Perspect Biol 5:a012740.

. Lobrich M, Jeggo P (2017) A process of resection-dependent nonhomologous end
joining involving the goddess Artemis. Trends Biochem Sci 42:690-701.

. Callen E, et al. (2013) 53BP1 mediates productive and mutagenic DNA repair through
distinct phosphoprotein interactions. Cell 153:1266-1280.

N

4]

o

~

E10650 | www.pnas.org/cgi/doi/10.1073/pnas.1803177115

BRCA1-deficient luminal cells can strongly drive their oncogenesis
through formation of pathological TOP2ccs. The cell of origin is a
highly controversial issue, as ER-positive luminal cells can be
dedifferentiated into an ER-negative stem-like state during onco-
genesis in humans (59) as well as in mice (60, 61) (reviewed in ref.
62). Once malignant cells are established, the loss of the ER may
confer a considerable advantage to malignant cells, because estro-
gens would no longer generate pathological TOP2ccs. This idea can
clearly explain why a majority of BRCA1-deficient breast cancers
do not express ER, and may also be relevant to BRCA2-deficient
breast cancers (57). It should be noted that a majority of BRCA1-
deficient breast cancers, 43 of the 65 cases registered in TCGA,
have null mutations of p53 (50, 63). The loss of p33 is also likely to
counteract the strong genotoxicity of estrogens in BRCA1-deficient
cells. In summary, the idea that activated ER could induce patho-
logical TOP2ccs, which strongly stimulate pS3-dependent apoptosis,
may explain why BRCA1-deficient cells acquire a growth advantage
in the absence of both p53 and ER.

Materials and Methods

All materials and cell lines used in the paper are described in S/ Appendix,
Tables S1, S3, and S4. Animal studies were conducted in accordance with our
institutional guidelines, and the experimental procedures were approved by
the Kyoto University Animal Care Committee. The DT40 cell line was cultured
as previously described (2). MCF-7 was maintained in Dulbecco’s modified
Eagle’s medium (0845964; Gibco) containing FBS (10%; Gibco), penicillin (100
U/mL), and streptomycin (100 pg/mL; Nacalai). Human TK6 B cells were
incubated in RPMI 1640 medium (3026456; Nacalai) supplemented with
horse serum (5%; Gibco), penicillin (100 U/mL), streptomycin (100 pg/mL;
Nacalai), and sodium pyruvate (200 mg/mL; Thermo Fisher). TK6 and MCF-
7 mutants were generated by CRISPR/Cas9 gene targeting with a guide RNA
designed and cloned into pX330 or pX459 (S/ Appendix, Table S3). Details of
targeting, clone selection, and screening are given in SI Appendix, Materials
and Methods. Details of estrogen injection into mice, preparation of cry-
osections from mammary-gland tissue, the immunostaining method, TOP2cc
detection, Western blot analysis, chromosome analysis, chromatin immuno-
precipitation assay, and CRISPRi/siRNA method used for gene silencing are also
described in S/ Appendix, Materials and Methods.
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