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Abstract

There remains great interest in practical strategies to limit the elevated risks of familial breast and
ovarian cancers driven by BRCA1 mutation. Here we report that limiting the production of
reactive oxygen species (ROS) is sufficient to reduce DNA lesions and delay tumorigenesis in a
murine model of BRCA1-deficient breast cancer. We documented a large amount of endogenous
estrogen oxidative metabolites in the mammary gland of the model, which induced DNA adducts
and apurinic/apyrimidinic sites associated with DNA double-strand breaks and genomic instability.
Repressing estrogen oxidation via antioxidant treatments reduced oxidative DNA lesions and
delayed the onset of mammary tumors. Overall our work suggests an answer to the long-standing
question of why germline BRCA1 mutations cause tissue-specific tumors, in showing how tissue-
specific, ROS-induced DNA lesions create a non-genetic force to promote mammary tumors in
BRCAL-deficient mice. Our findings create a rationale for evaluating suitable antioxidant
modalities as a chemopreventive strategy for familial breast cancer.
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Introduction

Women with germline BRCAI mutations have lifetime threat to develop breast and ovarian
cancers (1,2). Also, loss of the BRCA1 gene expression by promoter hypermethylation
contributes to sporadic breast and ovarian cancers (3), suggesting that BRCA1 plays an
important role in breast and ovarian tumor suppression.

Accumulated evidence suggests that BRCA1 is involved in DNA damage response and
maintaining genomic stability under genotoxic stress (4). In response to DNA double-strand
breaks (DSBs), BRCAL is phosphorylated by a group of PI3 kinases including ATM, ATR
and DNA-PK, and acts as a mediator to regulate downstream CHK1 kinase activity, which
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controls DSB-induced cell cycle checkpoint activation (5-7). Lacking BRCAL impairs DSB-
induced checkpoint activation. Thus, DNA damage repair machinery does not have enough
time to repair DNA lesions. If not repaired, these lesions could be duplicated during DNA
replication in S phase and transmitted from mother cells to daughter cells during mitosis,
which induces genomic instability (8). Moreover, BRCAL is associated with several key
effectors, such as RAD51, PALB2 and BRCAZ2, during homologous recombination (HR), a
high fidelity type of repair for DSBs (9,10). Thus, loss of BRCA1 disrupts HR and induces
genomic instability (11).

In mammals, BRCAL1 is essential for cell growth. Thus, human cancer-associated BRCA1
mutations are either hypomorphic mutations or associated with other genetic alterations,
such as p53 mutations, to facilitate oncogenic growth (12). Based on cancer genetic
analyses, several groups have established mammary gland tumor models in tissue-specific
BRCA1-deficient mice to recapitulate human breast tumorigenesis (13). In particular,
conditional deletion of Brcal in the mammary gland using S-/lactoglobin (Blg)-Cre in the
heterozygous mutation of p53 background results in high histological grade mammary tumor
with strong resemblance of human BRCA1-related breast tumor. Thus, these genetic studies
clearly demonstrate that BRCAL deficiency is a genetic driving force to induce breast
cancer. However, it is still unclear why BRCA1 mutation carriers are only predisposed to
breast and ovarian tumors.

Since BRCAU1 is evolutionarily conserved in most eukaryotes, lacking BRCA1 should
induce genomic instability in most cells. As BRCA1 mutations mainly cause breast and
ovarian tumorigenesis, we hypothesize that tissue-specific mutagens may exist in breast and
ovarian tissues and induce cell transformation in the absence of BRCAL. One candidate of
tissue-specific carcinogen is estrogen as it is remarkably enriched in both breast tissue and
ovary from puberty to pregnancy (14). Estrogen itself is a female sex hormone for the
development of mammary gland and female reproduction system. However, during estrogen
metabolism, it can be oxidized into quinone radicals that induce oxidative damage on
genomic DNA (15), which may require BRCAL1-dependent pathway to repair the
lesions(16). Epidemiology study also reveals that excessive exposure to estrogen associates
with higher risk to breast cancer (17). Thus, oxidative metabolites of estrogen may be the
potential driver for BRCA1-related breast cancer.

To study the molecular mechanism by which BRCA1 deficiency induces breast cancer, we
characterized a mouse mammary tumor model with specifically knocking out Brcal in
mammary gland. We found that endogenous estrogen metabolites induce oxidative damage
that leads to DSBs. Without BRCAL, cells could not repair DSBs, which results in genomic
instability and tumorigenesis. Antioxidant treatment suppresses estrogen metabolites-
induced DNA lesions, and significantly delays the onset of Brcal deficiency-induced
tumorigenesis. Thus, repression of estrogen oxidative metabolism could be a potential
strategy for the eradication of familial breast cancer.
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Materials and Methods

Chemical, antibodies and cells

All the chemicals were purchased from Sigma except for those specifically mentioned. Anti-
YH2AX antibody was purchased from Cell Signaling Technology; Anti-53BP1 and Rad51
antibodies were purchased from Novus Biologicals. HCC1937 cells were obtained from
ATCC in 2008, HCC1937 cells reconstituted with wild-type BRCA1 (HCC1937 BRCALl
cells) were generated in our lab in 2008.

Animal strains and maintenance

Genotyping

Blg-cre mice were purchased from Jackson Laboratory. BRCA17%* mice were kindly
gifted from Dr. Kathleen Cho at University of Michigan. Cre recombinase removes exon 5-
13 of Brcal. p531°%* mice were kindly gifted from Professor Yuan Zhu at University of
Michigan (currently at Children’s National Medical Center in Washington D.C.). Cre
recombinase removes exon 2—10 of p53. The Brca1%* mice were intercrossed with
p53710%X* mice to create the Brcal™0%*; p53710X/* mice. The BRCA1/p53floxed mice were
further crossed with the Blg-Cretransgenic mice to generate Blg-Cre; Brca2ox/flox.
p5310X/* mice (BBP mice). The Blg-Cre, Brcal™*; p53*/* mice were used for the WT
counterparts. All parallel experiments were performed by using the littermate mice from a
mixed but uniform genetic background. Female mice mated from 10 weeks. The animals
were maintained in a specific pathogen-free environment under a 12 hour light/dark cycle.
Mice were euthanized by CO, when the main breast tumor grew to no more than 2.5 cm in
diameter. All experiments were performed in accordance with national and institutional
guidelines. The animal protocol of this study was approved by the ethical review committee
of the University of Michigan (UCUCA PR0O00005209).

DNA was isolated from mouse tails using the DAeasy Blood and Tissue Kit (Qiagen,
Valencia, CA) and genotyped by PCR. Reaction conditions for Cre, Brcal, and p53were 40
cycles of 94 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute. PCR products
were examined in the 1.5 % agarose gel.

Histology and immunofluorescence

Explanted tissues were fixed in 10 % neutral-buffered formalin solution for at least 16 hours
and gradually transferred to 70 % ethanol. Then the tissues were embedded in paraffin at
University of Michigan Microscopy & Image Analysis Core, cut in 5um sections on poly-
lysine coated slides, deparaffinized, rehydrated, and stained with hematoxylin and eosin
(H&E). Images were taken by an Olympus 1X 71 microscope with the CellSens software.
For tissue immunofluorescence staining, after deparaffinization and rehydration, sections
were unmasked in 10 mM citric acid (pH 6.0) in a microwave for 20 minutes. Then the
samples were subjected to standard immunofluorescence staining. Briefly, tissues were
incubated in primary antibody overnight at 4 °C. After washed in PBS three times, the
samples were incubated in FITC-conjugated or Rho-conjugated 1gG for 1 hour at room
temperature. After washing and staining by Hoechst 33342, tissues were mounted in anti-
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fade and observed under the Olympus IX 71 microscope with the CellSens software.
Regarding immunofluorescence of cells, cells were fixed in 3% paraformaldehyde for 25
minutes and permeabilized in 0.5 % Triton X-100 for 20 minutes at room temperature.
Samples were blocked with 5 % goat serum and then incubated in primary antibody for 60
minutes. After that, sections were washed with PBS three times and incubated with
fluorescent secondary antibody for 40 minutes. Following PBS wash, the nuclei were stained
by Hoechst 33342. The signals were visualized by the fluorescence microscope and
analyzed by CellSens software.

AP sites assay

After standard deparaffinization, rehydration, and unmasking described above, sections were
stained for the AP sites using DNA damage - AP site assay kit (abcam, ab133076) according
to the provided protocol for “Fluorescence Microscopy”. AP sites in the tissues were labeled
by Avidin-FITC and detected by the Olympus IX 71 microscope (excitation/emission =
485/535).

Synthesis of 4-OHE»-1-N3Ade and 4-OHE»-1-N7Gua

The synthesis of depurinating DNA adducts 4-OHE,-1-N3Ade and 4-OHE2-1-N7Gua was
performed according to the reported procedure (17). Briefly, to a suspension of activated
MnO, (119 mg, 1.37 mmol) in 5 ml of dimethylformamide (DMF) at 0 °C was added 4-
OHE; (60 mg, 0.21 mmol). After 10 min of stirring at 0 °C, the resulting E»-3,4-Q in DMF
was filtered, directly added dropwise into a stirred solution of Ade (1.26 mmol) dissolved in
5 ml of acetic acid and water (1:1, v/v), and allowed to react for 5 hours with stirring at
room temperature. The solution was then filtered and purified by HPLC. The yield of 4-
OHE,-1-N3Ade was around 57 %. For 4-OHE»-1-N7Gua, a suspension of 4-OHE, (0.18
mmol) in 5 ml of acetonitrile (CH3CN) was cooled to 0 °C prior to the addition of activated
MnO, (1.18 mmol). The suspension was stirred for 10 minutes and then filtered directly into
a stirred solution of dG (0.94 mmol) dissolved in 10 ml of acetic acid and water (1:1, v/v),
allowing to react for 5 hours with stirring at room temperature. The solution was then
filtered and purified by HPLC. The yield of 4-OHE5-1-N7Gua was around 40%.

Detection of depurinating DNA adducts

Extraction of depurinating DNA adducts was performed according to the previous study
with minor revision. Briefly, approximately 1 g of ground mammary tissue was suspended in
3 ml of 1 % acetic acid and incubated 5 hours at room temperature. Afterwards, the
depurinating DNA adducts, 4-OHE»-1-N3Ade and 4-OHE,-1-N7Gua, were Soxhlet
extracted with methanol/chloroform (1:1) for 24 hours. The 4-OHE;-1-N3Ade and 4-
OHE,-1-N7Gua were then separated by HPLC according to the references of 4-OHE,-1-
N3Ade and 4-OHE,-1-N7Gua. The purified adducts were subjected to a Q-TOF mass
spectrometry with following parameter: autosampler temperature, 4 °C; injection volume: 4
ul; ESI mode and voltage: 4000 V (+) ion mode; pump solvent: 50% methanol and 50%
acetonitrile; flow rate: 0.5 ml/min. Data was acquired at a rate of 2.5 spectra/s with a stored
mass range of m/z 50-1500. Data was collected and analyzed using Agilent MassHunter
Workstation Data software. The peak values of 4-OHE,-1-N3Ade and 4-OHE,-1-N7Gua
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showed the relative abundance of these adducts derived from different samples. Unmodified
adenine or guanine was used as the loading control.

Detection of CE,

Extraction of CE, (4-OHE, and 2-OHE)) was performed according to the previous study
with minor revision. In brief, approximately 1 g of ground mammary tissue was suspended
in 2 ml of 50 mM ammonium acetate (pH 5.0) followed by addition of methanol with the
final concentration of 60%. The mixture was extracted with 4 ml hexane to remove lipids.
The aqueous phase was then diluted to an approximate final concentration of 25 % methanol
with 30 mM ammonium acetate buffer, pH 4.4, containing 2 mg/ml ascorbic acid (to
minimized oxidation of CE). The resulting solution was filtered through a 10 kDa MWCO
ultrafilter to reduced protein interference and turbidity. Sample was immediately run on
HPLC and the Q-TOF mass spectrometry with the following parameter: autosampler
temperature, 4 °C; injection volume: 2 pl; ESI mode and voltage: 4000 V (=) ion mode;
pump solvent: 50% methanol and 50% acetonitrile; flow rate: 0.5 ml/min. Data was acquired
at a rate of 2.5 spectra/s with a stored mass range of m/z 50-1500. Data was collected and
analyzed using Agilent MassHunter Workstation Data software.

4-OHE; treatment of mice

WT and BBP female mice (10 weeks) were anesthetized with ether and subcutaneously
injected with the same volume of DMSO or 4-OHE; solution under the nipple region of the
fourth and fifth mammary glands on the single side. The dose of 4-OHE, was 100 nhmol/
gland in 20 pl of DMSO. After operation, mice were maintained and subjected for the
indicated experiments.

Cell treatment

For 4-OHE, treatment, cells were cultured in the presence of 10 pM 4-OHE, or 4-OHE,
with the indicated concentrations for 12 hours, and subjected to the following experiments.
For 4-OHE; recovery experiment, cells were cultured in the presence of 10 uM 4-OHE; or
4-OHE, with the gradient concentrations (1, 5, and 10 pM) for 12 hours, and cultured in
fresh medium for 24 hours followed by the further experiments. For tempol treatment, cells
were incubated in the presence of 100 uM tempol or tempol with the gradient concentrations
(10, 50, and 100 puM) during the culture.

Comet assay

Single-cell gel electrophoretic comet assay was performed under neutral conditions to
detecting DSBs according to the previous study. Briefly, cells with or without the indicated
treatment were recovered in normal culture medium for indicated time. Cells were collected
and rinsed twice with ice-cold PBS; 2 x 104/ml cells were combined with 1 % LMAgarose
at 40 °C at the ratio of 1:3 (v/v) and immediately pipetted onto slides. For cellular lysis, the
slides were immersed in the neutral lysis solution (2 % sarkosyl, 0.5 M Na,EDTA, 0.5
mg/ml proteinase K in pH 8.0) overnight at 37 °C in dark, followed by washing in the rinse
buffer (90 mM Tris-HCI pH 8.5, 90 mM boric acid, 2mM Na,EDTA) for 30 minutes with
two repeats. Then, the slides were subjected to electrophoresis at 20 V (0.6 VV/cm) for 25
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minutes and stained in 2.5 pg/ml propidium iodide for 20 minutes. All images were taken
with a fluorescence microscope and analyzed by Comet Assay IV software.

Tempol treatment

Tempol treatment was performed according to the previous reports. In brief, tempol was
added in the drinking water (1 mM) of the female mice since their weaning, and the water
bottles were changed weekly. The administration was continued till the sacrifice of the mice.

Statistical analyses

All experiments were performed in triplicates unless indicated otherwise. Means and
standard deviations were plotted. Student’s t-test was used for statistical analyses. The log-
rank test was performed on the Kaplan-Meier survival curves.

Results

The BBP mice develop mammary gland tumors

BRCAZ1 mutation-induced breast cancer is always associated with p53 mutation. Since
BRCAL participates in DNA damage response and repair, loss of BRCA1 induces genomic
instability and activates p53-depednent checkpoint, which suppresses cell growth. However,
lacking p53 abolishes the checkpoint and induces the growth of transformed cells. Thus,
mutations of BRCAL frequently associate with p53 mutations during breast
tumorigenesis(18). Since homozygous loss of p53 alone is sufficient to drive mammary
tumorigenesis, we used heterozygous mice to promote BRCA1 null-induced mammary
tumors, and generated Blg-Cre; Brcal™; p53”7* mice (the BBP mice), in which the Blg-Cre
allele drives Cre recombinase expression to conditionally knockout both alleles of Brcal and
one allele of p53in mammary gland (Fig. S1A). The littermates Blg-Cre, Brcal?’*; p53*/*
mice were used for the control (the WT mice). All the parous BBP mice developed obvious
mammary tumor (Fig. S1B and C). ~ 15 % of the mice even developed multiple mammary
tumors (Fig. S1D). The average tumor free fraction of the BBP mice was 302 days (Fig.
S1B). In agreement with previous report, histochemistry staining shows that these mammary
tumors are invasive duct carcinomas with central necrosis (Fig. S1E), which resembles the
features of human BRCA1 deficiency breast tumor.

Oxidative damage in mammary gland

To study the molecular mechanism of mammary tumorigenesis, we ask if estrogen
metabolites are mutagens to induce tumorigenesis. Estrogens (E;: estrone; Eo: estradiol) are
converted to catechol estrogens (CE), including 2- and 4-hydroxylated estrogens (2-, 4-
OHE), by cytochromes P450. Under normal condition, 2-OHE and 4-OHE are O-methylated
by catechol-O-methyltransferases for inactivation. However, if high level of estrogens
generates excessive CE, the O-methylation inactivation could be incomplete. CE is then
oxidized to semiquinones (CE-SQ) and further to CE-quinones (CE-Q) including E-2,3-Q
and E-3,4-Q. E-3,4-Q is a type of dangerous ROS, which attacks genomic DNA to form
depurinating adducts including 4-OHE-1-N7Gua and 4-OHE-1-N3Ade (Fig. 1A) (19,20).
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To examine this possibility in vivo, we harvested mammary glands from parous mice at the
age of 25 weeks. Using mass spectrometry, we examined endogenous DNA adducts and
found 4-OHE»-1-N3Ade and 4-OHE,-1-N7Gua as the molecular weight of these adducts is
identical to standard references (Fig. 1B). However, these adducts were extremely difficult to
be detected in the virgin mice (Fig. 1B). We also examined the level of metabolizes of
estrogens. Since CE-SQ and CE-Q are short-live free radicals (21), it is unlikely to be
detected by mass spectrometry. However, CE, was easily found in the mammary tissue
extracts from the parous mice (Fig. 1C), suggesting that excessive CE; is like to induce
estrogen-DNA adducts.

Since the depurinating adducts directly generate AP sites, we examined AP sites in vivo.
Although few AP sites positive cells were found in the mammary glands from the virgin WT
and BBP mice, a large amount of AP sites positive cells were identified in the mammary
glands from the parous mice (Fig. 1D, Fig. S2A). Usually, AP sites are repaired by base
excision repair (BER) machinery. However, if too many AP sites occurs simultaneously,
some lesions may not be repaired timely, which can be converted into DSBs (22). Thus, we
also examined DSBs in mammary tissues using yH2AX as a surrogate marker. Interestingly,
cells with DSBs were only existed in the mammary gland isolated from the parous BBP but
not from the WT or virgin BBP mice (Fig. 1E, Fig. S2B), suggesting that cells lacking Brcal
fail to repair DSBs induced by oxidized estrogens.

4-OHE; induces depurinating DNA adducts and DSBs in vitro

To validate the /n vivoresults, HCC1937, a human breast cancer cell line lacking BRCA1,
was treated with or without 4-OHE,. Both 4-OHE,-1-N3Ade and 4-OHE,-1-N7Gua were
identified in the HCC1937 cell lysates (Fig. 2A). Similar results were obtained from
HCC1937 cells reconstituted with wild type BRCAL (HCC1937 BRCA1). Moreover,
following 4-OHE; treatment, AP sites were detected in both HCC1937 and HCC1937
BRCAL cells (Fig. 2B). Since unrepaired AP sites could be converted into DSBs, we also
examined DSBs induced by 4-OHE; treatment by yH2AX staining. Indeed, 4-OHE,
treatment caused DSBs in HCC1937 and HCC1937 BRCAL1 cells (Fig. 2C). Interestingly,
after recovery for 24 hours, DSBs were repaired in HCC1937 BRCAL1 cells but not in
HCC1937 cells (Fig. 2C). These results were further confirmed by neutral comet assays as
4-OHE,-induced DSBs were clearly observed in HCC1937 cells but quickly repaired in
HCC1937 BRCAZ1 cells (Fig. 2D). Collectively, these results suggest that excessive estrogen
induces oxidative damage on genomic DNA, such as AP sites. If AP sites are too many to be
timely repaired, the AP sites could be converted into DSBs. With BRCA1, DSBs are quickly
repaired for genomic stability. However, lacking of BRCA1, DSBs are difficult to be
repaired, which may induce genomic instability and tumorigenesis.

To further examine the defects of DSB repair in BRCAL deficient cells, we examined the
downstream effectors of BRCAL. It has been shown that BRCAL is required for CHK1
activation in response to DSBs. Since Ser345 phosphorylation is a surrogate maker of CHK1
activation, we treated HCC1937 and HCC1937 BRCAL1 cells with 4-OHE,. Activated CHK1
was observed in HCC1937 BRCAL cells, while the active CHK1 in HCC1937 cells was
much impaired (Fig. S3). Moreover, BRCAL is required for loading RAD51, the key HR
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recombinase for DSB repair. Thus, in 4-OHE,-treated HCC1937 BRCAL1 cells, RAD51 is
recruited to the sites of DSBs (Fig. S4). However, DSB-induced RAD51 foci formation was
impaired in HCC1937 cells (Fig. S4). Taken together, these results suggest that estrogen
metabolites-induced DSB response is impaired in BRCA1-deficient cells.

4-OHE> induces DNA damage and mammary tumorigenesis in vivo

To examine the role of estrogen metabolites in tumorigenesis in vivo, Parous mice at the age
of 14 weeks were treated with 4-OHE via subcutaneous injection surrounding nipple area.
A significant amount of 4-OHE,-1-N3Ade and 4-OHE;-1-N7Gua were found in mammary
glands in both WT and BBP mice (Fig. 3A). Consistently, AP sites were identified in
mammary glands treated with 4-OHE, (Fig. 3B). Since a large number of AP sites may
induce DSBs, we also examined DSBs in 4-OHE,-treated mammary glands with yH2AX
staining. Although cells with positive yH2AX staining were identified in both WT and BBP
mice (Fig. 3C), the level of yH2AX in the BBP mice was much higher than that in the WT
mice (Fig. 3D). It suggests that following 4-OHE, treatment, unrepaired DSBs in the WT
mice were much less than those in the BBP mice. Since unrepaired DSBs cause genomic
instability and tumorigenesis, we monitored mammary tumorigenesis in 4-OHE,-treated
mice. Correlated with 4-OHE»-induced DSBs, 4-OHE; treatment shortens the latency of
mammary gland tumors in the BBP mice. (Fig. 3E). In addition, 4-OHE; injection was also
injected into the virgin mice at 10-week old, which also accelerate the onset of mammary
gland tumors in these mice (Fig. S5). Collectively, these results suggest that 4-OHE»
treatment induces DNA lesions, such as DSBs, in vivo. Lacking BRCAL, unrepaired DSBs
are likely to induce tumorigenesis in mammary gland.

Antioxidant treatment suppresses estrogen-induced DNA damage and mammary
tumorigenesis

Since estrogen metabolites induce DNA damage and genomic instability in mammary gland,
we ask if antioxidant treatment could suppress estrogen-induced DNA damage.
Accumulated evidence has shown that tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl) is a potent free radical scavenger both in vitro and in vivo (23,24). Thus, we pretreated
HCC1937 and HCC1937 BRCAZ1 cells with tempol before exposure to 4-OHE,. We found
that the level of 4-OHE»-1-N3Ade and 4-OHE,-1-N7Gua were significantly reduced (Fig.
4A). Moreover, tempol treatment suppressed the 4-OHE»-induced AP sites and DSBs in
HCC1937 cells (Fig. 4B and C). In particular, neutral comet assays showed that 4-OHE,-
induced DSBs were suppressed by tempol in a dose-dependent manner (Fig. 4D). Taken
together, it suggests that tempol treatment effectively suppresses free radical generation
during estrogen metabolism.

Next, we ask if tempol treatment regulates estrogen-induced DNA damage in vivo and
mammary tumorigenesis in the BBP mice. 1 mM tempol was supplemented in the drinking
water after weaning of the BBP mice at the age of three weeks. Again, endogenous level of
4-OHE,-1-N3Ade and 4-OHE,-1-N7Gua were significantly reduced in the mammary gland
of the parous BBP mice (Fig. 5A). Next, we examined and found that both AP sites and
DSBs were suppressed following tempol treatment in the mammary glands of parous mice
(Fig. 5B and C). More importantly, tempol treatment significantly delayed the onset of
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mammary tumorigenesis in the BBP mice (Fig. 5D). Thus, these results suggest that
antioxidant treatment could be an important chemoprevention approach for suppressing
BRCA1-deficient tumor in vivo.

Discussion

In this study, we demonstrate that oxidized estrogen is a critical carcinogen to induce DNA
damage and mammary tumors in BRCAI-deficient mice. Tempol treatment suppresses
estrogen-induced DNA damage and mammary tumorigenesis. Accumulated evidence shows
that BRCAL plays an important role in DSB repair (25,26). Mutation of BRCAL abolishes
DNA damage repair and induces genomic instability (27). Thus, BRCA1 should be an
important tumor suppressor for many types of cancers. However, mutation of BRCA1
mainly induces breast and ovarian cancers (28,29). Here, we show that oxidized estrogen
causes numerous AP sites in vivo. Although most AP sites are quickly repaired by BER, a
small set of unrepaired AP sites could be converted to DSBs during DNA replication or two
AP sites are close to each other. Thus, we observed oxidized estrogen-induced DSBs both in
vitro and in vivo. Once DSBs occur, these lesions have to be error-free repaired. Otherwise,
these lesions will directly cause genomic instability (30). BRCAL has been shown to play a
key role in HR, the major type error-free repair for DSBs (31-33). Thus, without BRCA1,
cells could not repair DSBs and are transformed to tumor cells. Moreover, since estrogens
are mainly generated in ovary and breast tissues, excessive estrogen-induced DNA damage
occurs in breast and ovary (34-36). Lacking BRCA1, cells could not timely repair estrogen-
induced DNA damage in breast and ovary, which cause genomic instability and
tumorigenesis in these tissues. Consistently, mutations of other DSB repair machineries are
also observed in breast and ovarian cancer (37), suggesting that DSB repair plays a key role
to protect genomic integrity and suppresses breast and ovarian tumorigenesis.

In addition, one important clinical feature for BRCA1 mutation-induced breast cancer is the
early onset of the tumor as many patients develop breast cancer before the age of 40 (38—
40). Since it may take decades for a few transformed cells (or tumor stem cells) to grow into
a tumor mass, it is likely that breast tissue-specific DNA damage occurs in the early age of
breast cancer patients. Estrogen reaches the highest level to promote ductal development
from puberty to pregnancy (41). The high level of estrogen generates ROS to induce DNA
damage. Lacking of BRCA1 allows the accumulation of DNA lesions without repair, which
induces genomic instability and tumorigenesis. Thus, excessive estrogen could be a non-
genetic force to induce genomic instability and breast tumorigenesis. To support this notion,
it has been shown that both pregnancy and estrogen supplement are associated with an
increased breast cancer risk for BRCAL mutation carrier (42—-44). One function of estrogen
is to induce ductal development in mammary gland. During the ductal development, it is the
luminal progenitor cells that receive estrogen and differentiate into luminal epithelial cells.
And it has been shown that the luminal progenitor is the origin for basal-like breast cancers
arising in BRCAL mutation carriers. Thus, it is likely that the high level of estrogen causes
DNA damage and induces genomic instability in the luminal progenitors, and induces
tumorigenesis in the absence of BRCAL. In contrast, the cell origin of luminal breast cancer
remains elusive. In particular, the profile of luminal A suggests that it might originate from
progenitor cells close to mature luminal cells. Thus, it is likely that other mechanism induces
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luminal cell transformation and causes luminal breast cancer. Due to technical limitation, we
could not specifically delete Brcal in luminal projector. Instead, we used beta-lactoglobulin
(Blg) cre to genetically remove Brcal in mammary tissue during the mammary gland
development. In addition, we have not found any link between the ER expression and the
oxidative metabolites of estrogen. It has been shown that BRCAL might facilitate the
expression of ERa (45). Thus, it is possible that lacking BRCA1 may reduce the expression
of ERa, and indirectly accumulate estrogen or estrogen metabolites. But further study is
needed to test the hypothesis. Taken together, our study may address the question why
BRCAZ1 mutation only induces tissue-specific cancers.

Our study also shows that antioxidant treatment suppresses estrogen-induced DNA lesions
and mammary tumorigenesis, indicating that antioxidant could be used in the
chemoprevention for BRCAL mutation-induced breast cancer. BRCA1 mutation-induced
breast cancer has an aggressive phenotype similar to the estrogen receptor negative,
progesterone receptor negative and HER?2 negative breast cancer (46—-48). However,
personalized medicine for familial breast cancer has not been developed. Despite the
advance on killing cancer cells with general radiotherapy and chemotherapy, these
approaches cannot avoid the side effects that affect the life quality of cancer patients (49).
Thus, antioxidant supplemental could be a novel approach for the eradication of familial
breast cancer. In our study, tempol treatment significantly delayed the onset of mammary
tumorigenesis in the BBP mice, but did not eradicate the mammary tumorigenesis. It is
because one allele of p53has been deleted by Cre recombinase in mammary tissues.
Heterozygosity of p53alone is sufficient to induce genomic instability and mammary
tumorigenesis although with long latency(50).

We also realize that high level of estrogen exists in every pregnant woman. However, with
robust BER capacity, cells are likely to repair most AP sites induced by oxidized estrogen.
In the presence of BRCAL, cells are able to repair the remaining DSBs converted from
unrepaired AP sites. Thus, endogenous high level of estrogen does not induce genomic
instability and mammary tumorigenesis when cells are equipped with intact DNA repair
machinery. However, long term estrogen supplement is indeed associated with an increased
breast cancer risk even for women without BRCAL mutation. Thus, when exposed to high
level of exogenous estrogen, people who carry the mutations in DNA repair system should
be very cautious.
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Figure 1. Estrogen oxidation-induced depurinating DNA adductsin mammary gland from
parous mice

(A) Schematic diagram of generation of estrogen oxidative metabolites and estrogen
oxidation-induced depurinating DNA adducts /in vivo. (B) Depurinating DNA adducts in
mammary gland are detected by LC-MS. Chemical synthesized 4-OHE,-1-N3Ade and 4-
OHE,-1-N7Gua (Ref) are shown with the molecular weight of 422.220 and 438.124,
respectively; 4-OHE,-1-N3Ade and 4-OHE,-1-N7Gua derived from precancerous mammary
gland of parous BBP mice (25 weeks) were examined. Histogram shows the peak value from
the Q-TOF mass spectrometry of 4-OHE,-1-N3Ade and 4-OHE,-1-N7Gua in mammary
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glands from virgin (10 weeks) or parous mice (25 weeks). Mammary glands from both WT
and BBP mice were examined. (C) CE, (4-OHE; and 2-OHE>) in mammary gland was
detected by Q-TOF mass spectra. Commercial reference of 4-OHE, with the molecular
weight of 287.165 (ref); CE, derived from precancerous mammary gland of parous BBP
mice (mammary gland). Histogram shows the relative level of CE, in WT and precancerous
BBP mammary gland from virgin or parous mice. * and #, p < 0.01, respectively. (D) AP
sites staining in mammary glands from the WT and BBP mice (25 weeks). (E)
Immunostaining of yH2AX in mammary glands from the WT and BBP mice (25 weeks).
Scale bars: 50 pm.
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Figure 2. 4-OHE; induces DNA lesionsin vitro
(A) 4-OHE; treatment induces depurinating DNA adducts in cells. HCC1937 BRCAL and

HCC1937 cells were treated with or without 4-OHE,. Peak values of cellular 4-OHE-1-
N3Ade and 4-OHE,-1-N7Gua in mass spectrometry are shown. (B) 4-OHE, treatment
induces AP sites in cells. HCC1937 BRCA1 and HCC1937 cells were treated with mock or
10 uM 4-OHE; for 12 hours followed by AP sites staining. (C) Immunostaining of yH2AX
in cells. HCC1937 BRCA1 and HCC1937 cells were treated with mock or 10 uM 4-OHE,
for 12 hours followed by yH2AX staining. Alternatively, cells were recovered for 24 hours
followed by yH2AX staining. Scale bars: 10 um. Foci numbers from 50 cells were
summarized in the histogram. *, p< 0.01. (D) 4-OHE,-induced DSBs are examined by

4-OHE,
recovery
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neutral comet assay. HCC1937 BRCA1 and HCC1937 cells were treated with mock or 4-
OHE> (1, 5, and 10 uM) for 12 hours followed by 2 hour recovery and neutral comet assay.
Tail moment of the detected cells was summarized in the histogram. *, p<0.01.
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Figure 3. 4-OHE> injection induces DNA lesions and breast tumor in vivo
(A) 4-OHE; injection induces 4-OHE,»-1-N3Ade and 4-OHE,-1-N7Gua in mammary gland.
Peak values of 4-OHE,-1-N3Ade and 4-OHE»-1-N7Gua from mammary gland of parous
WT and BBP mice (10 weeks) in mass spectrometry are shown. (B, C) 4-OHE; injection
induces AP sites (B) and DSBs (C) in mammary gland of WT and BBP parous mice (14
weeks). Scale bars: 50 um. Fluorescent intensity of AP sites (B) and yH2AX (C) was
analyzed by Image J software. * and #, p < 0.01, respectively. (D) Phosphorylation of H2AX
in mammary tissues from the injected WT and BBP mice was detected by Western blot.
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Total H2AX was used as the loading control. (E) Kaplan-Meier analysis shows the
mammary tumor free fraction of WT and BBP mice injected with mock or 4-OHE,. The
medians of tumor free BBP mice injected with mock or 4-OHE, are 335 and 214 day,
respectively.
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Figure 4. Tempol treatment suppresses 4-OHE>-induced DNA lesionsin vitro
(A) Tempol treatment suppresses 4-OHE5-1-N3Ade and 4-OHE»-1-N7Gua. HCC1937

BRCAL and HCC1937 cells were preincubated with mock or tempol followed by the
treatment of 4-OHE,. The levels of 4-OHE»-1-N3Ade and 4-OHE»-1-N7Gua were
examined by mass spectrometry. (B) AP sites are remarkably reduced in the presence of
tempol. HCC1937 cells were preincubated with or without tempol followed by the treatment
of 4-OHE,. (C, D) Tempol treatment suppresses 4-OHE»-induced DSBs. (C) Foci of
YH2AX in HCC1937 cells were examined. Scale bars: 10 pm. Foci numbers of yH2AX in
each cell are shown in the graph. (D) HCC1937 cells were preincubated with mock or
tempol (20, 50, and 100 pM). Neutral comet assays were performed to examine 4-OHE,-
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induced DSBs. Tail moments of the cells treated with different doses of tempol are shown in
the histogram. * and #, p < 0.01, respectively.
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Figure 5. Tempol treatment suppresses 4-OHE>-induced DNA damagein vivo and delaysthe
breast tumor onset in parous BBP mice

(A) Tempol decreases the DNA adducts in mammary gland of parous BBP mice. The levels
of 4-OHE»-1-N3Ade and 4-OHE,-1-N7Gua in mammary gland of the virgin and parous
BBP mice (25 weeks) treated with or without tempol were examined by mass spectrometry.
*, p<0.01. (B, C) Tempol treatment suppresses AP sites (B) and DSBs (C) in the mammary
glands of parous BBP mice (40 weeks). Immunostaining of yH2AX indicates DSBs. Scale
bar: 50 um. (D) Kaplan-Meier analysis of the mammary tumor free fraction of parous BBP

o
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mice treated with mock or tempol. The median tumor free fractions are 302 and 423 days,
respectively.
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