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ABSTRACT OF THE DISSERTATION

Understanding the Role of BRCA1 in Redox Homeostasis Regulation

By SUSAN ZWYEA

Dissertation Director:

Associate professor Bing Xia

The BRCA1 (Breast Cancer 1, early onset) tumor suppressor gene is the most frequently mutated
gene in familial breast cancer. Loss of BRCA1 function results in severe defects in DNA double-
strand break repair and increased reactive oxygen species, both of which are threats to genomic
stability. Although BRCA1 has been extensively studied, how it regulates redox homeostasis
remains poorly understood and need to be further elucidated. Of note, a recent study suggested
that BRCA1 promotes the transcription of SOD2/MnSOD, the mitochondrial superoxide

dismutase.

In this study, we found that BRCA1 depletion showed limited effect on SOD2 mRNA levels in
multiple settings. Instead, we found an inverse between BRCA1 and SOD2 protein abundance, as
breast cancer cells depleted of BRCA1 show increased SOD2 protein levels. In addition, deletion

of Brcal in mice led to increased SOD2 amount in the liver. Our studies suggest that BRCA1 may



be involved in the regulation of SOD2 protein stability and/or that SOD2 is stabilized in response

to the oxidative stress induced by BRCA1 loss.

Our gene expression analysis of human breast cancers showed that triple negative breast
cancers have the highest SOD2 mRNA levels among all subtypes. Interestingly, low SOD2 mRNA
level is associated with slightly better prognosis in all patients but substantially worse survival in
patients with triple negative or HER2-positive tumors. This finding suggests that SOD2 may
modulate sensitivity of breast cancer cells to chemotherapies. Indeed, triple negative breast
cancer cell lines depleted of SOD2 show resistance to breast cancer chemotherapies. Taken
together, our studies identify a novel mechanism of BRCAL1 in regulating redox homeostasis and

a novel role of SOD2 in modulating therapy response.
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1. INTRODUCTION

Section | - BRCA1 in Genomic Maintenance

BRCA1, breast cancer 1 early onset gene

BRCAL1 is a breast cancer susceptibility protein that has a role in both hereditary and sporadic
breast cancer. The BRCA1 gene was localized to chromosome 17g12-g21 by linkage analysis of
kindred’s in 1990 and cloned in 1994. (Hall, Lee et al. 1990, Ford, Easton et al. 1994, Futreal, Liu
et al. 1994, Miki, Swensen et al. 1994). Since that time, BRCA1 structure and molecular function

have been the subject of intense study.

Germline heterozygous mutations in BRCA1 increase the risk of developing early onset breast
cancer and to a lesser extent ovarian, prostate and pancreatic cancer. Even though BRCA1
mutations account only for about 3% of all breast cancer, due to the high incidence of the
disease a large number of women are still affected by these mutations (Yi, Kang et al. 2014,

Couch, Hart et al. 2015, Finn, Martin et al. 2016).

The BRCA1 gene consists of 22 exons and encodes a large tumor suppressor protein composed
of 1,863 amino acid residues. Its amino terminus contains a RING domain that associates with
BRCA1 associated RING domain protein 1 (BARD1), two nuclear localization signal sequences
(NLSs) and nuclear export signal (Fig. 1). BRCA1 carboxyl terminus contains a coiled-coil domain
that mediates its association with partner and localizer of BRCA2 (PALB2). The carboxyl terminus
also contains a SQ/TQ cluster domain (SCD) that has ataxia telangiectasia mutated (ATM) and
Ataxia telangiectasia and Rad3-related (ATR) kinases phosphorylation sites, as well as two BRCT
domains that binds to phosphorylated Abraxas, CtBP interacting protein (CtIP) and a BRCA1

interacting protein C terminal helicase 1 (BRIP1). The middle region of BRCA1 contains a CHK2



phosphorylation sites (Chapman and Verma 1996, Chen, Li et al. 1996, Monteiro, August et al.

1996, Thakur, Zhang et al. 1997, Rodriguez and Henderson 2000).

Moreover, functional studies have demonstrated that BRCA1 is a versatile multifunctional
protein and its primary function is maintaining genome integrity (Savage and Harkin 2015).
Evidences supporting a BRCA1 function in genomic stability maintenance has demonstrated that
BRCA1 (1) promotes faithful DNA double strand breaks (DSBs) repair (Shinohara, Ogawa et al.
1992), (2) is essential for cell cycle checkpoint regulation (Aprelikova, Fang et al. 1999,
Choudhury, Xu et al. 2004), (3) functions in oxidative stress regulation (Bae, Fan et al. 2004,
Saha, Rih et al. 2009, Yi, Kang et al. 2014), (4) regulates transcription of several essential genes
through its interaction with the RNA polymerase Il (Gardini, Baillat et al. 2014), (5) is essential
for proper replication and function of centromere (Di Paolo, Racca et al. 2014), and (6) induces

energetic metabolism reprogramming (Privat, Radosevic-Robin et al. 2014).

Taken together, the established role of BRCA1l as a genome care taker has important

implications for the prevention and treatment of BRCA1 associated cancers.



Figure 1. BRCA1 structure and functional domains (adapted from Roy et al., 2011, Nat reviews 12: 68-78).
BRCA1 amino terminus contains a RING domains that associates with BRCA1 associated RING domain protein 1
(BARD1) and 2 nuclear localization signals (NLS). Its carboxyl terminus contains a coiled-coil domain that enables
BRCA1 to associates with partner and localizer of BRCA2 (PALB2). The carboxyl terminus also contains a SQ/TQ
cluster domain (SCD) that has more than ten ATM/ATR phosphorylation sites and a tandem BRCT domain that
binds to phosphorylation Abraxas , CtBP interacting protein (CtIP) and a BRCAL1 interacting protein C terminal

helicase 1 (BRIP1).

Genomic Stability

Genomes are routinely challenged by diverse exogenous or endogenous insults. These insults
can generate different types of lesions in the DNA that ultimately cause genetic instability,
leading to abnormalities in cell functions and cancer initiation. The fidelity of the genome is
highly protected at every stage of the cell cycle through faithful DNA replication and accurate
repair of DNA damage. Of note, cells have many conserved mechanisms that repair damaged
DNA and protect against alterations of the genome such as, Photolyase that can repair thymine
dimers induced by UV light, O®-alkylguanine alkyltransferase that repairs alkylated bases, base

excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), homologous



Figure 2. DNA damage and repair mechanisms (adapted from Thomas ,2012, DNA Repair of Cancer Stem
Cells (2)19-32). DNA lesions caused by DNA damaging agents, and the relevant DNA repair mechanism
responsible for damage removal.

recombination (HR) that restores genome to its original state, and non-homologous end joining
(NHEJ) that prevents cell death by preserving genomic DNA (Fig. 2). All of these mechanisms
have their own essential repair proteins which when lost or mutated cause accumulating of
mutations and cancer initiation. Table 1-1 summarizes the essential proteins involve in the five
major repair pathways. Mutations in key components of the DNA double strand repair and
signaling pathway are a predisposing factor for hereditary breast and ovarian cancer, which
suggest that DNA repair pathways suppress mammary tumorigenesis (Kennedy and D'Andrea

2006, Jalal, Earley et al. 2011).



Table 1-1. Essential genes of the five major DNA repair mechanisms (adapted from Jalal. et al., 2011, Clin
Cancer Res; 17(22) 6973-6984.




DNA Double-Strand Break Repair by Homologous Recombination

DNA double-strand breaks (DSBs) are the most hazardous lesions to the cells because it can lead
to genomic instability. Cells have two major mechanisms to repair DSBs, HR and NHEJ. When
DSBs form, the two major repair pathways compete to repair DSBs. HR requires a template and
therefore operates mainly in the S and G2 phases when a sister chromatid is available and
nearby, while NHEJ is active in all cell cycle phases. Due to its ability to repair DNA replication-
associated complex DNA breaks and its high fidelity, HR plays an essential role in maintaining
genome stability in proliferating cells. The protection of the genome by HR involves damage
recognition by the MRE11-RAD50-NBS1 (MRN) complex, damage signaling by the ATM and ATR

kinases, processing of DNA ends and the repair of the broken DNA (Shuen and Foulkes 2011).

BRCA1 appears to be necessary for HR to occur (Bunting, Callen et al. 2010, De Lorenzo, Patel et
al. 2013, Zhang 2013). Upon DNA damage, BRCA1 together with the Abraxas-RAP80 macro
complex can recognize and bind to DSBs. Next, BRCAL interacts with MRN-CtIP complex to
trigger DSBs processing (Fig. 3). The BRCA1- MRN-CtIP complex promotes 5’-end resection to
generate single-strand regions necessary for HR to initiate (Reczek, Szabolcs et al. 2013, Cruz-
Garcia, Lopez-Saavedra et al. 2014). In addition to promoting resection, BRCA1 plays an
important role in RAD51 recruitment through its interactions with PALB2 and Breast cancer
early onset 2 (BRCA2) (Buisson, Dion-Cote et al. 2010). Recruitment of RAD51 is critical to
initiate HR through homologous template recognition and strand invasion. PALB2 plays
important role in HR in part by serving as a linker of BRCA1 and BRCA2. The N-terminus of PALB2
contains a coiled-coil domain which binds BRCA1 while its C-terminus forms a beta propeller
structure that binds BRCA2. Moreover, BRCA1 along with BRCA2 and PALB2 work together in a

"BRCA" complex to promote homologous recombination (HR) (Xia, Sheng et al. 2006, Zhang, Ma



et al. 2009). All three proteins are important in maintaining genomic stability and all three
respective genes are well-established tumor suppressors. Last and not the least, regulation of
the HR process is tightly linked to cell cycle progression for many reasons. First, BRCA2 and
Rad51 are expressed in S and G2 phases of the cell cycle meaning no HR in G1. Second, the
cyclin dependent kinase CDK2, which catalyzes the phosphorylation of CtIP, is only active in S
phase. Lastly, cells in G1 and GO have no sister chromatids meaning they cannot provide
homologous sequences as repair templates (Zhang, Ma et al. 2009, Buisson and Masson 2013,

Trovesi, Manfrini et al. 2013).



Figure 3. BRCA1 in homologous recombination (adapted from Buisson et al. Nat Struc Mol Biol. 17: 1247-
1254). BRCAL1 facilitates resection and the assembly of RAD51 filament to initiate HR.

BRCA1 in Oxidative Stress Response

Oxidative stress is the imbalance between the production of reactive oxygen species (ROS) and
cell’s antioxidant defenses. (Hanahan and Weinberg 2011). High levels of ROS can damage DNA,
proteins and lipids that are vital for the cellular function, and therefore high ROS can induce
apoptosis in the cells. However, moderately elevated levels of ROS can induce mutations within
the genome, which may lead to transformation of normal cells into cancer cells. Cancer cells
take advantage of the imbalance in redox system and proliferate (Acharya, Das et al. 2010). Cells

developed an elaborate antioxidants system responsible for reducing ROS levels. The system



consists of antioxidants such as glutathione (GSH) and antioxidant enzymes such as superoxide

dismutase (SOD2) (Naithani 2008).

Regulation of the antioxidant proteins and enzymes is not fully understood, yet but there are
several lines of evidence that implicate tumor suppressors such as BRCA1 in the regulation of
these antioxidants (Kang, Hong et al. 2011, Martinez-Outschoorn, Balliet et al. 2012, Gorrini,
Baniasadi et al. 2013). It is well known that BRCA1 has multiple functions and one of its major
functions is protecting cells against oxidative stress. BRCA1’s effect on oxidative stress can be
either direct or indirect. In this context, there are considerable mounting evidence suggesting
that BRCA1 influence the transcription of the cytoprotective phase Il proteins and antioxidant
enzymes. First, deletion of exon 11 of Brcal in mouse cells downregulates the expression of
multiple genes that are involved in the cytoprotective response, such as nuclear factor
erythroid-derived 2 like 2 (NFE2L2 or NRF2 ) Table 1-2 lists some of the antioxidant response
genes regulated by BRCA1 (Bae, Fan et al. 2004). This observation indicated that BRCA1 is

directly involved in oxidative stress regulation.

Table 1-2 selected genes whose expression is decreased after deleting exon 11 of Brcal in mouse
embryonic fibroblasts. Adapted from Bae, Fan et al. Cancer Res 64(21): 7893-7909.
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Second, another group showed that overexpression of wt BRCA1 in MCF7 cells is reduces
intracellular ROS levels and protection of cells against oxidative stress (Saha, Rih et al. 2009).
Third, BRCA1 was also reported to indirectly protects against oxidative stress by regulating
transcription-coupled repair of DNA lesions caused by oxidative stress such as 8-oxoguanine (8-
ox0G) (Dziaman, Huzarski et al. 2009). Overexpression of BRCA1 in MCF7 breast cancer cells
increased protein level of oxo-guanosine DNA glycosylase 1 (0OGG-1), an enzyme responsible for
cleavage in the area that surrounds the damaged nucleotides in BER. Subsequently it was found
that downregulation of BRCA1 increases the level of 8-0x0G. This increase in 8-0x0G is linked to
transcriptional regulation of BER pathway by BRCA1 and it further confirms the role of BRCA1 in
oxidative stress regulation (Dziaman, Huzarski et al. 2009, Saha, Rih et al. 2009, Acharya, Das et

al. 2010, Kang, Hong et al. 2012).

Fourth, recent studies revealed that BRCA1 contributes to oxidative stress through the tumor
suppressor protein p53 (Fig. 4). P53 is known to function in regulation of oxidative stress in
response to ROS (Vurusaner, Poli et al. 2012). These studies demonstrated that BRCA1 stabilizes
p53 and induces p53-dependent gene expression in response to oxidative stress. Furthermore,
stabilization of p53 by BRCA1 is dependent on ATM pathway (Liu and Xu 2011, Yi, Kang et al.
2014). Although the interplay of BRCA1 and p53 in oxidative stress is complex and still poorly

understood, these studies further implicate BRCA1 in oxidative stress regulation.



-

-~
-~
-

Oxidative stress J

[,

SN e SV W S W

O

/

Antioxidant proteins T Detoxifying enzymes T

Figure 4. A model illustrating the role of BRCA1 in the regulation of oxidatives stress through p53 (adapted
from Yi et al., 2014. Cancers, 6(2), 771-795. In response to oxidative stress BRCA1 activates p53 which has
antioxidant activity. P53 is also able to induce NRF2 expression and its downstream target through p21(a
cyclin dependent kinase inhibitor).
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Fifth, it has been found BRCA1 induces p21 (a cyclin dependent kinase inhibitor) expression

which itself exerts the antioxidant effects in response to oxidative stress most likely through its

direct interaction with NRF2 (Zhang, Somasundaram et al. 1998, Chen, Sun et al. 2009).

NRF2 is a master transcription factor that drives the expression of many genes that function in

detoxifying ROS (Miller, Gounder et al. 2012, Ma 2013). NRF2 availability is tightly regulated by

Kelch ECH Associating protein 1 (KEAP1). Under unstressed conditions, KEAP1 binds to the

“DLG” and “ETGE” motifs at the N-terminus of NRF2, and targets it for ubiquitination and

proteasome-mediated degradation. Thus, KEAP1 is considered as a dominant negative regulator

of NRF2 under non-stress conditions. However, under stress conditions, the interaction between

NRF2 and KEAP1 is weakened, as high ROS levels oxidize some of the highly reactive cysteine
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residues of KEAP1. Oxidation of the cysteine residues results in a conformation changed of
KEAP1, which causes a partial dissociation of NRF2 from KEAP1. This conformation change
prevents KEAP1 from mediating NRF2 degradation thereby leading to NRF2 stabilization and its
accumulation in the nucleus (Fig. 5) (Kaspar, Niture et al. 2009, Taguchi, Motohashi et al. 2011,

Kobayashi, Suzuki et al. 2013).

Figure 5. Nrf2 stress response system (adapted from Kobayashi et al., 2013, Oxidative Medicine
and Cellular Longevity, 2013:1-7). Environmental stresses, including ROS and electrophiles,
inactivate Keap1 and stall the ubiquitination and degradation of Nrf2. Nrf2 accumulates in the
nucleus and forms a heterodimer with the small Maf proteins. The binding of the Nrf2-small Maf
heterodimer to the EpRE/ARE motif leads to the transactivation of Nrf2 target genes, which
include a battery of antioxidant and detoxifying genes required for cellular protection.

After NRF2 translocates into the nucleus, it binds to small Maf proteins to form a heterodimer.
The heterodimer then binds to the anti-oxidant response elements (AREs) in the promoters of

antioxidant genes such as NAD(P)H quinone oxidoreductase 1 (NQO1), glutamate-cysteine
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ligase, catalytic subunit (GCLC), glutamate-cysteine ligase, modifier (GCLM) hemeoxygenase 1
(HO-1), glutathione-s-transferase (GST),and thioredoxin (TXN) (Fig.6) (Gardini, Baillat et al. 2014,

Ferguson, Chen et al. 2015).

regeneration
and utilization

Figure 6 Regulation of antioxidant proteins by NRF2 (adapted from Gorini et al.,. Nature
reviews Drug discovery. 12: 931-947). NRF2 regulates many different pathways. First, NADPH
production. Second, glutathione (GSH) production. Third, thioredoxin (TXN). Fourth, GSH
utilization. In addition, NRF2 regulates cytoprotective proteins including NQO1 and enzymes
regulating iron sequestration.

The enhanced susceptibility of Nrf2 knockout (Nrf2-/-) mice to the various toxins and
environmental stresses clearly demonstrates the importance of this transcription factor in the
protection against stress (Copple, Goldring et al. 2008). In addition, in breast cancer cells, NRF2
plays an important role in suppressing oxidative stress by upregulating phase Il detoxifying
enzymes. Also, overexpression of wtBRCA1 stimulates NRF2 expression thus indicating

important function of NRF2 in BRCA1 associated breast cancer (Bae, Fan et al. 2004).
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Sixth, it has recently been found that BRCA1 regulates another redox transcription factor NFkB
and its downstream targets (Gardini, Baillat et al. 2014). Genome wide occupancy analysis
revealed that BRCA1 occupies regulatory regions of hundreds of genes, among them NFkB and
its downstream targets genes. It is well known that NFkB has multiple functions and one of its
important functions is regulating oxidative stress through the major mitochondrial enzyme
SOD2 (Harte, Gorski et al. 2014). Furthermore, BRCA1 knockdown appears to downregulates the
expression of SOD2 in MCF7 breast cancer cells (Fig. 7) (Kamarajugadda, Cai et al. 2013, Gardini,
Baillat et al. 2014). These studies further confirmed the role of BRCAl in oxidative stress

regulation.



Figure 7. SOD2 regulation by BRCA1 (adapted from Gardini. EMBO. 15: 162-173). Top panel:
BRCA1 occupies regions in SOD2 gene as revealed by CHIP seq analysis. Bottom panel:
Knockdown of BRCA1 in MCF7 cells downregulates SOD2 RNA expression as analyzed by qRT-
PCR.

15
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BRCA1 Mouse Models

The role of BRCAL in tumorgenesis has been well studied using different mouse models.
Homozygous Brcal mutations or complete knockout of Brcal results in early embryonic
lethality, with the homozygous null embryos showing a severe defect in proliferation,
hypersensitivity to radiation and genome instability (Evers and Jonkers 2006). However,
different mouse models that can bypass this embryonic lethality have been generated to study

BRCA1 functions.

It has been shown that conditional knockout of Brcal in the mammary gland induces breast
cancer development only after a long latency (Brodie, Xu et al. 2001, Liu, Holstege et al. 2007,
Shakya, Szabolcs et al. 2008), suggesting that neoplastic transformation may require additional
mutations in other tumor suppressor genes. Simultaneous inactivation of p53 in combination
with conditional inactivation of BRCA1l allows greatly accelerated mammary gland tumor
development, indicating that p53 is a barrier to breast cancer development following BRCA1 loss
(Dine and Deng 2013). Table 1-3 summarizes known mouse models used in breast cancer

research.
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Table 1-3. Mouse models generated for studying brcal associated breast cancer (adapted from Dine
and Deng, 2013).
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Section Il -SOD2 and Breast Cancer

Breast Cancer and Antioxidant Capacity

Breast cancer is the second leading cause of cancer death in women with more than of 373,000
deaths in women every year (Conte, Guarneri et al. 2007). Despite all the progress in its
diagnosis and treatment, a large number of women, diagnosed at late stages, still die from the

cancer (Becuwe, Ennen et al. 2014).

Breast cancer can occur randomly in population (sporadic) or occur due to inherited gene
mutations (familial). Clinically breast cancer can be classified into different subtypes depending
on the presence of certain markers. These markers are estrogen receptor (ER), progesterone
receptor (PR), and HER-2/Neu amplification. Basically, the markers allows stratification of
breast cancer tumors into hormone receptor positive tumors (ER and PR positive subtypes or
luminal A and luminal B subtypes), HER-2/Neu-amplified tumors, and triple negative tumors or
basal-like tumors (ER, PR, and HER2/Neu negative tumors). The last subtype (Basal-like triple
negative) in general lacks targeted therapies and often results in recurrent and lethal disease
(Cheang, Voduc et al. 2008, Chavez, Garimella et al. 2010, Hudis and Gianni 2011, Pogoda,

Niwinska et al. 2013).

Mechanisms leading to development of breast tumor are not clear. However, a number of risk
factors have been identified for breast cancer. Increasing production of ROS inside cells has
been proposed to be a common effect of most carcinogens (or risk factors) (Acharya, Das et al.
2010). Recent evidence suggests that increased ROS may play several roles such as effecting
tumor initiation, growth and metastasis (Forristal, Wright et al. 2010, Brouckaert, Wildiers et al.

2012). Also, it was reported that cancerous cells generally produce higher level of ROS
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comparing with normal cells. To cope with the increased production of ROS, cancer cells
upregulate the cellular antioxidant system. One component of these antioxidant systems is the
mitochondrial antioxidant enzyme SOD2, a target of NFkB. According to recent analysis of SOD2
in breast cancer patient, SOD2 was found often expressed at high levels in aggressive advanced
grade cancers with negative status of hormone receptor and p53 mutations (Fig.8). This
observation suggests potential impact of SOD2 on cancer development is likely through its
product, hydrogen peroxide (H202) (Cobbs, Levi et al. 1996, Kahlos, Anttila et al. 1998, Quiros,

Sainz et al. 2009, Sgambato, Camerini et al. 2009).

Interestingly, in chemotherapy and radiotherapy, which induce considerable levels of ROS,
induction of ROS can selectively kill cancer cells by increasing ROS levels over their threshold
that induce apoptosis (Dang 2012). However, in late stage cancers become resistant to these
treatments due to acquired ability to resist ROS. ROS resistance can also be attributed to the
manipulation of antioxidant defense gene expression. In addition to enhancing antioxidant
capacity, most cancer cells alter their glucose metabolisms as they metabolize glucose via
pyruvate to lactate through mitochondrial oxidative metabolism even in the presence of oxygen.
(Kamarajugadda, Cai et al. 2013, Hart, Mao et al. 2015). A recent study shown that SOD2 may be
central to the enhancement of H,0,-dependent signaling that enhance glycolytic metabolism,

thus bolstering tumor progression and aggressiveness (Hart, Mao et al. 2015).

Recently, we found that depletion of SOD2 in some ER-negative breast cancer cell lines
promotes resistance to chemotherapeutic drugs. Therefore, elucidation the role of SOD2 is an
active area of research to find potential markers or targets for making chemotherapy more

effective in breast cancer.
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Figure 8. Expression of SOD2 mRNA in human breast cancer (adapted from Kamargjugadda et al.,
2013.cell death and disease, 4:1-10). elevated expression of SOD2 is associated with high grades of
tumors, negative status of estrogen receptor (ER) and progestron recptors (PgR). Elston grades of the
tumor: high, red; medium, medium; low, blue. ER status. negative, yellow. p53 mutation: mutation,
yellow.

SOD2 Function, Localization, Regulation and Roles in Breast Cancer

Several superoxide dismutase enzymes exist in the cell, including the cytosolic SOD (SOD1), the
mitochondrial SOD (SOD2), and the extracellular matrix SOD (SOD3). SOD2 is considered to be
the essential mitochondrial antioxidant enzyme for cell survival compared with the other two
SODs (Zelko, Mariani et al. 2002). SOD2 knockout mice died shortly after birth with dilated
cardiomyopathy and neurodegeneration (Weisiger and Fridovich 1973, Salin, Day et al. 1978,
Carlioz and Touati 1986, Li, Oberley et al. 1995, Zelko, Mariani et al. 2002). Table 2-1

summarizes the characteristics of the three superoxide dismutases.
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Table 1-4. Charecteristic features of three SODsin eukaryotic cells

SOD2 is a key mitochondrial metalloenzyme (manganese dependent) involved in balancing the
mitochondrial redox state (Wheeler, Nakagami et al. 2001). SOD2 catalyzes the dismutation of
matrix superoxide radicals (02°), which form as a byproduct of the oxidative phosphorylation
process, into hydrogen peroxide (H,0,) and molecular oxygen (Fig.9) (Weisiger and Fridovich
1973, Salin, Day et al. 1978, Sevilla, Lopez-Gorge et al. 1980, Papa, Hahn et al. 2014). H,0, is
then further eliminated in the mitochondria by the activity of glutathione peroxidases (Mills
1957) and in the peroxisome by catalase (Chelikani, Fita et al. 2004). Interestingly, the balance
between SOD2 expression and the expression of peroxidases and catalase is largely lost in
progressing tumors. Ratios of peroxidases and catalase has been shown to increase in cancer
tissue (Miar, Hevia et al. 2015), indicating a loss of compensation in addition to the

overexpression of SOD2 (Fig 10) that both facilitates tumor progression.
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Figure 9. A model for production and disposal of mtROS. (adapted from Li X. J Hematol Oncol. 2013; 6: 19.).
Electrons (e’) donated from NADH and FADH, pass through the electron transport chain and ultimately reduce
0, to form H,0 at complex IV. MtROS are produced from the leakage of e to form superoxide (O, ) at
complex | and complex Ill. O, " is produced within matrix at complex |, whereas at complex lll O, " is released
towards both the matrix and the intermembrane space. Once generated, O, " is dismutated to H,0, by
superoxide dismutase 1 (SOD1) in the intermembrane space and by SOD2 in the matrix. Afterwards, H,0, is

fully reduced to water by glutathione peroxidase (GPX). OM: outer membrane; IM: inner membrane.

The SOD2 gene is located on chromosome 6g25.3. It has five exons interrupted by four introns
(Fig. 10). The basal promoter of the gene lacks TATA and CAAT boxes but contains GC rich motifs
and numerous Sp1l as well as several AP-2 consensus sequences in its proximal promoter region

(Wan, Devalaraja et al. 1994, Miao and St Clair 2009).
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Figure 10. Genetic structure and regulatory factors of SOD2 gene (adapted from Miao and St.
Clair., 2009. Free Radic Biol Med. 2009; 47(4): 344-356).

Furthermore, multiple transcription factors can bind in the regulatory region of SOD2 gene (Fig.
11). On one hand, some of these transcription factors such as NFkB and AP-1 (activator protein
2) upregulate its gene expression in response to numerous stimuli. On the other hand, other
transcription factors such as DDB2 (damaged DNA binding 2) and AP-2 (activator protein 2)

downregulate SOD2 expression (Becuwe, Ennen et al. 2014).
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Figure 11. Regulatory factors of SOD2 gene and their binding sites (adapted from Becuwe et al.,
Free Radical Biology and Medicine 77 (2014) 139-151).

Interestingly, up- or downregulation of SOD2 expression has been reported in tumor cells
(Becuwe, Ennen et al. 2014). Analysis of human breast cancer revealed that elevated level of

SOD2 is associated with poor prognosis while low expression is associated with better survival

(Fig. 12).
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Figure 12. Expression of SOD2 affect survival in human cancer (adapted from Kamarajugadda et
al., 2013.cell death and disease, 4:1-10). Elevated expression of SOD?2 is inversely correlated with

ten years patient survival.
|

Recently, through analysis of breast cancer gene expression datasets we found SOD2 expression

is lower in tumors compared to adjacent normal tissues. Further analysis, found SOD2 mRNA
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expression varies among different breast cancer tumor subtypes. The different SOD2 gene

expression among subtypes of breast cancer could serve as a useful marker for prognosis.

SOD2 in Breast Cancer Progression and Metastasis

Angiogenesis, a process in which new blood and lymph vessels form, is essential for the growth
of solid tumors. Angiogenic activity can alter cell programmed through reactive oxygen species
(ROS) (Hanahan and Weinberg 2011). The role of SOD2 in breast tumoral angiogenesis is not
clear. Although enzymatic activity of SOD2 indicates it is a tumor suppressor, SOD2 is also shown
to be able to promote breast tumor progression (Kattan, Minig et al. 2008). SOD2 expression
was found to be elevated in advanced stages of breast cancer which support its role in breast

angiogenesis (Kamarajugadda, Cai et al. 2013, Hart, Mao et al. 2015).

Interestingly, SOD2 has historically been considered as an anti-oxidant enzyme responsible for
the conversion of potentially harmful O, to H,0, under unstressed condition. It has been found
that low SOD2 expression accompanied by an increase in mitochondrial superoxide results in
stabilization of HIF-1 and its target vascular endothelial growth factor (VEGF). Activation of these
factors can increase cellular proliferation and angiogenesis in breast cancers. Also, it has been
suggested that high SOD2 activity increase H,0, levels which in turn result in angiogenesis,
invasive and metastatic breast cancer cells through increased accumulation of HIF-1 and VEGF
factors (Chandel, McClintock et al. 2000, Wang, Niu et al. 2004, Kaewpila, Venkataraman et al.

2008).

In line with the above, SOD2 by its production of mitochondrial H,0, (mH,0,) may also control a

key cellular process, epithelial mesenchymal transition (EMT), process that increases the
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migration and invasiveness potentials of cancer cells (Micalizzi, Farabaugh et al. 2010).
Furthermore, it has been shown that SOD2 contributes to the activation of matrix
metalloproteases (MMPs) by means of increased H,0,. MMPs allow aggressive tumor cells with
a mesenchymal phenotype to degrade surrounding extracellular matrix to facilitate invasion and
metastasis (Vizoso, Gonzalez et al. 2007, Rezaei, Friedrich et al. 2012, Bae, Choi et al. 2013). In
addition to the ability of SOD2 to promote EMT through mH,0,, it has been found that H,0, can
also activate the metabolic master switch AMPK. AMPK directly enhances aerobic glycolysis and
herefore the survival of breast cancer cells through providing them with essential building blocks
and energy (Hart, Mao et al. 2015). For all these reasons, it is important to investigate the
correlation between SOD2 expression and tumor progression and survival of breast cancer

patients.
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2. RATIONALE

Preliminary studies of our lab and published reports from others have shown that BRCA1 is
directly or indirectly involved in oxidative stress response (Bae, Fan et al. 2004, Acharya, Das et
al. 2010). Multiple lines of evidence has suggested that, BRCA1 plays an important role in
regulating NRF2, a master transcription factor for genes involved in antioxidant response, either
by promoting its protein stability or its activity at the AREs (Copple, Goldring et al. 2008, Chen,
Sun et al. 2009, Hayes, McMahon et al. 2010, Ma 2013). Still the exact mechanism of BRCAL1 in
oxidative stress, as well as the role of reactive oxygen species (ROS) in BRCA1 associated breast

tumor remain unclear and need to be further elucidated.

We hypothesized that BRCA1 is important for maintaining low level of ROS. Any defect or loss in
BRCA1 may increase ROS and/or disrupt the cellular capacity and the altered redox status
impacts tumor development and response to chemotherapy. To test the hypothesis we pursued

the following:

A. Analysis of BRCA1 Regulation of Antioxidant Response in Vitro

To determine the importance of BRCAL in cellular redox homeostasis, we used siRNAs to
knockdown BRCA1 in the MCF-10A immortalized human mammary epithelial cells and the U20s

osteosarcoma cells and measured cellular levels of ROS.

To identify the antioxidant genes that are subject to regulation by BRCA1, we used gqRT-PCR and
western blotting to analyze mRNA and protein levels of NRF2 and its downstream target genes

such as NQO1, GCLC and GCLM, etc.
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B-Study BRCA1 Regulation of SOD2 Expression in Vivo

In order to further study the role and mechanism of BRCA1l function in oxidative stress
regulation in vivo, we deleted exons 5-13 of Brcal in adult Brea1™ Ubc-CreERT2/+ mice and
analyzed the levels of 8-oxo-dG, a marker of oxidative stress in vivo, and SOD2, a newly

identified target of BRCA1.

C. Study SOD2 Role in Breast Cancer Patient Survival and Cellular Sensitivity to

Chemotherapeutic Agents

Since different expression levels of SOD2 was found among breast tumors subtypes and
between normal breast tissues and breast cancer tumors, we hypothesized SOD2 could be used
as a prognostic marker and could play a role in breast cancer progression and metastasis. To test
that hypothesis, we analyzed the correlation of different expression levels of SOD2 (high or low)

on breast cancer patient survival.

To test the importance of this correlation in the context of cellular resistant to chemotherapy,
we depleted SOD2 in ER negative breast cancer cell lines expressing high level of SOD2 and
measured cellular sensitivity to commonly breast cancer chemotherapeutic agents. Similarly, we
also knocked down SOD2 in MCF7 cells that express low level of SOD2 to test the effect on

cellular sensitivity to breast cancer chemotherapies in ER positive cells.
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3. MATERIALS AND METHODS

A. Cell Lines and Cell Culture

Human normal mammary epithelial cell line (MCF-10A) was used for preliminary oxidative stress
studies and Mitosox red staining. Triple negative MDA-MB-231 breast cancer cells were used
for oxidative stress studies, Mitosox red staining, cytotoxicity and western blot studies. ER-
positive MCF-7 breast cancer cells were used for oxidative stress response studies, cytotoxicity
and western blot. U20S osteosarcoma cells were used for preliminary oxidative stress studies.
T47D and ZR-75-30 cells (generously provided by Dr. Gatza), SUM149PT, HCC1954, MDA-MB-
468, BT-549, SK-BR-3 and Hs578T breast cancer cells were used for protein expression analysis
by western blot and for cellular sensitivity assay. Triple negative, BRCAI-mutant MDA-MB-436
cells were used for most of the assays to study the mechanisms behind breast cancer

chemotherapeutics resistance.

All cells except MCF-10A were cultured in Dulbecco’s Modified Eagle Medium F12 (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% Penicillin-
Streptomycin (Pen-Strep). MCF-10A cells were grown in DMEM F12 with 10% FBS, insulin,
hydrocortisone, cholera toxin, epidermal growth factor and 1% Pen-Strep. All cells were grown

in a humidified incubator at 37° C with 5% CO,.

B. Plasmid Transfection and Western Blotting

cDNA constructs were transiently transfected into MDA-MB-436 cells for BRCA1 reexpression
studies. MDA-MB-436 cells were plated in 6-well plates at 200,000 cells per well and allowed to
attach for 16 hours (O/N). 3 ug plasmid was transfected using either XtremeGENE 9 (Promega)

or XtremeGENE HP (Roche) in Opti-MEM Reduced Serum Medium (Invitrogen) according to
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manufacturers’ protocols. Approximately 48 hrs after transfection, cells were collected and
lysed in NETNG-250 (250 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, 0.5% Nonidet P, 10% glycerol)
with Complete Protease Inhibitor Cocktail (Roche). Whole cell lysates were probed for Western

blotting.

Proteins were resolved by SDS-PAGE on 3-12% Tris-Glycine polyacrylamide gels and transferred
onto nitrocellulose membranes. Protein size was determined by pre-stained protein marker
SeeBlue Plus 2 (Invitrogen). Following incubation with primary and secondary antibodies, blots
were washed with PBS-T and then developed using Immunoblot Western Chemiluminescent
HRP Substrate (Millipore). The following primary antibodies were used: BRCA1 (#07-434,
Millipore or Ab-4, Calbiochem), KEAP1 (E20, Santa Cruz), NQO1 (Santa Cruz), GCLC (Santa Cruz),
SOD2 (Santa Cruz), p53 (DO-1, Santa Cruz), HER2 (origene), beta-actin (Santa Cruz), NRF2

(abcam) HO-1(Santa Cruz), GAPDH (Santa Cruz), and NRF2 (abcam).

C. siRNA Transfection

In general, cells were seeded to reach approximately 30% confluence at the time of siRNA
treatment. Knockdown of targeted genes were performed using Lipofectamine RNAiMax
(Invitrogen) according to the manufacturer's instructions. Transfection was for 72 hrs at a final
siRNA concentration of 10 nM. siRNAs were synthesized by Sigma. The specific siRNA used

listed in Appendix A.

D. Annexin V and 7AAD staining and Flow Cytometry

Cells were seeded in 6 well plates at 1.5x10° cells per well. After 16-18 hours cells were
transfected with control and SOD2 siRNAs. After 24hrs of transfection 5 um camptothecin was

added to control and SOD2 transfected cells. 24hrs after drug treatment, cells were harvested
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by trypsinization, washed with PBS containing 0.5% BSA, 2 x10° cells were resuspended in 100pl
medium without phenol red and incubated with 100ul of Annexin V and 7 AAD stain at room
temperature for 20 minutes. Cells were then analyzed with Guava easyCyte instrument. 7 AAD

stained nuclear DNA content and Annexin V staining phosphotydile serine (PS) in apoptotic cells.

Flow Cytometry analysis was conducted using a Guava easyCyte flow cytometer and Guava Suite
Software. Annexin V signal was measured with laser excitation at 488 nm and emission between
515-550 nm. 7 AAD was measured with laser excitation at 550 nm and emission between 600-
620 nm. 1,000 — 2,000 events were captured and 2,000 cells were analyzed after gating to

eliminate cell doublets and aggregates.

E. Immunofluoresence (IF)

Cell were grown on coverslips to 60-80% confluence and fixed with PBS containing 3%
paraformaldehyde and 2% sucrose for 5 minutes after appropriate experimental treatment.
Fixed cells were then permeabilized in CSK buffer (0.5% Triton X-100, 20mM Hepes pH7.4,
50mM NaCl, 3mM MgCl,, 300mM sucrose) for 5 minutes on ice. Primary and secondary
antibodies were diluted in PBS with 5% normal goat serum. 70 plL of each antibody solution was
added onto the coverslip and incubated for 20 min each at 37°C. All steps had PBS washes in
between except the final wash before mounting. Prior to mounting coverslips were washed
once with PBS, twice with PBS containing 0.5% Tween20, and a final wash with PBS. Coverslips
were mounted onto glass slides using Vectashield with DAPI (Vector Labs) for nuclear staining
and sealed with clear nail polish. Images were captured with Nikon TE2000 fluorescence

microscope using Nikon NIS Elements software.
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F. Reactive Oxygen Species (ROS) Assay

MCF-7 cells grown to 80-90% confluence in 6-well plates were washed with PBS and then
incubated with fresh phenol red-free DMEM containing 10% FBS and 10 uM 2',7'-
dichlorofluorescein diacetate (DCF, Sigma) at 37°C for 30min. Cells were washed with PBS,
harvested by trypsinization, and resuspended in cold PBS. ROS levels were measured by flow
cytometry with excitation at 488 nm and emission at 515 to 545 nm. ROS assays were repeated

independently three times.

G. Drug Sensitivity

2x10° U20S cells were plated into 6- well plates 18 hrs the day before siRNA transfection. Cells
were transfected with 10nM of control and SOD2 siRNAs. After 24 hr the media was refreshed.
Another 24 hr later, cells were trypsinized and seeded into 96- well plates at 2,000 cells per well.
After another 24 hr, 50 pl of different drugs at different (or gradient) concentrations were added
to achieve desired final concentrations. 96 hrs following drug treatment, cell viability was
determined using the CellTiterGlo kit (Promega). All experiments were performed in

quadruplets.

H. RNA Extraction and Real-Time PCR

For RNA extraction, samples were processed using an RNA mini kit (QIAGEN) for whole tissues,
the RNA aqueous mini kit (Ambion/Life Technologies) for mouse islets, and the RNA aqueous
micro kit (Ambion) for sorted cells. cDNAs were synthesized with SuperScript Il First-Strand
Synthesis kit (Invitrogen, Life Technologies). PCR primers were: RPLPO, GAPDH, BRCA1, SOD2,
GCLC, GSTM, P21 and p53. Messenger RNA expression was calculated from the C; of target

genes and RPLPO using standard methods.
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l. Genotyping of Mice

Genotyping was performed with genomic extraction of DNA from tail of 3 weeks age of mice.
Briefly, tails were incubated overnight in 500 ul of TENES buffer (20mM Tris, 200mM NaCl,
20mM EDTA, 0.8% SDS) containing 0.25 mg/ml proteinase K at 56C overnight. Next day, 200ul of
5M NaCl was added to the digested tail to precipitate proteins. Tails incubated with NaCl for 20
min on ice followed by spinning down at high speed to remove proteins. The genomic DNA was
precipitated from the supernatant of the previous step by adding ethanol then collected by
spinning down at high speed. Then TE buffer (10mM Tris, EDTA) pH 8.0 was added to dissolve
the genomic DNA. Sequence conformation was carried out after amplifying the region
surrounding exons 5 and 13. The sequences of primers used are listed in Appendix B. The size of
PCR products are 394 nt for floxed (Brcalf/f) and 200 nt for wt Brcal alleles. The reaction mix

for genotyping was used as the following:

10x Hot master Taq buffer 1ul

dNTP (400 pM) 1

Hot master Taqg DNA polymerase 1 pl

Forward primer 0.3 pl

Reverse primer 0.3 pl

Genomic DNA 2 ul

H,0, to 10 Lll

The PCR cycling conditions were:
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94°C 5min; 94°C 30 sec; 68°C 5 min X 40 cycles; 68°C 5 min; 72°C 10 min.

J. Tamoxifen Injection

Tamoxifen TAM (T5648, Sigma) was solubilized at 20 mg/ml in a mixture of 98% and 2% ethanol
and delivered into mice by intraperitoneal injection (4mg/25g body weight, once per day for 3

days).

K. Tissue collection

CO, asphyxiation and their tissues collected immediately. One set of tissues was fixed with
phosphate buffered formalin overnight, changed to 70% ethanol and stored at 4°C. Fixed tissues
were embedded in paraffin, cross sectioned at a thickness of 3um, and stained hematoxylen and

eosin for histopathology. Unstained slides used for Immunohistochemistry analysis.

L. Immunohistochemistry (IHC)

IHC staining was carried out by Dr. Yanying Huo, an instructor in our lab. Unstained sections of
mammary gland and liver were dewaxed in xylene and hydrated in a graded series of ethanol in
Coplin jar. For SOD2, yH2AX, and p21 staining, after a brief wash with PBS, antigen retrieval was
carried out with 10 mM sodium citrate buffer, pH 6.0 at 95C for 30 min. After cooling down the
slides to room temperature. Sections were incubated in 3% H,0, for 10 min and then blocked
with 10% goat serum in PBS for 1 hr at room temperature. Incubation with SOD2, yH2AX, and
p21 antibodies was carried out overnight at 4°C in a humidified chamber at a dilution of 1:100,
1:200 and 1:500, respectively, in 5% goat serum. Secondary antibody incubations were carried
out using Dako LSAB2 system HRP following the manufacturer’s protocol. Signals were visualized

with 3,3 diaminobenzidine followed by three washes with distilled water.
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L. Statistical Analyses

All pooled data presented are averages of at least 3 independent experiments. The P values

were calculated by two-tailed Student's t-test using Microsoft Excel 2010.
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4. EXPERIMENTAL RESULTS

Section I: Analysis of BRCA1 Function in Redox Homeostasis

1.1 Downregulation of BRCA1 Increases ROS Levels in Breast Cancer Cells

To study the role of BRCAL1 in oxidative stress response, we first chose to measure the ROS levels
after BRCA1 knockdown in U20S osteosarcoma cells and normal epithelial breast cells (MCF
10A) using 2’,7’-Dichlorofluorescein (DCF) in conjunction with FACS. As shown in Fig. 1A and B,

BRCA1 knockdown was sufficient by itself to induce ROS in the cells.
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Figure 1. BRCAL1 loss increases ROS levels in U20S and MCF 10Acells. A. ROS levels measured by DCF
fluorescence in U20S cells. Corresponding quantification is expressed as percent increase over control. B. ROS
levels measured by DCF fluorescence in MCF 10Acells. Corresponding quantification is expressed as percent
increase over control. C. Western blots probing for BRCA1 and GAPDH in U20S and MCF 10A cells treated with
control and BRCA1 siRNAs. Note the lower band in the BRCA1 blot is non-specific.
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Specifically, we found that ROS levels in BRCAL depleted cells were 60-75% higher than ROS
levels in cells transfected with non-targeting siRNAs (Fig. 1A and B). We also confirmed that the

knockdown was efficient by western blot for endogenous BRCA1 (Fig. 1C).

Although U20S and MCF 10A cells are sufficient for understanding potential role of BRCA1 in
regulation oxidative stress in human cells, they may not be representative of cancers caused by
BRCA1 mutations. As there are a number of cell lines derived from patients lacking functional
BRCA1, we chose to use two breast cancer cells (MCF7 and MDA-MB-231) in order to obtain
more clinically relevant data on oxidative stress regulation. We found transient knockdown of
BRCA1 (for 72hrs) in these cells also led to increase ROS, albeit to substantially lesser extents
(Fig. 2A and B). Overall, ROS levels in BRCA1 depleted cells were 15-20% higher than ROS levels
in cells transfected with non-targeting siRNAs (Fig. 2A and B). Western blot for endogenous
BRCA1 showed that the knockdown was largely effective although incomplete (Fig. 2C). The
increase in ROS level following BRCA1 knockdown confirmed a function of BRCA1 in oxidative

stress homeostasis.
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Figure 2. BRCA1 loss increases ROS levels in MCF7 and MDA-MB-231 cells. A. ROS levels measured by DCF
fluorescence in MCF7 cells. Corresponding quantification is expressed as percent increase over control. B. ROS
levels measured by DCF fluorescence in MDA-MB-231 cells. Corresponding quantification is expressed as
percent increase over control. C. Western blots probing for BRCA1 and B-actin in MCF7 and MDA-MB-231 cells

treated with control and BRCA1 siRNAs.
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1.2 Downregulation of BRCA1 Increases Superoxide Level in Breast Cancer Cells

To further investigate the role of BRCA1 in oxidative stress response, we tested the effect of
BRCA1 knockdown on superoxide (O,") level in MCF 10A cells using Mitosox Red. We found that
O, levels in BRCA1 depleted cells were higher than O, levels in cells transfected with non-
targeting siRNAs (Fig. 3A). Additionally, we tested the basal level of O,” in MDA-MB-231 cells and
MDA-MB-436 cells. MDA-MB-436 cells harbor a truncated nonfunctional form of BRCA1 while
MDA-MB-231 cells have a wild type of BRCA1l. We found that MDA-MB-436 cells have higher
basal level O,” than MDA-MB-231 cells (Fig. 3C). These results further suggest that BRCA1 may

regulate the production or elimination of mitochondria superoxide.

Figure 3. Superoxide levels in MCF 10A, MDA-MB-436 and MDA-MB-231 cells. A. Superoxide levels measured by
mitosox Red in MCF 10A treated with Ctrl siRNA, BRCA1 siRNA and SOD2 siRNA. B. Superoxide levels measured
by mitosox Red in MCF 10A treated with Ctrl siRNA, NRF2 siRNA and KEAP1 siRNA. C. Basal levels of superoxide in
MDA-MB-436 and MDA-MB-231 cells bv mitosox Red.
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Moreover, we tested the effect of knocking down NRF2, a collaborator of BRCA1 in redox
regulation and a master regulator of antioxidant genes involved in detoxifying ROS, on O, levels
in MCF-10A cells. We also tested the effect of knockdown of KEAP1, a negative regulator of
NRF2. KEAP1 depleted cells also served as an additional control in this experiment. We found
transient knockdown of NRF2 show similar effect on O, levels as BRCA1 knockdown in the same
cell line (Fig. 3B). These results are consistent with previous studies which suggested that BRCA1

and NRF2 function together in oxidative stress homeostasis (Bae, Fan et al. 2004).

The fact that BRCA1 and NRF2 single knockdowns result in increased superoxide levels does not
necessarily mean that the BRCA1 regulates superoxide homeostasis directly through NRF2.
Given the fact superoxide is mainly regulated by superoxide dismutase (SOD2). This begs the
question whether SOD2 is a downstream target of NRF2 or BRCAL. Indeed, results from a recent
study suggested that BRCA1 regulates SOD2 (Gardini, Baillat et al. 2014). Using genome wide
sequence analysis, the study found that NFkB and its downstream targets including SOD2 were
decreased after depletion of BRCA1 in MCF-10A cells. This indicates that SOD2 is a downstream
target of BRCALl. Moreover, our analysis of SOD2 expression in the METABRIC and TCGA
datasets showed a consistently positive correlation of SOD2 expression with NRF2 and NRF2
target genes in all tumors and all subtypes with the exception of the HER2-positive tumors (Fig.
4A and B). Although this does not necessary means SOD2 is a downstream target of NRF2, such

as possibility is worthy of further investigation.
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Figure 4 SOD2 correlates positively with NRF2 and the downstream target of NRF2 in human breast
cancers. (A) Analysis of SOD2 correlation with NRF2 and NRF2 target genes in the METABRIC and TCGA
datasets in all tumors. (B) Analysis of SOD2 correlation with NRF2 and NRF2 target genes in the METABRIC

and TCGA datasets in different subtypes of breast cancer.
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1.3 Downregulation of BRCA1 Decreased mRNA Expression of Some Antioxidant Genes in Breast

Cancer Cells

In order to further confirm the role of BRCAL in oxidative stress response, we analyzed the
mRNA amounts of some antioxidant genes including SOD2, GSTM, GCLC, and NQO1 by RT-gPCR
after BRCA1 knockdown with 4 different siRNA sequences in MCF7 cells. As shown in Fig. 5, the
knockdown efficiency of BRCA1 was approximately 80%. mRNA levels of GCLC and NQO1
significantly decreased after BRCA1 knockdown (Fig. 5). In this analysis, SOD2 mRNA amounts
were also modestly reduced in cells treated with by 3 out of the 4 BRCA1 siRNAs used (Fig. 5).
This more modest degree of decrease than previously reported could be due to the incomplete
knockdown of BRCA1 or certain differences in the cell lines used. However, the overall results
further confirmed the involvement of BRCA1 in regulating antioxidant response genes and

oxidative stress response in general.
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Figure 5. BRCA1 depletion decreases expression of some antioxidant genes. BRCA1 mRNA amount is
measured by qRT-PCR after its depletion in MCF7 cells using BRCA1 siRNA for 72 hrs. Then, GCLC, NQO1,
SOD2 and GSTM mRNA amounts were measured by gRT-PCR. Dramatic decrease was noticed in GCLC and
NQO1 mRNA amounts after BRCA1 depletion. Slight decrease was noticed in SOD2 and GSTM mRNA amounts

after BRCA1 depletion in MCF7 cells. 14

Downregulation of BRCA1 Increases SOD2 Protein Expression in Breast Cancer Cells

Our finding that BRCA1 depletion slightly decreases SOD2 mRNA amount suggests that BRCA1
may regulates SOD2 in cancer cells. To investigate BRCA1 regulation of SOD2 protein expression,

we first depleted MCF7 cells of BRCA1 using four different individual BRCA1 siRNAs targeting
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different parts of BRCA1 as well as pool of BRCA1 siRNAs (pool of three different BRCA1 siRNAs).
Additionally, we used three different non targeting siRNAs, pooled SOD2 siRNAs and individuals
SOD2 siRNAs as an additional controls. We carried out a western blot and the results as shown

in Fig. 6A, surprisingly, knockdown of BRCAL increased the protein level of SOD2 in MCF7 cells.

Next, we used a larger set of eight different BRCA1 siRNAs to further confirm increased SOD2
protein level upon BRCA1 loss in MDA-MB-231 cells. Indeed, we found a pronounced increase in
SOD2 expression after BRCA1 depletion with most of the siRNAs used (Fig. 6B). We also checked
for NRF2 and KEAP1 expression after BRCA1 depletion. We did not find a significant change in
their expression in response to BRCA1 depletion. Then, the same experiment was performed
with MCF7, MDA-MB-231 and U20S cells using a pool of BRCA1 siRNAs, with a pool of SOD2
siRNAs as an additional control. The results revealed that SOD2 protein level indeed increased
after BRCA1 knockdown in all tested cell lines (Fig. 6C). Moreover, we found the basal level of
SOD2 was higher in the BRCA1l-mutant MDA-MB-436 cells (Fig. 6C) than in the above cancer
cells with wt BRCA1. Additionally, SOD2 level also appeared to be high in another BRCA1-mutant
breast cancer cell line, SUM149PT (Fig. 6D). These results demonstrate that BRCA1 negatively

regulates SOD2 protein level.
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Figure 6. BRCA1 downregulation increases SOD2 expression in breast cancer cells (A) Western blots
showing the depletion of BRCA1 in MCF7 cells using siRNAs increases SOD2. (B) Western blots showing the
depletion of BRCA1 in MDA-MB-231 cells using siRNAs increases SOD2 (C) Western blots showing the
depletion of BRCA1 in MCF7,MDA-MB-231, U20S and MDA-MB-436 cells using siRNAs increases SOD2. (D)
Western blots showing SUM149PT cells (BRCA1 deficient) have high SOD2 expression.

45

Additionally, we stained the cells with an anti-SOD2 antibody following BRCA1 knockdown to

check for SOD2 expression by immunofluorescence (IF). As expected, SOD2 levels were

increased after BRCA1 downregulation in all cells tested (Fig. 7A-E). These results further

confirmed the role of BRCA1 in the regulation of SOD2. Also, the results suggest either BRCA1

directly regulates SOD2 stability (given the decrease in SOD2 mRNA amount) or SOD2 is

responding to oxidative stress induction due to BRCA1 depletion.
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Figure 7. SOD2 upregulation in response to BRCA1 loss. (A) Representative U20S cells stained for nuclear DNA
content (DAPI), BRCA1 and SOD2 by IF. BRCAl-depleted cells showed increased SOD2 staining after 72 hrs of
BRCAL1 depletion. (B) Representative MCF-10A cells stained for nuclear DNA content (DAPI), BRCA1, and SOD2 by
IF. BRCA1-depleted cells showed increased SOD2 staining after 72 hr of BRCA1 depletion. (C) Representative
MCF7 cells stained for nuclear DNA content (DAPI), BRCA1, and SOD2 by IF. BRCA1-depleted cells showed
increased SOD?2 staining after 72 hr of BRCA1 depletion. (D) Representative MDA-MB-231 cells stained for
nuclear DNA content (DAPI), BRCA1, and SOD2 by IF. BRCAl-depleted cells showed increased SOD2 staining after
72 hr of BRCA1 depletion. (E) Representative MDA-MB-436 cells stained for nuclear content (DAPI), BRCA1, and
SOD2 by IF. Basal SOD2 level in MDA-MB-436 cells was much higher than in other BRCA1-wt_ cells SOD2. All cells
were seeded on cover glasses and treated with indicated siRNAs (except MDA-MB-436 cells) for 72 hr. Cells were
fixed then processed and stained with anti-BRCA1 and anti-SOD2.
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1.5 Upregulation of SOD2 by BRCA1 Depletion Can Be Abrograted by NAC Treatment

BRCA1 functions in oxidative stress are closely linked to antioxidant response genes. Also, SOD2
protein is known to promote proper redox regulation and balance after oxidative stress
(Wheeler, Nakagami et al. 2001). The fact that transfection of MCF7 cells with BRCA1 siRNAs for
72 hrs induces SOD2 protein accumulation (Fig. 6) suggests SOD2 could be responding to
oxidative stress induction due to BRCA1 depletion. To test the interplay between BRCA1 and
SOD2 in oxidative stress regulation and response, we seeded MCF7 cells in duplicate,
transfected both sets with five individual BRCA1 siRNAs and then we treated one set with 2 mM
N-acetylcysteine (NAC) for 2 hrs to determine if NAC treatment could SOD2 to its basal levels or
the level in cells treated with a control siRNA. Cell lysates were collected and analyzed by
western blot 72 hrs post transfection and 2 hrs of NAC treatment. As shown in Fig. 8A,
compared with cells treated with the control siRNA, BRCA1-depleted cells showed a clear SOD2
accumulation. Not surprisingly, after 2mM NAC treatment for 2 hrs, BRCA1 depleted cells
exhibited decreased SOD2. Thus, the above results indicate that the increase in SOD2 expression

after BRCA1 knockdown was due to an induction of oxidative stress.

Several interesting inferences can be made from the upregulation of SOD2 expression after
BRCA1 downregulation. First, BRCA1 does regulate SOD2 negatively. Second, this regulation is
most likely through ROS (given the reduction in SOD2 expression following NAC treatment).
Third, the SOD2 could be partially responsible for ROS regulation elicited by or following BRCA1
loss. Lastly, increased ROS levels after BRCA1 knockdown may activate genes products of which
mediate antioxidant functions so that ROS levels are maintained under threshold levels that

induce apoptosis.
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Figure 8. P53 limits ROS induction upon loss of BRCA1. (A) p53 induction following BRCA1 depletion and the
effect of NAC. MCF7 cells were transfected with BRCA1 siRNAs for 72 hr followed by 2 mM NAC treatment for 2
hrs. Proteins levels were analyzed by western blotting. (B) ROS measurement by DCF fluorescence dye after
knockdown of BRCA1 and co-knockdown of P53 and BRCA1 in MCF7 cells.

In order to test our hypothesis that BRCA1 knockdown can indirectly regulate or induce the
expression of genes involved in antioxidant response through ROS, we performed western blot
to cdetermine the expression of p53, a tumor suppressor and transcription factor that can
directly regulate the expression of hundreds of genes, including genes involved in regulating

oxidative stress (Liu and Xu 2011). MCF7 cells seeded in duplicate sets and both were
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transfected with five individual BRCA1 siRNAs for 72 hrs. One set was treated with 2 mM N-
acetylcysteine (NAC) for 2 hrs, while the other was left untreated and used as control. As shown
in Figure 8A, P53 was induced in BRCA1-depleted cells that were not treated with NAC, whereas
the induction of p53 was largely suppressed in cells treated with NAC. This suggests that p53

was responding to oxidative stress in addition to DNA damage after BRCAL1 loss.

In order to further confirm the possible functional interplay between p53 and BRCA1 in stress
response, we compared ROS levels in MCF7 cells treated with BRCA1 siRNA alone and cells
treated with a combination of BRCA1 and p53 siRNAs. Although this approach is not sufficient
to answer the question as to how P53 regulate ROS following BRCAL1 loss, it will allow us to
investigate the potential role of p53 upregulation in limiting ROS levels after BRCAl
downregulation. As shown in Figure 8B, 72 hrs after siRNA transfection, p53 and BRCA1 double
knockdown cells showed higher ROS level than did BRCA1 single knockdown cells (25-35% vs
15% increase), as compared with control (NSC) siRNA treated cells. The more profound rise in
ROS level in the double knockdown cells suggesting that p53 may act to reduce ROS
accumulation after BRCA1l loss (Fig. 8B). Together, these data demonstrate that BRCA1
downregulation leads to p53 induction and further suggest that the induction of p53 may be
important to limit ROS levels below a threshold that induces cell death. It is worth noting the
possibility of BRCA1 and P53 having similar functions in oxidative response, particularly since
many studies have shown that p53 also has a functional relevance in antioxidant response
(Vurusaner, Poli et al. 2012, Gambino, De Michele et al. 2013). Our results also imply that BRCA1
regulation of SOD2 expression is indirect and is possibly through increased ROS levels and
induction of p53, given that NAC treatment downregulates p53 and that downregulation was
accompanied by SOD2 downregulation Figure 8 A. These data provided the impetus for further

studies into the mechanism by which BRCA1 regulates SOD2 expression.
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1.6 Re-expression of Wild Type BRCA1 in MDA-MB-436 Cells Decreases SOD2 Expression

In order to further confirm the role of BRCA1 in SOD2 regulation, we transfected MDA-MB-436
cells that are deficient in BRCA1 with two independent cDNA plasmids that overexpress wild
type BRCA1 and used immunofluorescence staining to study the effect of re-expressing wild
type BRCA1l on SOD2 protein amount. As shown in Fig. 9A, a fraction of transfected cells
showed positive staining of BRCA1l. Plasmidl showed higher expression levels than plasmid2.
Importantly, both plasmidl and plasmid2 appeared to decrease the high basal SOD2 protein
level in the cells (Fig. 9A and B), lending further support that BRCA1 negatively regulates SOD2
protein abundance. Additionally, our lab has generated three independent MDA-MB-436 cell
lines that stably express wild type BRCA1 (referred to as WT3, WT6, and WTS8). In order to
confirm the above findings, we seeded the stable cells as well as parental cells in duplicate. One
set was seeded on cover slips for IF and the other set was seeded in 6 wells plate for western
blots. Not surprisingly, all of the stable cells showed decreased SOD2 expression (Fig. 10C).
Specifically, we found that SOD2 expression in stable cells were 50-65% less than in parental
cells (Fig. 9D). These results further confirmed the negative regulation of SOD2 protein

expression by BRCA1.
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Figure 9. Re-expression of wild type BRCA1 in MDA-MB-436 cells. (A) Representative MDA-MB-436 cells stained
for BRCA1 and SOD2 by IF. Cells transfected with plasmid 1 and plasmid 2 that express wild type BRCA1. SOD2

staining was performed after 48 hrs transfection with 3 pg DNA of plasmid 1 and plasmid 2 (B) Quantification of

SOD2 expression after transfection of cells with wild type BRCA1 plasmids. Y axis means percent of total number
cells. (C) Stable expression of BRCA1 in MDA-MB-436 cells causes a decrease in SOD2 staining. (D) Western blots
showing the stable cell lines having SOD2 expression level less than of that in parental cells.
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Section ll: Analysis of BRCA1 Function in Oxidative Stress Homeostasis in Vivo

2.1 Generation of Brcalf/f;UBC-CreERTZ/+ Mouse Strain

To circumvent embryonic lethality and determine the effect of BRCA1 loss on SOD2 in adult
mice, we took advantage of a Cre-ERT2 transgenic mouse line that was generated using a
lentivirus that express from human ubiquitin C promoter (UBC) (Lois, Hong et al. 2002). CreERT2
is a fusion protein of the Cre recombinase and a mutant form of estrogen receptor (ER) that is
localized in the cytoplasm but will translocate into the nucleus upon binding to tamoxifen (TAM)
(Feil, Wagner et al. 1997, Lois, Hong et al. 2002, Ruzankina, Pinzon-Guzman et al. 2007). In
combination with a genetically engineered Brcal allele with its exons 5-13 flanked by loxP sites
(floxed), the Ubc-CreERT2 model provides a system to efficiently inactivate Brcal in the whole
body of the mouse thereby allowing for studying BRCA1 function in different tissues at desired

time.

To test the efficiency of Cre-mediated deletion of (the exons 5-13 of) Brcal, adult Brecal” ;Ubc-
CreERT2/+ mice (6-10 weeks of age) were treated once per day for three days with TAM by
intraperitoneal injection (Fig. 10B). At 6, 12 and 20 days after the final treatment, mice were
sacrificed and DNA from liver and spleen was analyzed by PCR to detect Brcal deletion. Partial
but still significant deletion was observed in both tissues (Fig. 10C), indicating that CreERT2 was
activated by TAM injection. Because the floxed allele remained intact in some cells in the two
tissues and possibly in all other tissues, this system allowed production of mice that are mosaic

for Brcal deletion.
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Figure 10. An inducible system to delete Brcal in adult mice. (A) Schematic of lentivirus construct structure used
to generate CreERT2 fusion protein (adapted from Ruzankina Y. et al., 2007. Cell Stem Cell 1,113-126. (B) TAM
treatment regimen used to stimulate recombination of the Brca1” allele. Mice were treated TAM at 6-10 weeks
of age by intraperitoneal injection and analyzed subsequently at various time points. (C) Gel electrophoreses of
genotyping PCR products from genomic DNA isolated from TAM treated mice from liver and spleen tissues. WT
Brcal product size= 300kb, Brcalf/f:390kb, Brca1*3=494kb
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2.2 Upregulation of SOD2 expression in mouse liver after deletion of Brcal

To investigate the effect of Brcal deletion on SOD2 expression in vivo, we generated
Brcalf/f;UBC-CreERTZ/+ mice that have floxed Brcal exons 5-13. Deletion was induced by TAM
treatment at 6-10 weeks of age (Fig. 10). UBC-CreERT2/+ mice with wild type Brcal were used as
controls. At 6, 12, and 20 days after TAM treatment, mice were sacrificed and tissues were
collected. Total RNAs were isolated from the livers and qRT-PCR was carried out to determine
the amount of Sod2 mRNA. As shown in Fig. 11, Sod2 mRNA expression appeared to be slightly
downregulated after deletion of exon 5-13 in Brcalf/’}UBC-CreERT2/+ mouse liver. The
reduction of Sod2 mRNA amount was maintained up to 20 days after Brcal deletion, although

there appeared to be moderate recovery at the later time points. This finding is consistent with
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Figure 11. Brcal deletion in Brcalf/f;UBC—CreERT2/+mouse liver slightly decreases SOD2 mRNA . SOD2
mRNA amount was measured by qRT-PCR after BRCA1 deletion using two differents sets of primer for
mRNA SOD2. G932 and G686 mice were sacrificed after 6 days of last TAM injection , G699 and G685
mice were sacrificed after 12 days of last TAM injection. G700 and G684 mice were sacrificed after 20
days of last TAM injection.
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our previous observation that BRCA1 depletion in MCF7 cells led to a slight reduction of SOD2

mRNA amount (Fig. 5C).

To further confirm the above results, we also performed an immunohistochemistry (IHC)
staining to detect SOD2 protein level in the mammary gland and liver tissues collected from
Brcalf/’i'UBC-CreERT2/+mouse after 6, 12 and 20 days of TAM injection. Unfortunately, we
found no difference in SOD2 protein level between the mammary glands of control and
Brcal”:UBC-CreERT2/+ mice after TAM treatment (Fig. 12). However, we found a robust
increase in SOD2 protein level in the liver, which could be a common consequence of redox
imbalance or increased ROS levels (Fig. 13). More specifically, at 6 days, we noticed that SOD2
protein level was already significantly increased in Brcal-deleted mice compared with control
mice. SOD2 level in Brcal-deleted liver reached its peak at day 12 after TAM injection and then
appeared to drop slightly by day 20, but it was still higher than in control mice. These results are
especially interesting because we have uncovered a new mechanism for BRCAL in the regulation
of antioxidant response, which is through SOD2. Thus, there are two distinct mechanisms for
oxidative stress regulation by BRCA1, one through NRF2 and one through SOD2. The two

mechanisms likely cooperate with each other to ensure optimal redox homeostasis.
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Figure 12. Brcal deletion has no effect on SOD2 protein level in the mamamry gland. Representive SOD2

immunohistochemistry for the mammary glands of UBC-CreERT2/+ (top panel) and Brcalf/f;UBC-CreERT2/+

(bottom panel) mice. SOD2 protein level was not changed after Brcal deletion in Brcalf/f;UBC-CreERT2/+ mouse.
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Figure 13. Brcal deletion caused increased SOD2 protein level in the liver. Representative SOD2

immunohistochemistry for the liver of UBC-CreERT2/+ (top panel) and Brcalf/f;UBC-CreERT2/+ (bottom

panel) mices. SOD2 protein level was increased after Brcal deletion in Brcalf/f;UBC-CreERT2/+ mice.
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2.3 Deletion of Brcal Increases yH2AX in Brcalf/f;UBC-CreERTZ/+ Mouse Liver

After assessment of Brcal deletion in the liver and spleen (Fig. 10), we sought to determine the
effect of the deletion on DNA damage to check whether its normal functions in maintaining

genomic stability and repairing DNA damage were also compromised.

Accordingly, we tested the effect of deletion of Brcal in Brcalf/f;UBC-CreERTZ/+ mice on YH2AX
levels after treatment with tamoxifen (TAM) intraperitoneally. Tissues were collected at 6, 12,
and 20 days after last injection. IHC was performed for mammary and liver tissues. Results from
Brcalf/f;UBC-CreERTZ/+ mice were compared to control (UBC-CreERT2/+) mice, which were also
treated with TAM. We found Brcal deletion clearly increased yH2AX levels and foci in both
tissues after TAM treatment (Fig. 14 and Fig. 15). This increased in YH2AX signal presumably
reflects phosphorylation of YH2AX in response to DNA damage due to Brcal deletion. Moreover,
we checked the YH2AX signal in lymph nodes of mammary glands. As expected, we found an

increase in YH2AX signal in Brca1”:UBC-CreERT2/+ mice compared to control mice.

Taken together, these results are consistent with the established role of BRCA1 in genomic
maintenance and damage repair and further confirm the efficiency of Brcal deletion in TAM-

treated Brcalf/f;UBC-CreERTZ/+ mice.
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Figure 14.yH2AX levels in the mammary glands of TAM-treated Brcal”’;UBC-CreERT2/+ and control mice.

Representive immunohistochemistry for mammary gland of UBC-CreERT2/+ (top panel) and Brcalf/f;UBC-

CreERT2/+ (bottom panel) stained with anti-yH2AX. YH2AX levels were increased after Brcal deletion in

Brca lf/f;UBC—CreERT2/+ mouse.
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Figure 15. yH2AX levels in the livers of TAM-treated Brcalf/f;UBC-CreERT2/+ and control mice. Representive

immunohistochemistry for liver of UBC-CreERT2/+ (top panel) and Brcal

f/f;UBC-CreERT2/+ (bottom panel)

/£,

stained with anti-yH2AX. yH2AX levels were increased after Brcal deletion in Brcal”’;UBC-CreERT2/+ mouse.
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Figure 16. Brcal deletion in Brcal”’

;UBC-CreERT2/+mouse increased yH2AX levels in mammary gland lymph
nodes. Representive immunohistochemistry images of mammary gland lymph nodes of UBC-CreERT2/+ (top
panel) and Brcalf/f;UBC—CreERT2/+ (bottom panel) stained with anti-yH2AX. yH2AX levels were increased after

Brcal deletion in Brcalf/f;UBC-CreERT2/+ mouse.
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2.4 Deletion of Brcal Induces p21 in Brca1”:UBC-CreERT2/+ Mouse

In order to determine the possible functional interplay between p53 and BRCA1 in stress
response, we sought to test the effect of Brcal deletion on p53 and p21 mRNA and protein
levels in TAM-treated Brcalf/f; UBC-CreERT2/+ mice. As shown in Figure 17, p21 mRNA was
effectively upregulated after Brcal deletion. mRNA of p53 also appeared to increase after Brcal

deletion, although more replicates need to be performed in order to draw such a conclusion.

To further confirm our observation, we performed IHC to check p21 expression in the liver and
mammary gland. After TAM treatment, there was a substantial accumulation of p21 in mice
deleted of Brcal exons 5-13, whereas control mice showed a clearly lower level of p21 (Fig. 18).

In contrast, mammary gland showed no change in p21 level (Fig. 19).

The difference in p21 levels between TAM-treated Brcalf/f;UBC-CreERTZ/+ and UBC-CreERT2/+
mice was more profound, indicating that a loss of BRCA1 induces p53 accumulation. These
results are consistent with our previous finding that knockdown of BRCA1 in MCF7 cells led to
induction of p53 (Fig. 8A). Together, these data demonstrated that induction of p53 and p21
following BRCA1 loss is important at least to enhance antioxidant capacity given the role of p21
in enhancing NRF2 expression and stability in response to oxidative stress (Chen, Sun et al.
2009). Further experiments need to be done to understand the role of Brcal deletion in

activation p21 and p53.
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Figure 17. Brcal deletion increased p21 and p53 mRNA levels in the liver. Representive qRT-PCR results for the
livers of TAM-treated UBC-CreERT2/+ (G-932, G-699, and G-700) and Brca 1f/f;UBC-CreERT2/+ (G-686, G-685, and
G-684) mice. p21 and p53 mRNA expression was tested. Both p21 and p53 mRNA expression were increased

after Brcal deletion in Brcalf/f;UBC-CreERT2/+ mice.
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Brcalf":UBC-Cre ERT2/+
6 days 12 days 20 days

Figure 18. Brcal deletion in Brca1f/f;UBC-CreERT2/+mouse increased p21 protein levels. Representive a IHC for

liver of UBC-CreERT2/+ (top panel) and Brcalf/f;UBC—CreERT2/+ (bottom panel).p21 protein stained with Anti-
p21. p21 protein levels were increased after Brcal deletion in Brcalf/f;UBC—CreERT2/+ mouse compared with

control mice on top panel (UBC-CreERT2/+).
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Figure 19. Brcal deletion in Brca1®

. UBC-CreERT2/+ (bottom
panel).p21 protein stained with Anti-p21. p21 protein levels were not changed after Brcal deletion in

Brcalf/f;UBC—CreERT2/+ mouse compared with control mice on top panel (UBC-CreERT2/+).

Representive a IHC for mammary gland of UBC-CreERT2/+ (top panel) and Brcal

;UBC-CreERT2/+mouse did not change p21 protein levels in mammary gland.
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Section Ill: Analysis of SOD2’s Role in Sensitizing Breast Cancer Cells to Chemotherapies
3.1 Low Expression of SOD2 is Associated with Better Prognosis in All Tumors

Prediction of tumor metastatic progression is very difficult because of the lack of sufficiently
reliable predictive biological markers. In order to identify a new candidate as predictive
biomarker of breast cancer metastatic progression, we analyzed gene expression of some
antioxidant genes including SOD1 and SOD2 in human breast cancers. We found SOD2 mRNA
expression is substantially lower in tumors than in the normal adjacent tissues (Fig. 20A).
Further analysis of the METABRIC and TCGA datasets in all breast cancer subtypes showed the
basal subtype has the highest SOD2 mRNA amount among all subtypes (Fig. 20B). Interestingly,
most of the basal subtypes are negative for the ER, PR and HER2. Of note, these breast cancer
carcinomas referred to as triple negative breast cancers tend to have poor prognosis
(Brouckaert, Wildiers et al. 2012). Additionally, we analyzed the correlation between SOD2
mRNA level and patient survival. We found that high SOD2 mRNA expression is associated with
poor prognosis when all patients are considered, whereas low SOD2 mRNA expression is
associated with better outcome (Fig. 20C). These results suggested a possible functional role of
SOD2 in patients’ response to breast cancer chemotherapies. Accordingly, we continue our

study on the SOD2 expression in breast cancer patients and cell lines.



Figure 20. Analyses of SOD2 gene exexpression in human breast cancer. (A) SOD2 mRNA amount in
tumors and adjacent normal tissues. (B) SOD2 mRNA expression in different subtypes of human

breast cancer. Gene expression data in the METABRIC and TCGA datasets were analyzed. (C) Kaplan-
Meier survival curves of disease-specific survival of all patients with high and low SOD2 expression in

their tumors regardless of tumor subtypes.

67

3.2



68

SOD2 Expression Correlates Negatively with Estrogen Receptor Status in Breast Cancer

To analyze SOD2 expression at the protein level in different breast cancer subtypes, we

performed SOD2 IHC on a tissue microarray consisting of tumor samples from breast cancer
patients (110 cases). We found SOD2 protein level is negatively correlated with estrogen
receptor (ER) status (Fig. 21B). In other words, ER-negative tumors have higher SOD2 protein
amount comparing to ER-positive tumors. Estrogen receptor (ER)-negative breast cancers are a
group of tumors with poor prognosis and fewer prevention and treatment options compared
with ER-positive tumors (Putti, EI-Rehim et al. 2005). Our results suggest a possible functional
role for SOD2 in response to breast cancer chemotherapies. To verify these results in vitro, we
tested SOD2 expression in 9 different breast cancer cells of different subtypes (Fig. 22). Cells
were grown to 90% confluency. Cell lysates were collected. A western blot was carried out to
profile SOD2 expression in the 9 cell lines. As shown in Figure 22, cells that lack expression for
ER, PR, and HER2 have highest expression of SOD2 among other cell lines. In addition, we found
HER2-positive cell lines have moderate level of SOD2 among the tested cells, while ER+ cell lines
have the lowest expression level of SOD2 (Fig. 22). These results further confirm our microarray
analysis and demonstrated that SOD2 expression may play a key role in breast cancer prognosis.
Accordingly, we continue focusing our research on the effect of SOD2 expression in responding

to chemotherapeutic drugs in breast cancer patients and cell lines.
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0 1 2 3 4
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Figure 21. SOD2 protein expression analyses in human breast cancer. (A) Representative staining patterns of
SOD2 in breast cancer tumors. (a) SOD2 negative tumor (b) SOD2 weakly positive tumor (c) SOD2 strongly
positive tumor. (B) correlation between ER status and SOD2 expression level. Scoring of SOD2 was performed
semi-quantitatively. Staining was considered to be negative (0) if no staining was seen within the tumor, weak
positive staining (1) if focal staining was seen within the tumor, strong positive staining (2) if there was a staining
in more than 50% of tumor cells, and very strong positive staining (3) if there was a staining in more than 80% of
tumor cells. Scores were entered into a standardized Excel worksheet and p value was calculated.
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Figure 22. SOD2 expression in ER negative, ER positive and HER2 positive breast cancer cell lines. Representative
western blot of breast cancer cell lines: MCF7 and T47D cells are ER positive cells, BT474 and HCC1954 cells are
HER2 positive, and MDA-MB-468, MDA-MB-436, MDA-MB-231, Hs578t, and BT-549 cells are triple negative cells.
Cells were grown under normal condition (37C, 5% CO2) for 72hrs. Cell lysates were collected. Western blot was
performed to check NRF2, GCLC, NQO1, HMOX1, and SOD2 protein expression.
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3.3 Low SOD2 Expression Correlates with Poor Prognosis among Patients with ER- or HER+ Breast

Cancer

In order to understand the possible effect of SOD2 expression level on the prognosis of patients
with different subtypes of breast cancer, we used the Kaplan-Meier plotter to compare relapse-
free survival based on SOD2 expression level (high and low expression split by the median). The
analysis included all different subtypes of breast cancer stratified by hormone receptor status,
HER2 status or luminal/basal classifications. Consistent with the previous finding, low SOD2
expression correlates with better survival when all patients are considered as a whole.
Interestingly, among patients with ER-, PR-, or HER2-positive tumors, however, low SOD2 mRNA
expression strongly correlates poor prognosis (Fig. 23), suggesting that SOD2 may play a key role

in tumor cell response to breast cancer treatment in these patients.
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Figure 23. Low SOD2 expression strongly correlates with poor prognosis among patients with ER-negative or
HER2-positive breast cancers. KM plotter showing high SOD2 being associated with a poor outcome in all or ER+
and with a good outcome in ER-, ER-PR-, HER, Lumina A, Luminal B and Basal tumors. Survival curves were

generated with Kaplan-Meier plotter (kmplot.com).
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3.4 Downregulation of SOD2 Causes Cellular Resistance into Breast Cancer Chemotherapies

In order to test potential novel role of SOD2 in driving better response of ER- and HER2+ tumors
to treatment, we knocked down SOD2 in the 9 different breast cancer cell lines described in the
previous subsection (Section 2.3). We used three different SOD2 siRNAs to deplete SOD2 and
two non-targeting siRNAs as controls. We treated the cells with four different breast cancer
chemotherapeutic drugs including cisplatin, cyclophosphamide, doxorubicin, and camptothecin.
We checked cell viability after 96 hrs of drug treatment using the CellTiter Glo assay that detects
the amount of ATP in cells. We first tested the sensitivity of the triple negative MDA-MB-436
and MDA-MB-231 cells depleted of SOD2. Indeed, depletion of SOD2 in these two cells led to
clear resistance to all of the four breast cancer chemotherapies (Fig. 24). We confirmed
knockdown efficiency of SOD2 by western blot and found knockdown efficiency was
approximately 90% complete (Fig. 29). Then, we tested the resistance to breast cancer
chemotherapies in the other two triple negative cell lines (MDA-MB-468 and Hs578T) after
knockdown of SOD2. The two cell lines showed mildly increased or no difference in sensitivity to
breast cancer chemotherapies after knockdown of SOD2 (Fig. 25). We also confirmed the
knockdown efficiency by western blot (Fig. 29). These results indicate a potential role of SOD2

in sensitizing cells to chemotherapies.

Next, we further tested the HER2-positive breast cancer cell lines including SKBR3, HCC1954 and
ZR-75-30 cells. We knocked down SOD2 for 48 hrs in SKBR3 cells and then treated the cells with
the four drugs. After 96 hrs of treatments, cell viability was tested. Indeed, knockdown SOD2 in

SKBR3 cells appeared to induce mild resistance to the breast cancer chemotherapies (Fig. 26).
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Figure 24. Effect of SOD2 downregulation on cellular resistance to breast cancer chemotherapies. MDA-MB-436
(A) and MDA-MB-436 (B) cells were depleted of SOD2 and then treated with cisplatin, doxorubicin,
cyclophosphamide, or camptothecin. Cell viability was measure by CellTiter Glo 96 hr after drug addition. Both
cell lines show resistance to breast cancer chemotherapies after SOD2 depletion.
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Figure 25. Effect of SOD2 downregulation on cellular resistance to breast cancer chemotherapies. MDA-MB-468

(A) and Hs578T (B) cells were depleted of SOD2 and then treated with cisplatin, doxorubicin, cyclophosphamide,
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ZR-75-30 cells showed weak resistance to camptothicin and clear sensitivity to doxorubicin after

SOD2 knockdown. Interestingly, ZR-75-30 cells showed no change to cisplatin and
cyclophosphamide after SOD2 depletion (Fig. 27). Similarly, HCC1954 did not show any

sensitivity or resistance to drugs after SOD2 depletion (Fig. 27).

Moreover, we tested ER positive cells (MCF7 and T47D cells) for cellular sensitivity to the drugs
after SOD2 knockdown (Fig. 28 A and B). SOD2 knockdown in MCF7 cells caused mild sensitivity

to chemotherapies. Interestingly, knockdown of SOD2 in T47D cells did not appear to cause any
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Figure 26. . Effect of SOD2 downregulation on cellular resistance to breast cancer chemotherapies. SKBR3 cells
were depleted of SOD2 and then treated with cisplatin, doxorubicin, cyclophosphamide, or camptothecin. Cell
viability was measure by CellTiter Glo 96 hr after drug addition. SKBR3 cell lines show mild resistance to breast

cancer chemotherapies after SOD2 depletion.
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clear difference in cellular response to cyclophosphamide and cisplatin treatments but appeared
to induce mild resistance to doxorubicin and camptothecine treatments. It seems that
knockdown of SOD2 in ER+ cells with high basal level of SOD2 induce resistance to breast cancer
chemotherapies. These results indicated in addition to SOD2, ER may play a role in cellular

sensitivity.

In summary, these results overall suggest a significant role of SOD2 in regulating breast cancer
cell response to chemotherapies, although the exact effect and the magnitude of its impact are
cell type dependent. It should also be pointed out that cell lines may not faithfully recapitulate

the drug sensitivity of tumors.
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Figure 27. Downregulation of SOD2 in ZR-75-30 and HCC1954 cells did not change sensitivity to breast cancer
chemotherapies. ZR-75-30 (A) and HCC1954 (B) cells were depleted of SOD2 and then treated with cisplatin,

doxorubicin, cyclophosphamide, or camptothecin. Cell viability was measure by CellTiter Glo 96 hr after drug
addition. Both cell lines did not show clear change in sensitivity to breast cancer chemotherapies after SOD2

depletion.
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Figure 28. Effect of SOD2 downregulation on cellular resistance to breast cancer chemotherapies. MCF7 (A) and
T47D (B) cells were depleted of SOD2 and then treated with cisplatin, doxorubicin, cyclophosphamide, or
camptothecin. Cell viability was measure by CellTiter Glo 96 hr after drug addition. T47D show resistance to
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Figure 29. SOD2 depletion in breast cancer cells. Representative is a western blots showing depletion of SOD2
using siRNAs in the triple negative breast cancer cells (MDA-MB-436, MDA-MB-231, MDA-MB-468, Hs578T),
HER2 positive cells (SKBR3 and HCC1954), and ER positive cells (MCF7 and T47D).
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3.5 SOD2 Depletion Leads to Reduced yH2AX Foci Formation

Our finding that SOD2 depletion promotes cellular resistance to drug treatment prompted us to
hypothesize that SOD2 depletion may confer protection against DNA damage. In order to test
this hypothesis, we used immunofluorescence assay to detect yH2AX and 53BP1, both markers
of DNA double strand breaks, before and after drug treatment. MDA-MB-436 cells were treated
with either a pool of SOD2 siRNAs or a control non-targeting siRNA. Forty eight hours after
siRNA transfection, cells were treated with 5 pm camptothecin (CPT) for 18 hrs stained with
anti-yH2AX and 53BP1 antibodies and analyzed by immunofluorescence. As shown in Figure 30,
before CPT treatment, SOD2-depleted cells showed significantly reduced yH2AX foci positive
cells compared with cells treated with the control siRNA (Fig. 30), whereas the number of 53BP1
foci positive cells was not changed by SOD2 depletion. After CPT exposure, yH2AX foci were
induced in both SOD2-depleted and control siRNA treated cells; however, the induction in SOD-
depleted cells was milder. These results suggest that SOD2 depletion may either caused reduced
DNA damage or increased DNA repair. It is also possible that depletion of SOD2 causes altered
cell cycle distribution, as camptothecin is a topoisomerase | inhibitor that mostly targets S phase
cells. These possibilities remain to be investigated. We also tested the effect of drug treatment
on apoptosis after SOD2 depletion in MDA-MB-436 cells (data not shown). Unfortunately, we
could not detect a significant difference between control siRNAs treated cells and SOD2
depleted cells. This may suggest that SOD2 depletion is not involved in conferring a protection

for cells against apoptosis.
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Figure 30. SOD2 depletion leads to reduced yH2AX foci formation in response to camptothecin treatment.
MDA-MB-436 cells without and with SOD2 depletion were analyzed by IF before and after CPT treatment. Cells
were stained with antibodies against YH2AX and 53BP1.
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5. DISCUSSION

Section |

1.1 Downregulation of BRCA1 Increases ROS Levels in Breast Cancer Cells

BRCA1 is important for protecting cells during oxidative stress. Under stress conditions, BRCA1
upregulates the expression of p21 (a cyclin-dependent kinase inhibitor) which interacts directly
with NRF2 (Chen, Sun et al. 2009). NRF2 is a master transcription factor that regulates
expression of many proteins involved in detoxifying ROS. Furthermore, these antioxidant genes
regulated by NRF2 either produce antioxidants such as glutathione (GSH) and NADPH or
antioxidant enzymes like glutathione peroxidase (GPx), thiroredoxin (TXN) and superoxide
dismutase (SOD2 and SOD1) that help scavenging ROS (Copple, Goldring et al. 2008, Hayes,

McMabhon et al. 2010).

Our initial experiment of BRCA1 knockdown in U20S and MCF 10A cells confirmed BRCA1 is
important for maintaining ROS at low levels (Fig. 1A and B). Knockdown of BRCA1 in MCF7 and
MDA-MB-231 cell lines showed approximately 15-20% increase in ROS levels (Fig 2A and B). This
may have been simply because basal ROS levels in cancer cells are higher than normal cells.
Therefore, knockdown BRCA1 in the cancer cells may not change ROS levels that much while
knockdown BRCAL in normal cells causes a huge increase in ROS because normal cells are not
adapted to these conditions or cells have not developed an alternative mechanism beside NRF2
pathway. However, taken together, these data indicate BRCAL1 is required for maintaining redox

homeostasis in normal and breast cancer cells.
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1.2 BRCA1 Depletion Causes Increased Mitochondrial Superoxide

Our finding of the necessity of BRCA1 to mitigate ROS accumulation led us to think BRCA1 may
be necessary for maintaining mitochondrial superoxide level too. Although superoxide anions
are regulated through different mechanisms, it is interesting to learn effect of depletion of
BRCA1 on superoxide levels. Using independent control and BRCA1 siRNAs we found that MCF-
10A cells depleted of BRCA1 fail to maintain superoxide at low levels while control siRNA

transfected MCF 10A cells could (Fig. 3).

Moreover, previous reports demonstrate NRF2, which reportedly binds BRCA1L, is required for
superoxide dismutase regulation (Gorrini, Baniasadi et al. 2013). Therefore, we tested the effect
of NRF2 depletion on superoxide levels in MCF-10A cells. Interestingly, knockdown NRF2
showed similar effect on superoxide as BRCA1 knockdown. Our findings support the necessity
for BRCA1 and NRF2 to mitigate mitochondrial superoxide does not necessarily mean BRCA1
functions through NRF2 to regulate mitochondrial superoxide. To check this possibility, we
analzyed the correlation between NRF2 and SOD2 mRNA expression in human breast cancer.
We found SOD2 expression is strongly correlated with NRF2 (Fig. 4A and B). The fact that
independent BRCA1 and NRF2 depletions have similar outcome (promoting superoxide
accumulation) reduces the likelihood of BRCA1 regulating superoxide through other

transcriptional mechanisms.

1.3 BRCA1 Depletion Down-regulates Some Antioxidant Gene Expression

We were able to show the requirement of BRCA1 for ROS homeostasis. The finding led us to

further analyze the requirement of BRCA1 for regulation the expression of antioxidant genes.
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Using independent control and BRCA1 transfection siRNAs, we found cells depleted of BRCA1
could not maintain normal expression of the tested antioxidant genes (Fig. 5). These results
suggested BRCAL1 is required for the transcription for the antioxidant genes tested. Importantly,
unlike what was reported recently (Gardini, Baillat et al. 2014), downregulation of BRCA1 did not
cause any dramatic decrease in SOD2 mRNA amount. The slight decrease in SOD2 mRNA led us
to think BRCA1 may have different role in SOD2 regulation. Accordingly, we tested the effect of
BRCA1 downregulation on SOD2 protein expression using independent control and BRCA1l
siRNAs as describe before. Interestingly, we found cells depleted of BRCA1 showed increased
SOD2 protein levels. This was true for all of the tested breast cancer cells (Fig. 6). Our findings
suggested may negatively regulate the amount of the SOD2 protein. The accumulation of SOD2
protein amount could be due to at least 2 reasons. First, SOD2 may respond to increased ROS
levels after depletion of BRCA1 (so that it upregulates indirectly SOD2). Second, BRCA1 may

directly promote SOD2 degradation so that its depletion stabilizes SOD2.

To test the first possibility, we treated BRCA1l-depleted cells with NAC and checked SOD2
protein by western blotting. As expected, NAC treatment reversed the increase of SOD2 protein
amount in BRCA1-depleted cells (Fig. 8). This suggests that the SOD2 upregulation was due to it
responding to the increased levels of ROS after BRCA1 depletion. Further experiment need to be

done to test second possibility.

1.4 Re-expression of BRCA1 Reverse SOD2 Accumulation in BRCA1-mutant Breast

Cancer Cells

Since our cell lines show the increase in SOD2 caused by BRCA1 depletion, we wanted to further
confirm this finding. Our lab constructed two vectors expressing wt BRCA1. Consistently with

our observation made with stables cells, both versions of BRCA1 vectors were able to partially
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restore low or basal levels of SOD2 by 48 hrs after transfection (Fig. 9). This further
demonstrated a function of BRCA1 in regulating SOD2 and antioxidant gene regulation. More
importantly, the fact that ectopic BRCA1 expression was able to reverse the high expression of
SOD2 in BRCA1 mutant cells gave more credibility to our comparisons between our stable and
parental cells. Our results indicate BRCA1 is capable of reducing SOD2 in cells and BRCAL1 is
clearly important in response to oxidative stress as exhibited by the remarkable difference DCF
signal between control siRNA and siRNA selectively targeting endogenous BRCA1 in the tested
cancer cells (Fig. 1A and B and Fig. 2A and B). Perhaps even more importantly, cells transfected

with plasmid 2 constantly displayed a decreased in SOD2 as compared to parental (Fig. 9).

Our data suggest a more general function for SOD2 in ROS scavenging in the absence of BRCAL.
This regulation may be relevant in vivo where cells in which BRCA1l is lost develop a
compensatory antioxidant capability in the face of compromised NRF2 function. Through two
different assays (BRCA1 plasmid transfection and BRCA1 stable cell lines) we have shown there

is consistent evidence that BRCA1 can regulate ROS through SOD2.

1.5 p53 and BRCA1 Depletion Share Similar Effects in Increasing ROS

Multiple studies have demonstrated that under low levels of oxidative stress p53 induces a
subset antioxidant gene expression, including SOD2, to maintain ROS levels below threshold
that induce apoptosis (Liu and Xu 2011, Robbins and Zhao 2012). So the question to be
answered is whether p53 will respond to BRCA1 depletion and upregulate SOD2. If this is true,
then co-depletion of BRCA1 and p53 will increase ROS even more than silencing of BRCA1 and it
will decrease SOD2 expression. High ROS levels induce the expression of prooxidant genes that

weakened cellular capacity or suppressed it to promote apoptosis or senescence (Liu and Xu).
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We took particular care to ensure our assay conditions did not affect cell viability. BRCA1 and
p53 knockdown was for 48 hrs post siRNA transfection in MCF7 cells, and we observed an
increase in ROS levels after co-knockdown BRCA1 and p53, as expected (Fig. 8). Remarkably, the
increase in ROS levels following co-depletion of BRCA1 and p53 was significantly higher than
that under control conditions or after BRCA1 and p53 single depletion. The increase in ROS level
in BRCA1-depleted cells under the condition used was not significant as compared to control
siRNA transfection. Our co-depletion results indicate p53 was likely responding to ROS increase.
The role of p53 in ROS is complex and therefore further analysis needs to be done to explain and

confirm our observations.
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Section |l

2.1 Deletion of Brcal in brea1”: UBC-Cre Mouse Liver Causes SOD2 Increased

The overarching question that needs to be answered is whether or not BRCA1 regulates SOD2
negatively in vivo. There is growing evidence that BRCA1l regulates SOD2 through another
transcription factors other than NRF2 (Gardini, Baillat et al. 2014). That will require verification
by multiple independent investigations to confirm the functional relevance of these factors in

SOD2 regulation.

Our data suggest Brcal deletion is capable by itself to upregulate SOD2 in liver (Fig. 13).
Nevertheless, no difference was seen in the mammary glands of Brcal-deleted and control mice
(Fig. 12). Additionally, we observed an increase in p21 expression in the liver after deletion of
Brcal (Fig. 18). Our results so far indicate p21 may be also involved in SOD2 upregulation in
response to Brcal deletion. The role of p21 in oxidative stress is well known and it strongly
supports our hypothesis (Chen, Sun et al. 2009). However, further analyses are required to

confirm the role of p21 in regulating SOD2 in response to BRCA1 deletion.
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Section lll: The Role of SOD2 in Sensitizing Breast Cancer Cells to Chemotherapies

3.1 Low Expression of SOD2 is Associated with Better Prognosis in All Tumors

Analysis of SOD2 expression in breast cancer patients in the METABRIC dataset revealed that
low SOD2 mRNA level is associated with better prognosis when all patients were considered but
with worse prognosis in patients with ER-negative tumors (Fig. 20C). Also, we found the same
correlations using the KM plotter (Fig. 23), which uses a different dataset from a different cohort
of patients. These findings strongly suggest an important functional relevance of SOD2 in both
ER-positive and ER-negative breast cancers. Through analysis of a tissue microarray derived
from a cohort of 110 breast cancer patients for SOD2 expression, we identified a significant,
inverse correlation between ER status and SOD2 protein levels (Fig. 21), suggesting that ER may
directly or indirectly regulate SOD2 expression. Cumulatively, our findings imply that SOD2 levels

may impact the response of breast cancer cells to chemotherapies.

3.2 Downregulation of SOD2 Causes Cellular Resistance into Breast Cancer Chemotherapies

In order to properly investigate the role of SOD2 in cancer cell response chemotherapies, one
can either overexpress or downregulate SOD2 to assess its effect. As low SOD2 expression is
associated with poor prognosis in ER-negative breast cancer (Fig. 23), we knocked down SOD2 in
MDA-MB-436 cells (ER-negative with high SOD2 level) and assessed cellular sensitivity to
chemotherapeutic agents. Indeed, MDA-MB-436 cells treated with SOD2 siRNAs exhibited
increased resistance than control siRNA treated cells (Fig. 24). Interestingly, the opposite was
observed in the ER-positive MCF7 cells (Fig. 28). These data are consistent with the results of our
analysis of patient survival data (Fig. 23). Remarkably, ER-positive cells with low SOD2
expression became more sensitive to breast cancer chemotherapies after SOD2 knockdown (Fig.

25). This difference between the responses of ER-positive and ER-negative cells to the drug
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treatments was only apparent when SOD2 was depleted. Since our siRNAs transfection
conditions are not toxic, it is unlikely that the non-targeting siRNAs induced damage to the cells
so it is more likely the effects observed were due to SOD2 depletion. Ultimately, SOD2 may

independently sensitize at least a subset of ER-negative breast cancer cells to chemotherapies.

3.3 Cells Depleted of SOD2 Exhibit decreased yH2AX Foci Formation

Our drug sensitivity assays used topoisomerase inhibitors drugs such as doxorubicin and
camptothecin, both of which kill cancer cells primarily by causing DNA damage. To begin to
understand the mechanism behind the chemo resistance caused by SOD2 depletion, we
depleted SOD2 in MDA-MB-436 cells and examined yH2AX foci formation, a marker of DNA
double strand breaks, following camptothecin treatment. Interestingly, cells depleted of SOD2
showed lower levels of yH2AX foci both before and after camptothecin treatment compared
with control siRNA treated cells (Fig. 30), consistent with the increased cellular resistance to the
agent following SOD depletion. This finding suggests that loss of SOD2 may either reduce the
amount of DNA damage caused by the drug or promote the repair of the DNA damage, which

remains to be determined.
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6. SUMMARY AND CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Summary and Conclusions

The focus of this research is to identify novel mechanisms that may drive tumorigenesis in
BRCA1-related hereditary cancers. Understanding the functional consequences of BRCAL loss
can help to guide more effective prevention strategies and therapeutic options. Although
BRCA1 protein has well characterized roles in genomic stability maintenance, we continue to
discover additional regulatory mechanisms and downstream targets that may be exploited for

better personalized medicine.

We found a novel correlation between BRCA1 status and the level of an essential mitochondrial
protein, SOD2. We found depletion of BRCA1 in MCF7 cells caused a substantial increase in
SOD2 protein level while SOD2 mRNA was only slightly reduced. In order to test the functional
relevance, we compared various BRCA1l proficient and null cells as well as mutant cells
reconstituted with wild-type BRCA1. Through multiple assays, we learned that loss of BRCA1

promotes SOD2 protein accumulation in breast cancer cells.

By using KM plotter and TCGA data set of breast cancer patients, we identified low SOD2 mRNA
is associated with good prognosis in all breast cancer patients but poor prognosis in patients
with ER-negative or HER2-positve tumors, suggesting that SOD2 status may alter response to
breast cancer chemotherapies. Indeed, we found that SOD2 influences cellular sensitivity to
breast cancer chemotherapies in estrogen receptor (ER) negative breast cancer cell lines with
high SOD2 levels. Specifically, depletion of SOD2 in two different ER-negative cell lines caused
increased resistance to four different chemotherapeutic agents, whereas depletion of SOD2 in
ER positive cell lines (MCF7 cells) appeared to have opposite effect. All of our results strongly

suggest that the abundance of SOD2 in tumors can significantly impact therapy response in
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patients. The results also suggest that increased SOD2 in BRCA1 null/mutant cells may be a

contributing factor for positive therapy response.

Cumulatively, we report novel mechanisms of BRCA1 function in regulating redox homeostasis
as well as a new function of SOD2 in ER-negative breast cancer in response to chemotherapies.
Our findings may facilitate better understanding of the cellular signaling pathways that can be

exploited for more effective and safer treatments.

6.2 Future Directions

Future work will be aimed at extending the ideas explored here to address several other
relevant antioxidant protein levels and their response to BRCAI loss as well as addressing the
mechanisms underlying SOD2 protein level accumulation after depletion of BRCA1. So, it will be
interesting to know whether BRCA1 loss has similar impact on protein expression level of other

antioxidant proteins such as NRF2 downstream targets including HMOX-1, GCLC and NQO1.

It will be important to explore whether BRCA1 regulates SOD2 protein level posttranslationally,
or there are other factors that mediates its regulation in response to BRCA1 loss. Treatment
with MG132, a proteasome inhibitor, will help addressing whether BRCA1 regulation of SOD2
protein is posttranslational or not. It would also be interesting to extend the current study to
address the impact of other proteins such as p53 and its downstream target p21 on SOD2
protein levels following BRCA1 loss, given the importance role of p53 and p21 in antioxidant
response regulation that can enhance or reduce ROS levels. For example, we may test whether
BRCA1 and p53 double knockdown can decrease or block SOD2 protein level. It may therefore
be possible to provide an explanation why p53 and SOD2 protein levels are both upregulated in

response to BRCAL1 loss.
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One of the more important future extensions of the work will involve the exploring why
estrogen receptor negative (ER-) and HER2 amplified cell lines show more resistance to breast
cancer chemotherapies following SOD2 depletion. So, it will be important to explore whether
SOD2 depletion results in up regulating survival factors such as NFkB that prevent cells from
undergoing apoptosis. Also, it will be important to explore whether SOD2 depletion enhances
autophagy. Giving that autophagy is a crucial player for mitochondria quality control and in
response to therapeutic stresses that also can enhance cellular resistance to chemotherapies.
For example, testing the level of LC3-Il, an autophagy marker, after SOD2 depletion following
drug treatment could provide an explanation why ER- and HER2 positive cells become more
resistance after SOD2 depletion. In addition, it will also be important to explore whether SOD2
depletion facilitates the repair of chemotherapy-induced DNA strand breaks by increasing DNA
repair protein levels in the cells. Also, it will be important to investigate whether SOD2 depletion

results in an induction of aerobic glycolysis, which is associated with therapeutic resistance.
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Appendix A — Primer Sequences

Primers used for gRT-PCR

Primer Name | Sequence (5'-3') Strand
mSOD2-F1 GGCCTACGTGAACAATCTCAAC Sense
Fwd

mSOD2-R1 CTGAAGAGCGACCTGAGTTGTAA Antisense
Rev

mSOD2-F2 ATCACACCATTTTCTGGACAAAC Sense
Fwd

mSOD2-R2 ACTTCTCAAAAGACCCAAAGTCA Antisense
Rev

mSOD2-F3 GCTCTAATCAGGACCCATTGC Sense
Fwd

mSOD2-R3 GTAGTAAGCGTGCTCCCACAC Antisense
Rev

Trp53-F2 TAGCTTCAGTTCATTGGGACCATC Sense
Fwd

Trp53-R2 TGCAACAGGCTTTGCAGAATGGA Antisense
Rev

P21 CAGGAGCAAAGTGTGCCG Sense
Fwd

P21 CAGAAGACCAATCTGCGC Antisense
Rev

SOD2-1 CTACGTGAACAACCTGAACGTC Sense
Fwd

SOD2-2 AACTTCAGTGCAGGCTGAAGAG Antisense
Rev

SOD2-3 AACGTCACCGAGGAGAAGTACC Sense
Fwd

SOD2-4 AACTTCAGTGCAGGCTGAAGAG Antisense
Rev

SOD2-5 ACAAATTGCTGCTTGTCCAAAT Sense
Fwd

SOD2-6 TAGTAAGCGTGCTCCCACACAT Antisense
Rev
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BRCA1 GGGTAGTTAGCTATTTCTGGGTGA Sense
Fwd

BRCA1 GTTTCTTCCATTGACCACATCTC Antisense
Rev

GCLC-1 CTGGATGATGCTAATGAGTCTGA Sense
Fwd

GCLC-2 CTACTCTCCATCCAATGTCTGA Antisense
Rev

GSTM-1 CTGCTACAATCCAGAATTTGAG Sense
Fwd

GSTM-1 CTGAGTAGAGCTTTAGCTTTTCAG Antisense
Rev

NQO1 GCAGACCTTGTGATATTCCAGT Sense
Fwd

NQO1 GTCATACATGGCAGCGTAAGTG Antisense
Rev

RPLPO ATCAACGGGTACAAACGAGTCCT Sense
Fwd

RPLPO AGGCAGATGGATCAGCCAAGAAG Antisense
Rev

GAPDH GTCTCCTCTGACTTCAACAGCGAC Sense
Fwd

GAPDH CCAAATTCGTTGTCATACCAGGAA Antisense
Rev

rplp0 ACACTCCATCATCAATGGGTACA Sense
Fwd

rplp0 GAAGGCCTTGACCTTTTCAGTAA Antisense
Rev

gapdh ACTTCAACAGCAACTCCCACTCT Sense
Fwd

gapdh TTGCTGTAGCCGTATTCATTGTC Antisense

Rev
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Duplex siRNA used for gene silencing

Primer Name Sequence (5'-3')

Non-specific control (NSC) UUCGAACGUGUCACGUCAAITAT
(si-Control)

Qiagen AllStars Negative Catalog # S103650318

Control siRNA

Sigma MISSION Universal Catalog # SIC002

Negative Control #2

SOD2 (240) CCGACCUGCCCUACGACUA
SOD2 (531) GUUCCUUUGACAAGUUUAA
SOD2 (655) GGAUCCACUGCAAGGAACA
SOD2 (787) GAAUGUAACUGAAAGAUAC
SOD2 (800) AGAUACAUGGCUUGCAAAA
BRCA1 (296) GGAACCUGUCUCCACAAAGATdT
BRCA1 (452) CAAGAAAGUACGAGAUUUACTAT
BRCA1 (716) GUGAGAACUCUGAGGACAA
BRCA1 (4459) GGAAAUGGCUGAACUAGAA
BRCA1 (4862) CCACACGAUUUGACGGAAA
BRCA1 (5361) GAAAAUGGGUAGUUAGCUA
BRCA1 (6252) GGAUCGAUUAUGUGACUUAdTAT
BRCA1 (5900) CAACAGAAAGGGUCAACAA

NRF2 (786) UGAAGAGACAGGUGAAUUUCTIT
NRF2 (1095) UGACAGAAGUUGACAAUUACTIT
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NRF2 (1834) GAGAAAGAAUUGCCUGUAAdTAT
KEAP1 (1495) ACAACAGUGUGGAGAGGUACTIT
KEAP1 (1803) GAAACAGAGACGUGGACUUTT

Primers used for genotyping mouse genomic DNA

Primer Name | Sequence (5'-3') Strand

Brcal Fwd 5' | AGGTACCAGTTATGAGTTAGTCGTGTGTGCCTGAGTCA Sense

loxp

Brcal Rev GCTGAGATTAAAGTGCAGGCCACCACACTCAGTGAT Antisense

5' loxp

Brcal Fwd GCTGTGACATATTCTTACTTCGTGGCACATCTCTCA Sense

3' loxp

Brcal Rev Antisense
GGCTACCTATAACTACTCTCTAACAACGAAGTGCAA
3' loxp

Brcal Del 5-13 | AGGTACCAGTTATGAGTTAGTCGTGTGTGCCTGAGTCA Sense

Fwd

Brcal Del 5-13 | GGCTACCTATAACTACTCTCTAACAACGAAGTGCAA Antisense

Rev




