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BRCA1 mutations drive oxidative stress and
glycolysis in the tumor microenvironment

Implications for breast cancer prevention
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Mutationsinthe BRCA1 tumor suppressor gene are commonly found in hereditary breast cancer. Similarly, downregulation
of BRCAT1 protein expression is observed in the majority of basal-like breast cancers. Here, we set out to study the effects
of BRCAT mutations on oxidative stress in the tumor microenvironment. To mimic the breast tumor microenvironment,
we utilized an in vitro co-culture model of human BRCA1-mutated HCC1937 breast cancer cells and hTERT-immortalized
human fibroblasts. Notably, HCC1937 cells induce the generation of hydrogen peroxide in the fibroblast compartment
during co-culture, which can be inhibited by genetic complementation with the wild-type BRCA1 gene. Importantly,
treatment with powerful antioxidants, such as NAC and Tempol, induces apoptosis in HCC1937 cells, suggesting that
microenvironmental oxidative stress supports cancer cell survival. In addition, Tempol treatment increases the apoptotic
rates of MDA-MB-231 cells, which have wild-type BRCA1, but share a basal-like breast cancer phenotype with HCC1937
cells. MCT4 is the main exporter of L-lactate out of cells and is a marker for oxidative stress and glycolytic metabolism.
Co-culture with HCC1937 cells dramatically induces MCT4 protein expression in fibroblasts, and this can be prevented by
either BRCAT overexpression or by pharmacological treatment with NAC. We next evaluated caveolin-1 (Cav-1) expression
in stromal fibroblasts. Loss of Cav-1 is a marker of the cancer-associated fibroblast (CAF) phenotype, which is linked to
high stromal glycolysis, and is associated with a poor prognosis in numerous types of human cancers, including breast
cancers. Remarkably, HCC1937 cells induce a loss of Cav-1 in adjacent stromal cells during co-culture. Conversely, Cav-
1 expression in fibroblasts can be rescued by administration of NAC or by overexpression of BRCA1 in HCC1937 cells.
Notably, BRCA1-deficient human breast cancer samples (9 out of 10) also showed a glycolytic stromal phenotype, with
intense mitochondrial staining specifically in BRCA1-deficient breast cancer cells. In summary, loss of BRCAT function
leads to hydrogen peroxide generation in both epithelial breast cancer cells and neighboring stromal fibroblasts, and
promotes the onset of a reactive glycolytic stroma, with increased MCT4 and decreased Cav-1 expression. Importantly,
these metabolic changes can be reversed by antioxidants, which potently induce cancer cell death. Thus, antioxidant
therapy appears to be synthetically lethal with a BRCA1-deficiency in breast cancer cells and should be considered for
future cancer prevention trials. In this regard, immunostaining with Cav-1 and MCT4 could be used as cost-effective
biomarkers to monitor the response to antioxidant therapy.

Introduction and cell cycle regulation.! BRCAI gene mutations strongly pre-

dispose toward the development of breast and ovarian cancers.

The BRCAL (breast cancer type 1 susceptibility) gene is a tumor ~ Female carriers of BRCA1 mutations show a 60-80% lifetime

suppressor involved in several important cellular functions, risk of breast cancer and a 40-50% lifetime risk of ovarian
including DNA repair, regulation of transcription, ubiquitination  cancer.??
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Figure 1. Genetic replacement of wild-type BRCAT expression in
BRCAT1-deficient human breast cancer cells. HCC1937 cells with wild-
type BRCA1 overexpression were generated using a lentiviral-vector
approach. Empty vector (EV) control cells were generated in parallel.
Immunoblotting was performed to assess BRCA1 protein expression.
HCC1937 cells were cultured for 72 h to achieve confluence. Equal pro-
tein loading was assessed by immunoblotting with B-actin. EV, empty
vector (Lv105).

Most BRCA1 gene mutations prevent BRCA1 protein pro-
duction (due to truncating mutations or missense mutations),’
and most BRCAI-mutated breast cancers show a loss of nuclear
BRCA1 expression, which is associated with a worse prognosis.”®
BRCAI-mutated breast cancers are most often aggressive, high-
grade, aneuploid, triple-negative [ER(-), PR(-) and HER2(-)]
and are basal-like, as assessed by gene expression and immuno-
histochemical analysis.””

Loss of BRCAL1 expression is also very common in sporadic
breast cancers, due to epigenetic or post-translational modifica-
tions, and is most frequently observed in breast cancers with a
basal-like phenotype.'*"” Thus, loss of BRCAL1 protein expres-
sion is thought to be the driver of the shared phenotype between
sporadic basal-like breast cancers and familial breast cancers with
BRCA1 mutations. However, the exact mechanism(s) by which
loss of BRCAL1 function generates a basal-like breast cancer phe-
notype remains unknown.'®"

BRCAL1 and oxidative stress. High levels of oxidative stress
are associated with aggressiveness in breast cancer’®* Several
findings indicate that BRCA1 may normally protect against oxi-
dative stress. Overexpression of BRCAL in breast and prostate
cancer cell lines increases the expression of several genes involved
in antioxidant responses; for example, glutathione S-transferases,
via upregulation of the antioxidant response transcription fac-
tor NRF-2,22 decrease the levels of reactive oxygen species
(ROS)# and confer resistance to hydrogen peroxide exposure.”
Conversely, inactivation of BRCA1 induces high levels of oxida-
tive stress, with increased superoxide anion and hydrogen per-
oxide generation,? and sensitizes cells toward oxidative stress,
decreasing cell viability.? Thus, these results suggest that BRCA1
may function as a natural endogenous antioxidant. However, it
remains unknown if drugs with antioxidant properties can effi-
ciently kill BRCAl-mutated cancer cells.

BRCAL1 deficiency and the tumor stroma. Metaplastic breast
cancers are a subtype of basal-like breast cancers that have a
strong fibrotic stromal reaction.”” Low BRCA1 protein expression
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due to promoter methylation is found in approximately 70% of
metaplastic breast cancers.!” Conversely, a basal-like cell pheno-
type is the most common phenotype observed in patients with
BRCAI mutations,*® and the majority of basal-like breast cancers
have a strong stromal reaction, although not sufficient to consider
them metaplastic breast cancers.”” However, little is known about
the effects of BRCA1 mutations/loss of function on the tumor
stroma.

It is well-described that cancer cells generate high levels of
ROS, and that this promotes cancer growth.?®2° In non-heredi-
tary breast cancer, epithelial breast cancer cells compel surround-
ing stromal cells to generate more ROS, leading to an oxidative
stress cascade.’ Elevated ROS levels induce glycolytic metabolism
in the tumor stroma, with increased expression of the L-lactate
exporter MCT4, which further promotes tumor growth.”?* We
have previously shown that high expression of MCT4 in the
tumor stroma predicts poor clinical outcome in patients with
triple-negative breast cancers.” We have also demonstrated that
the antioxidant N-acetyl cysteine (NAC) can downregulate the
expression of MCT4 in cancer-associated fibroblasts.”? Here,
we set out to investigate if BRCA mutations in epithelial breast
cancer cells can modulate the generation of ROS and glycolytic
metabolism in adjacent stromal cells.

Results

BRCA1 rescue decreases hydrogen peroxide generation in
BRCA1-null epithelial breast cancer cells (HCC1937) co-cul-
tured with fibroblasts. To investigate the relationship between
BRCAI mutations, oxidative stress and epithelial-stromal inter-
actions, we conducted in vitro co-culture experiments with
HCC1937 human breast cancer cells (carrying BRCA1 muta-
tions) and hTERT-immortalized BJ1 fibroblasts. First, as a
critical experimental control, we rescued BRCA1 expression in
HCC1937 cells, using a lentiviral vector approach (HCC1937
+ BRCALI cells), and demonstrated BRCA1 re-expression by
immunoblotting (Fig. 1). Then, empty vector control (EV) or
BRCA -overexpressing HCC1937 cells were co-cultured with
fibroblasts to measure hydrogen peroxide production. Under
these co-culture conditions, BRCA1 overexpression decreases
hydrogen peroxide generation in epithelial HCC1937 cells by
1.7-fold (Fig. 2). However, no significant differences were noted
during homotypic culture (data not shown).

BRCA1-null breast cancer cells also promote hydrogen per-
oxide generation in adjacent stromal fibroblasts during co-cul-
ture, which is blunted by BRCA1 re-expression in the epithelial
cell compartment. We next evaluated if BRCA1-null breast can-
cer cells induce hydrogen peroxide generation in adjacent stro-
mal fibroblasts during co-culture. Figure 3 shows that HCC1937
cells lead to a 1.8-fold increase in hydrogen peroxide generation
in co-cultured fibroblasts, as compared with homotypic fibro-
blast cultures. Importantly, this stromal fibroblast phenotype is
rescued by the overexpression of wild-type BRCA1 in HCC1937
cells (Fig. 3).

Treatment with the antioxidants NAC and Tempol induces
the apoptotic death of BRCA1-null breast cancer cells. Having
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Figure 2. BRCA1 rescue decreases hydrogen peroxide generation in
HCC1937 cells during co-culture with fibroblasts. Empty vector (EV)
control HCC1937 cells and BRCAT-overexpressing HCC1937 cells were
cultured with BJ1-RFP fibroblasts for 7 d, and H,O, levels were measured
using PFBS-F. Note that H,0, generation decreases by 1.7-fold in BRCA1-
overexpressing cells, as compared with control HCC1937 cells (p <
0.0003). EV, empty vector (Lv105).

found a link between BRCA1 and ROS generation, we set out to
determine the effects of the antioxidant NAC on the apoptotic
rates of HCC1937 cells in homotypic culture and during co-cul-
ture with fibroblasts. Interestingly, NAC increases the apoptosis
of HCC1937 cells by 3.6-fold in homotypic culture (Fig. 4A) and
by 1.4-fold during co-culture with fibroblasts (Fig. 4B). We next
studied the effect of the nitroxide antioxidant Tempol on apop-
tosis in HCC1937 cells. Tempol demonstrates a dose-response
effect on the apoptosis rates of HCC1937 cells under homo-
typic and co-culture conditions (Fig. 5). Remarkably, treatment
with 7.5 mM Tempol potently induces the apoptosis of > 97%
HCC1937 cells during both homotypic cultures (Fig. 5A) and
co-culture (Fig. 5B). Thus, a BRCALI deficiency appears to be
synthetically lethal with antioxidant therapy.

Tempol treatment induces apoptotic cell death in a triple-
negative breast cancer cell line (MDA-MB-231 cells), but only
during co-culture with fibroblasts. Due to the many similari-
ties between BRCA1-mutated breast cancer and basal-like breast
cancer, and having found that the antioxidant Tempol potently
induces apoptosis of BRCAl-mutated cancer cells, we set out to
determine the effects of Tempol on apoptosis of the basal-like
breast cancer cell line MDA-MB-231. Similarly to HCC19137
cells, Tempol has a dose-response effect on apoptosis rates in
MDA-MB-231 cells under co-culture conditions. Apoptosis
rates of MDA-MB-231 cells increase by 2.3-fold, from 30.9%
for untreated cells to 70.7% for 7.5mM Tempol (p < 9.7E-6)
(Fig. 6A). Surprisingly, addition of Tempol did not significantly
increase apoptosis in homotypic cultures of MDA-MB-231 cells
(Fig. 6B). Thus, Tempol only kills MDA-MB-231 breast cancer
cells during their co-culture with fibroblasts.

BRCA1-null breast cancer cells induce MCT4 expression
in adjacent stromal fibroblasts: Rescue with wild-type BRCA1
or antioxidant treatment. MCT4 is the main transporter of
L-lactate out of cells and is a marker of oxidative stress and
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Figure 3. BRCA1-null breast cancer cells (HCC1937) induce hydro-

gen peroxide generation in adjacent fibroblasts. BJ1-RFP fibroblasts
were cultured alone or co-cultured with control HCC1937 cells or

with HCC1937 + BRCAT cells for 7 d, and H,0, levels were measured
using PFBS-F. Note that H,0, generation increases by 1.8-fold in BJ1
fibroblasts during co-culture with HCC1937 cells (p < 0.004), relative
to fibroblasts alone. However, co-culture with HCC1937 + BRCA1 cells
decreases H,0, generation in fibroblasts by 1.7-fold, as compared with
co-culture with control HCC1937 cells (p < 0.0004), and normalizes
H,O, generation to similar levels as seen in fibroblasts alone. EV, empty
vector (Lv105).

glycolytic metabolism. Thus, we next assessed MCT4 expres-
sion under both homotypic and co-culture conditions. As pre-
dicted, co-culture with HCC1937 cells leads to the upregulation
of MCT4 expression in stromal fibroblasts (Fig. 7A), indica-
tive of the onset of oxidative stress and a glycolytic phenotype.
Conversely, treatment with the antioxidant NAC (10 mM) pre-
vents the induction of MCT4 expression in stromal fibroblasts
during co-culture (Fig. 7A).

We next asked if epithelial rescue of BRCAI expression can
also block the stromal induction of MCT4. Thus, fibroblasts
were co-cultured with HCC19137 cells overexpressing BRCAL.
For comparison, fibroblast HCC19137 cell co-cultures were
also treated with NAC. Note that MCT4 expression is highest
in fibroblasts co-cultured with BRCA1l-null HCC1937 cells, as
compared with all the other conditions tested (Fig. 7B). Most
importantly, co-culture with HCC1937 + BRCAL cells or addi-
tion of NAC prevents the induction of MCT4 expression in stro-
mal fibroblasts (Fig. 7B).

Co-culture with BRCAIl-null breast cancer cells drives
a loss of Cav-1 expression in stromal fibroblasts: Rescue by
antioxidant treatment or via epithelial re-expression of wild-
type BRCA1l. We next focused our attention on caveolin-1
(Cav-1) expression in fibroblasts, since a loss of stromal Cav-1
expression is associated with aggressive triple-negative breast
cancer.”>¥” Mechanistically, stromal Cav-1 is downregulated in
fibroblasts during oxidative stress, as it is targeted to the lyso-
some for its autophagic degradation; thus, a loss of stromal Cav-1
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Figure 4. The antioxidant NAC induces apoptotic cell death in BRCA-
null human breast cancer cells. Homotypic HCC1937 cell culture and
co-culture with GFP fibroblasts was performed for 48 h. Then, vehicle or
10 mM NAC was added to the cell culture media 48 h prior to measure-
ment of apoptosis with annexin V-APC and PI. Six hours prior to measur-
ing apoptosis, the media was changed to HBSS with and without 10 mM
NAC. Note that NAC increases the apoptotic rates of HCC1937 cells by
3.6-fold (p < 4E-5) in homotypic culture (A), and by 1.4-fold in co-culture
(B) (p < 0.001).

is a functional marker for oxidative stress and autophagy in the
tumor microenvironment,’»3%3%40

First, we evaluated Cav-1 expression in fibroblasts dur-
ing co-culture with HCC1937 cells. Note that co-culture with
HCC1937 cells leads to a loss of Cav-1 in stromal fibroblasts, as
compared with fibroblasts cultured alone, and this can be res-
cued by antioxidant treatment with NAC (Fig. 8A). However,
NAC treatment has no effect on Cav-1 expression in fibroblasts
cultured homotypically. Finally, co-culture with HCC1937 +
BRCALI cells also rescues Cav-1 expression in stromal fibro-
blasts in a similar fashion to NAC (Fig. 8B). Thus, antioxidant
therapy, or BRCAL rescue in the epithelial cancer cell com-
partment, prevents the loss of Cav-1 in the stromal fibroblast
compartment.

Primary tumor samples from BRCA1-mutated breast cancer
patients show a loss of Cav-1 and high MCT4 in the tumor
stroma, with increased mitochondrial mass in BRCA1-deficient
epithelial cancer cells. We next assessed the expression of Cav-1
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Figure 5. Treatment with the antioxidant Tempol is lethal in BRCA1-
null human breast cancer cells. Homotypic HCC1937 cell culture and
co-culture with GFP fibroblasts was performed for 24 h. Vehicle or 2.5
mM, 5 mM, 7.5 mM Tempol was added to cell culture media 24 h prior
to measurement of apoptosis with annexin V-APC and PI. Note that
Tempol induces apoptosis in HCC1937 in a dose-dependent fashion

in homotypic culture (A), with 97.4% of cells undergoing apoptosis

at 7.5 mM Tempol (p < 1.2E-6). Similarly, Tempol induces apoptosis in
HCC1937 during co-culture (B), with > 97.5% apoptosis after treatment
with 7.5 mM Tempol (p < 0.009).

and MCT4 in human BRCAIl-mutated breast cancer samples.
Remarkably, in nine out of 10 BRCAl-mutated patients, tumor-
associated stromal fibroblasts show low or absent expression of
Cav-1 and high expression of MCT4 (Fig. 9, upper and middle
panels). Conversely, BRCAl-mutated breast cancer epithelial
cells have low MCT4 expression, as compared with that observed
in fibroblasts (Fig. 9, middle panels).

We also assessed mitochondrial mass in BRCAIl-mutated
breast cancer samples. TOMM20 is a mitochondrial membrane
protein involved in the import of proteins into the mitochon-
dria. Studies have shown that expression of TOMM20 cor-
relates with oxidative mitochondrial metabolism (OXPHOS).
Note that tumor-associated fibroblasts have low TOMMZ20
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expression, while BRCAl-mutated epithelial cancer cells have
high TOMM20 expression (Fig. 9, lower panels).

In summary, BRCAl-mutated epithelial cancer cells show high
expression of a marker of mitochondrial mass, while fibroblasts
show expression of markers of glycolysis and oxidative stress.
These results indicate that our co-culture model of HCC1937
cells and stromal fibroblasts directly recapitulates the microen-
vironmental features of BRCAI-mutated breast cancer patients.

Discussion

The aim of the current study was to evaluate the effects of
BRCAI mutations on oxidative stress and glycolysis in the tumor
microenvironment. To this end, we utilized the human BRCA1-
mutated breast cancer cell line HCC1937- and hTERT-immor-
talized fibroblasts in an in vitro co-culture model of breast cancer.
Notably, BRCA1-mutated HCC1937 cells induce the generation
of hydrogen peroxide in the fibroblast compartment during co-
culture, and BRCA1 re-expression in HCC1937 epithelial cancer
cells is sufficient to blunt the oxidative stress reaction in adjacent
stromal cells. Importantly, treatment with antioxidants potently
induces apoptotic cell death in BRCAl-mutated and basal-like
cancer cells. In addition, we show that BRCAl-mutated breast
cancer cells drive the onset of a glycolytic tumor microenviron-
ment, as assessed by elevated expression of MCT4 and a loss of
Cav-1. Analysis of primary breast cancer samples from patients
with BRCAl-mutations clearly validates our in vitro findings,
and indicates that the onset of stromal-epithelial metabolic cou-
pling supports aggressive cancer behavior (Fig. 10).

Antioxidants phenocopy the effects of BRCA1 rescue in
BRCA1-null mammary epithelial cancer cells. To our knowl-
edge, this is the first study to evaluate the effects of the antioxidants
NAC and Tempol on the human BRCA1-mutated HCC1937 cell
line. We also evaluated the effects of antioxidants on the human
basal-like breast cancer cell line MDA-MB-231 with wild-type
BRCAL, but carrying post-translational modifications that alter its
promoter binding."*! We show that both antioxidants induce the
apoptosis of BRCAI-mutated HCC1937 cells, and that Tempol
also induces apoptosis in the basal-like MDA-MB-231 cells.

Mechanistically, we show that NAC suppresses the induction
of MCT4 expression in the stromal fibroblast compartment dur-
ing co-culture with BRCAI-mutated HCC1937 cells, indicating
that high hydrogen peroxide generation in BRCAl-null breast
cancer cells drives MCT4 expression in fibroblasts. MCT4 is
the main transporter of L-lactate out of cells and is a marker of
oxidative stress and glycolytic metabolism.*> Importantly, high
expression of MCT4 in the tumor stroma predicts poor clini-
cal outcome in triple-negative breast cancer.” We have previously
shown that glycolysis in the tumor stroma supports and promotes
breast cancer tumor growth and progression.**344344

We show also that BRCA1-mutated cancer cells induce a loss of
Cav-1 in fibroblasts, and this is can also be reverted by treatment
with antioxidants. A loss of Cav-1 in cancer-associated fibroblasts
is associated with poor prognosis in many tumor types, includ-
ing breast cancer.”* Studies have shown that fibroblasts with
a loss of Cav-1 generate high levels of ROS, have high levels of
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Figure 6. The antioxidant Tempol induces apoptosis in triple-negative
breast cancer cells (MDA-MB-231), but only during co-culture with
fibroblasts. Homotypic MDA-MB-231 cell culture and co-culture with
GFP fibroblasts was performed for 24 h. Vehicle or 2.5 mM, 5 mM, 7.5
mM Tempol was added to cell culture media 24 h prior to the mea-
surement of apoptosis with annexin V-APC and PI. Note that 7.5 mM
Tempol induces a 2.3-fold increase in the apoptosis rates of co-cultured
MDA-MB-231 cells, as compared with untreated cells (A). Remarkably,
Tempol exerts no effects on the apoptosis rates of MDA-MB-231 cells in
homotypic culture (B).

autophagy and glycolytic metabolism, and these appear to be the
mechanism(s) that drive tumor progression.**3%% Importantly,
genetic complementation of BRCA1 exerts similar effects as
treatment with antioxidants, by restoring Cav-1 stromal expres-
sion and inhibiting MCT4 stromal upregulation. These results
indicate that BRCAI normally functions as an endogenous anti-
oxidant and, most importantly, suggests that antioxidant treat-
ment may be a sensible alternative to BRCA1 gene therapy.
Antioxidants as an option for the treatment and/or preven-
tion of BRCAl-null and basal-like breast cancers. We show
here that the use of the antioxidant NAC can reverse glycolytic
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Figure 7. MCT4 expression is induced in stromal fibroblasts during co-culture with BRCA1-null breast cancer cells: Rescue with antioxidant treatment
or via BRCA1 overexpression in epithelial cancer cells. (A) BJ1 fibroblasts were cultured alone or with HCC1937 cells for 5 d. Then, 10 mM NAC or vehicle
was added every 24 h for 48 h. (B) HCC1937 cells or HCC1937 + BRCAT1 cells were cultured with BJ1 fibroblasts for 5 d. Then, 10 mM NAC or vehicle

was added every 24 h for 48 h. For both panels (A) and (B), the cells were fixed and immunostained with anti-MCT4 and anti-K8/18 antibodies. MCT4
staining (red) is shown in the top panels, and keratin (green) and DAPI (blue) are shown in the bottom panels. (A) MCT4 expression is highly induced in
fibroblasts during co-culture with HCC1937 cells, and this is abolished by NAC treatment. (B) Co-culture with HCC1937 + BRCA1 cells prevents the up-
regulation of MCT4 in fibroblasts, as compared with co-culture with HCC1937 cells, in a similar fashion to treatment with the antioxidant NAC. Original
magnification, 40x.

metabolism in stromal cells by downregulating MCT4. We also  if MCT4 expression in the tumor stroma can be used as a new
demonstrate that antioxidants, such as NAC and Tempol, induce  biomarker to assess breast cancer responsiveness to antioxidant
apoptosis in BRCA1 null and basal-like breast cancer cells in an  therapy.

in vitro model that includes the tumor microenvironment. Thus, The use of antioxidants in the treatment of BRCAI-mutated
antioxidant-induced apoptosis of epithelial cancer cells is linked  and basal-like breast cancers may be important, since morbid-
to reversal of glycolysis in stromal cells, with downregulation ity and mortality is extremely high in this setting.” Basal-like
of MCT4. Having shown an association between high MCT4  and BRCA1l-mutated breast cancer are very aggressive, frequently
expression in the stroma and induction of epithelial cancer cell ~ fatal, commonly associated with new contralateral breast can-
apoptosis with antioxidants, it will be important to determine cers and are difficult to detect by conventional screening
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Figure 8. Cav-1 expression is downregulated in stromal fibroblasts co-cultured with BRCA1-null breast cancer cells: Rescue with antioxidant treatment
or via BRCA1 overexpression in epithelial cancer cells. (A) BJ1 fibroblasts were cultured alone or with HCC1937 cells. Then, 10 mM NAC or vehicle was
added every 24 h for 48 h. (B) BJ1 fibroblasts were co-cultured with HCC1937 cells or HCC1937 + BRCA1 cells for 5 d. Then, 10 mM NAC or vehicle alone
was added every 24 h for 48 h. For both panels (A) and (B), the cells were fixed and immunostained with anti-Cav-1 and anti-K8-18 antibodies. Cav-1
staining (red) is shown in the top panels and keratin (green) and DAPI (blue) are shown in the bottom panels. Note the loss of Cav-1 expression in stro-
mal fibroblasts co-cultured with HCC1937 cells (A). Cav-1 expression can be rescued by NAC treatment (A) or by BRCAT re-expression, using HCC1937 +
BRCAT1 cells (B). The addition of NAC has no effect on fibroblasts during homotypic culture (A) or in co-culture with HCC1937 + BRCA1 cells (not shown).

Original magnification, 40x.

methods.”#>° Basal-like sporadic and BRCAl-mutated breast
cancers have increased sensitivity to oxidative stress via radia-
tion but frequently relapse shortly after treatment.’* Instead of
treating basal-like breast cancers by inducing oxidative stress via
radiation therapy, an opposite treatment strategy with antioxi-
dants may decrease relapses.

No treatments are currently available to restore BRCA1 func-
tion in subjects with BRCAI mutations. The only preventive

4408 Cell Cycle

treatments in this setting are prophylactic bilateral mastecto-
mies and oophorectomies. These surgeries improve outcomes for
BRCAL1 mutation carriers, although the morbidity and the effects
on quality of life are significant.’**® Treatment with antioxidants
may be an alternative cancer prevention strategy in subjects with
BRCAL1 mutations. NAC, resveratrol and selenium show promise
as prophylaxis for subjects with BRCA1 mutations, since they
reduce ROS levels in BRCA1-mutated cells.”’
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Figure 9. BRCA1-mutated breast cancer samples (from 9 out of 10 patients examined) also show a loss of Cav-1 and high MCT4 expression in cancer-as-
sociated fibroblasts, with elevated mitochondrial mass in the epithelial cancer cell compartment. Human breast cancer samples from BRCAT-mutated
patients were immunostained with anti-Cav-1, MCT4 or TOMMZ20 antibodies. Note that stromal cells display the loss of Cav-1 expression, with high
MCT4 expression. Cav-1 expression in endothelial cells serves as an internal positive control (arrows), as it is not normally downregulated. Conversely,
epithelial cancer cells show very high TOMM?20 expression relative to adjacent stromal tissue. TOMM20 is a well-established marker of mitochondrial
mass. These observations are indicative of the onset of oxidative stress, autophagy and glycolysis in the tumor microenvironment, with enhanced
mitochondrial biogenesis in BRCAT-mutated breast cancer cells. Consistent with the idea that the tumor stroma is glycolytic, the cancer-associated
fibroblasts are MCT4(+) and TOMM20(-). Conversely, the BRCA1-mutated epithelial cancer cells are MCT4(-) and TOMM20(+), reflective of oxidative
mitochondrial metabolism. Finally, loss of stromal Cav-1 staining is an established marker of autophagy in the tumor microenvironment. Original

magnification, 40x.

Also, our results indicate that oxidative stress may be the driver
of the characteristic breast cancer phenotype in BRCA1 mutation
carriers. BRCAI mutation carriers develop predominantly triple-
negative breast cancers, with a basal-like or myoepithelial cell
phenotype, with high proliferation rates and heavy inflammatory
cell infiltration.®® It will be important to determine if the aggres-
sive phenotype can be ameliorated by suppressing oxidative stress
using antioxidants.
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Limitation of using breast cancer cells with multiple muta-
tions other than BRCA1. HCC1937 cells are homozygous for the
5382C insertion mutation in the BRCAI gene but carry additional
mutations in the TP53 and PTEN genes and are polyploid with
multiple cytogenetic abnormalities.”"*" One could argue that it is
difficult to determine the effect of BRCA1 mutations on oxidative
stress and stromal metabolism when multiple genetic abnormali-
ties are present in the epithelial cancer cells. However, we believe
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that in our experimental approach, this limitation is overcome
by the overexpression of wild-type BRCAL in HCC1937 cells,
which effectively functions as an antioxidant. Because of their
highly mutated status, HCC1937 cells recapitulate the salient fea-
tures of human BRCAI-mutated breast cancers, which are high
aggressiveness, with aneuploidy and the presence of numerous
mutations. The use of BRCAI recombinant overexpression and
co-culture with fibroblasts is a significant strength of our study,
since this experimental approach has allowed us to directly show
that wild-type BRCA1 normally maintains oxidative stress at low
levels by functioning as a natural endogenous antioxidant.

Experimental Procedures

Materials. Antibodies were as follows: BRCA1 (CS9010, Cell
Signaling), MCT4 (gift of Dr. Nancy Philp, which are isoform-
specific rabbit polyclonal antibodies against the 18-mer synthetic
oligopeptide corresponding to the C-terminal amino acids of
MCT4%), Keratin 8/18 (20R-CP004, Fitzgerald Industries
International), caveolin-1 (sc-894, Santa Cruz Biotech),
TOMM20 (sc-17764, Santa Cruz Biotech) and B-actin (A5441,
Sigma). Secondary antibodies for immunofluorescence and flow
cytometry were Alexa Green 488nm and Alexa Orange-Red
546nm (Invitrogen). Other reagents were as follows: N-acetyl
cysteine (NAC) from Sigma, Tempol from EMD Millipore,
4,6-diamidino-2-phenylindole (DAPI) and propidium iodide
(PI) from Invitrogen, Annexin V-APC conjugate from BD
Biosciences, and PFBS-F (Pentafluorobenzenesulfonyl fluores-
cein) from Cayman Chemicals.

Cell cultures. The breast cancer cell lines HCC1937 and
MDA-MB-231 were purchased from ATCC, and HCC1937 +
BRCAL cells were generated by stable overexpression of wild-type
BRCAIL. HCC1937 cells carry a frameshift mutation in BRCA1
that leads to a BRCAIl-null genotype, which has been exten-
sively characterized.”! Human skin fibroblasts immortalized with
telomerase reverse transcriptase protein (WTERT-BJ1) were origi-
nally purchased from Clontech, Inc., and stable transfectants
that were “color-coded” were generated via either GFP or REP
overexpression. Cells were cultured in DMEM, 10% FBS with
Penicillin 100 units/mL-Streptomycin 100 pg/mL.

Stable overexpression of wild-type BRCA1in HCC1937 cells.
The BRCA1 (EX-H0047-Lv105) and control (EX-NEG-Lv105)
vectors were purchased from GeneCopoeia, and lentiviruses
were prepared according to the manufacturer’s protocol. Virus-
containing media was centrifuged, filtered (0.45 wM PES low
protein filter) and stored in 1-ml aliquots at -80°C. HCC1937
cells (120,000 cells/well) were plated in 12-well dishes in growth
media. After 24 h, media was removed and replaced with 250 pl
DMEM + 5% FBS, 150 l virus-containing media and 5 pg/
ml polybrene. Twenty-four hours post transfection, media con-
taining virus was removed and replaced with DMEM with 10%
FBS. Then, cells were selected with 1 uM puromycin for 5 d to
generate HCC1937 cells with stable overexpression of wild-type
BRCAL.

Co-cultures of breast cancer cells and fibroblasts. BJ1 fibro-
blasts (overexpressing GFP or RFP) and breast cancer cell lines
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Figure 10. BRCA1-null human breast cancer cells establish two-
compartment tumor metabolism. Here, we show that BRCA1 normally
functions as an endogenous antioxidant, which helps prevents the
onset of hereditary breast cancers. More specifically, BRCA1-deficient
epithelial cancer cells produce large amounts of hydrogen peroxide,
which functionally induces oxidative stress and glycolysis in the tumor
microenvironment. In turn, these glycolytic cancer-associated fibro-
blasts then provide mitochondrial fuels (such as L-lactate) to epithelial
cancer cells, to burn via oxidative mitochondrial metabolism (OXPHOS).
Importantly, this “metabolic symbiosis” phenotype is reversed by
genetic replacement of the wild-type BRCA1 gene in epithelial cancer
cells, or by the administration of antioxidants (NAC, Tempol), providing
a new treatment strategy for cancer prevention. In accordance with

our mechanistic findings, human breast primary tumor samples from
patients with BRCAT mutations also show a glycolytic/autophagic tu-
mor stroma, as evidenced by their marker status: Cav-1 (-), MCT4(+), and
TOMM20 (-). Conversely, BRCA1-mutated epithelial cells are MCT4(-), and
TOMM20(+), consistent with mitochondrial biogenesis and oxidative
metabolism. Thus, a glycolytic microenvironment surrounds mitochon-
drial-rich epithelial cancer cells, establishing two metabolic compart-
ments that co-exist, side-by-side. Loss of Cav-1 is a marker of stromal
autophagy. Increased MCT4 is an indicator of increased oxidative stress,
glycolysis and mitochondrial dysfunction, and increased TOMM20 is as-
sociated with mitochondrial biogenesis as well as oxidative mitochon-
drial metabolism.

(HCC1937 or HCC1937 + BRCA1 or MDA-MB-231) were
plated onto glass coverslips in 12-well plates in 1 ml of complete
media. Epithelial cells were plated within 2 h of fibroblast plat-
ing. The total number of cells per well was 1 x 10°. Experiments
were performed at a 5:1 fibroblast-to-epithelial cell ratio. As con-
trols, monocultures of fibroblasts and epithelial cells were seeded
using the same number of cells as the corresponding co-cultures.
The day after plating, media was changed to DMEM with 10%
NuSerum (a low serum alternative to FBS, BD Biosciences), and
Pen-Strep. Cells were maintained at 37°C in a humidified atmo-
sphere containing 5% CO,.

Immunoblotting. This was previously
described.” Briefly, cells were scraped in urea lysis buffer (6.7
M urea, 10% glycerol, 1% SDS, 10 mM TRIS-HCI pH 6.6, 1%
Triton X-100, protease inhibitors), homogenized for 5 sec and

performed  as

incubated on ice for 10 min. After centrifugation, protein con-
centration was determined using the Bradford assay (BioRad).
Thirty pg of proteins were loaded and separated by SDS-PAGE

and transferred to a 0.2 pwm nitrocellulose membrane (Fisher
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Figure 11. Sporadic and hereditary breast cancers use the same conver-
gent mechanism(s): Implications for breast cancer prevention. Here, we
establish that BRCA1 may exert its tumor-suppressor effects by confer-
ring an antioxidant response in epithelial cells, thereby normally limit-
ing excess hydrogen peroxide production. As such, both sporadic and
familial cancers may use the same convergent biological mechanism(s):
peroxide-induced oxidative stress and the “two-compartment tumor
metabolism.” Our data have obvious implications for the prevention of
familial cancers in patients with inherited BRCA1 mutations, via prophy-
lactic treatment with antioxidants, and possibly other familial cancers
that use the same conserved peroxide-based mechanism(s).

Scientific). After blocking for 30 min in TBST (10mM TRIS-
HCI pH 8.0, 150mM NaCl, 0.05% Tween-20) with 5% nonfat
dry milk, membranes were incubated with the primary antibody
for 1 h, washed and incubated for 30 min with horseradish per-
oxidase-conjugated secondary antibodies. The membranes were
washed and incubated with enhanced chemiluminescence sub-
strate (Thermo Scientific).

Measurement of hydrogen peroxide. PFBS-F is a cell-perme-
able, non-fluorescent molecule that, when taken up by cells, emits
fluorescence in the presence of hydrogen peroxide, since it under-
goes per-hydrolysis of the sulfonyl linkage. Fluorescence emis-
sion is hence a measure of intracellular hydrogen peroxide levels.
The PFBS-F fluorescence method was used according to the
manufacturer’s instructions. Briefly, HCC1937 and HCC1937 +
BRCAL cells either in homotypic culture or with BJ-1 fibroblasts
were cultured as described above. Cells were washed twice with
PBS, incubated with 2.5 wM PEBS-F for 45 min at 37°C. Cells
were then washed in PBS, harvested and re-suspended in 500 pL
of PBS on ice. Cells were then analyzed by flow cytometry using
a FITC signal detector to detect intensity of fluorescein emission.
Data analysis was performed using Flow]Jo 8.8 software.

Apoptosis detection. Cell death was quantified by flow
cytometry using propidium iodide (PI) and annexin-V-APC, as
previously described with minor modifications.”® Briefly, BJI-
GFP or BJ1-RFP cells were plated in 12-well plates, with either
HCC1937 or HCC1937 + BRCA1 cells or MDA-MB-231 cells
for 7 d, as described above. Ten mM NAC, or 2.5mM, 5 mM,

www.landesbioscience.com

7.5 mM Tempol were added to the media 48 h or 24 h prior
to harvesting, respectively; vehicle alone was added in the case
of control conditions. NAC treatment was changed every 24 h
for a total 48 h. Cells were collected by centrifugation and re-
suspended in 500 pL of PBS. Then, the annexin-V-APC conju-
gate (4 wL) and PI (1 wL) was added and incubated in the dark
at room temperature for 5 min. Cells were then analyzed by flow
cytometry using a GFP or RFP signal detector (to detect BJ1-
GFP or BJ1-RFP cells), a PE Texas Red signal detector for PI
staining and an APC signal detector to detect annexin-V bind-
ing. GFP- or RFP-negative cells were the HCC1937 or HCC1937
+ BRCA1 or MDA-MB-231 cells.

Immunocytochemistry. Cells were fixed after two to seven
days of culture. Then, the ICC protocol was performed as previ-
ously described, with minor modifications.’* Briefly, cells were
fixed for 30 min at room temperature in 2% paraformaldehyde
diluted in PBS, after which they were permeabilized with cold
methanol at -20°C for 5 min. Cells were rinsed with PBS with
0.1 mM calcium chloride and 1 mM magnesium chloride (PBS/
CM) and incubated with NH4Cl in PBS to quench free aldehyde
groups. After rinsing with PBS/CM, cells were blocked with IF
buffer (PBS, 1% BSA, 0.1% Tween 20) for 1 h at room tem-
perature. Primary antibodies were incubated in IF buffer for 1 h
at room temperature. After washing with IF buffer (3x, 10 min
each), cells were incubated for 30 min at room temperature with
fluorochrome-conjugated anti-rabbit and anti-guinea pig second-
ary antibodies diluted in IF buffer. Finally, slides were washed at
room temperature with IF buffer (3x, 10 min each), rinsed with
PBS/CM, counter-stained with DAPI (10 pg/ml) in PBS and
mounted with Prolong Gold anti-fade Reagent.

Confocal microscopy. Images were collected with a Zeiss
LSM510 meta confocal system using a 405-nm diode excitation
laser with a band pass filter of 420-480 nm, a 488 nm Argon
excitation laser with a band pass filter of 505-550 nm and a 543-
nm HeNe excitation laser with a 561-604-nm filter. Images were
acquired with a 40x objective.

Immunohistochemistry. Paraffin-embedded
BRCAI-mutated human breast cancer samples were immunos-

sections of

tained as previously described.*>** Briefly, sections were de-par-
affinized, rehydrated and washed in PBS. Antigen retrieval was
performed in 10 mM sodium citrate, pH 6.0 for 10 min using
a pressure cooker. After blocking with 3% hydrogen peroxide
for 10 min, sections were incubated with 10% goat serum for 1
h. Then, sections were incubated with primary antibodies over-
night at 4°C. Antibody binding was detected using a biotinylated
secondary (Vector Labs), followed by strepavidin-HRP (Dako).
Immunoreactivity was revealed using 3, 3' diaminobenzidine.

Conclusions

In summary, our current work demonstrates that BRCAI
mutations in breast cancer drive oxidative stress and glycolytic
transformation of the tumor stroma, with increased MCT4 and
decreased Cav-1 expression. Antioxidant drugs can reverse this
stromal transformation and induce epithelial cancer cell apopto-
sis. Hence, antioxidants need to be explored for the prophylaxis
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and treatment of hereditary and basal-like breast cancers. Finally,

our results provide new evidence that both sporadic and heredi-
tary/familial breast cancers use the same conserved metabolic
mechanism(s), reflecting the establishment of two-compartment
tumor metabolism (Fig. 11). This has clear implications for

breast cancer pl‘CVCﬂtiOH.
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