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Anti-estrogen resistance in breast cancer is
induced by the tumor microenvironment and
can be overcome by inhibiting mitochondrial

function in epithelial cancer cells
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Here, we show that tamoxifen resistance is induced by cancer-associated fibroblasts (CAFs). Coculture of estrogen
receptor positive (ER+) MCF7 cells with fibroblasts induces tamoxifen and fulvestrant resistance with 4.4 and 2.5-fold
reductions, respectively, in apoptosis compared with homotypic MCF7 cell cultures. Treatment of MCF7 cells cultured
alone with high-energy mitochondrial “fuels” (L-lactate or ketone bodies) is sufficient to confer tamoxifen resistance,
mimicking the effects of coculture with fibroblasts. To further demonstrate that epithelial cancer cell mitochondrial
activity is the origin of tamoxifen resistance, we employed complementary pharmacological and genetic approaches.
First, we studied the effects of two mitochondrial “poisons,” namely metformin and arsenic trioxide (ATO), on fibroblast-
induced tamoxifen resistance. We show here that treatment with metformin or ATO overcomes fibroblast-induced
tamoxifen resistance in MCF7 cells. Treatment with the combination of tamoxifen plus metformin or ATO leads to
increases in glucose uptake in MCF7 cells, reflecting metabolic uncoupling between epithelial cancer cells and
fibroblasts. In coculture, tamoxifen induces the upregulation of TIGAR (TP53-induced glycolysis and apoptosis regulator),
a p53 regulated gene that simultaneously inhibits glycolysis, autophagy and apoptosis and reduces ROS generation,
thereby promoting oxidative mitochondrial metabolism. To genetically mimic the effects of coculture, we next
recombinantly overexpressed TIGAR in MCF7 cells. Remarkably, TIGAR overexpression protects epithelial cancer cells
from tamoxifen-induced apoptosis, providing genetic evidence that increased mitochondrial function confers tamoxifen
resistance. Finally, CAFs also protect MCF7 cells against apoptosis induced by other anticancer agents, such as the
topoisomerase inhibitor doxorubicin (adriamycin) and the PARP-1 inhibitor ABT-888. These results suggest that the tumor
microenvironment may be a general mechanism for conferring drug resistance. In summary, we have discovered that
mitochondrial activity in epithelial cancer cells drives tamoxifen resistance in breast cancer and that mitochondrial
“poisons” are able to re-sensitize these cancer cells to tamoxifen. In this context, TIGAR may be a key “druggable” target
for preventing drug resistance in cancer cells, as it protects cancer cells against the onset of stress-induced mitochondrial
dys-function and aerobic glycolysis.
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Introduction

Breast cancer is one of the most common causes of cancer death in
women1 accounting for one third of cancer diagnoses and 15% of
cancer deaths in the United States.2 More than 70% of breast
cancers are estrogen receptor positive (ER+).3-5 Anti-hormonal
therapy has improved the prognosis of ER+ breast cancer, but late
recurrences are very frequent. At least a fourth of patients with
operable ER+ breast cancer will have recurrence of their disease at
10 years6 and up to a third of patients will recur by 15 years.7 The
vast majority of recurrences are metastases and metastatic ER+
breast cancer is an incurable disease that ultimately leads to the
patient’s death. Therefore, improved treatment strategies for ER+
breast cancer are urgently needed. The aim of this study was to
identify mechanism(s) of anti-estrogen resistance and discover
new therapeutic targets to overcome drug resistance in ER+
breast cancers.

Many mechanisms have been described for acquired anti-
estrogen resistance in breast cancers; for recent reviews, please
refer to.5,8 Most of the studies on acquired anti-estrogen resistance
have been performed with tamoxifen and have focused on the role
of epithelial cancer cells. The main mechanism(s) for tamoxifen
resistance include: i) activation of ER-independent pro-survival
pathways, such as ERBB2,9,10 EGFR,11 IGFR12 and c-Src13-15;
ii) altered expression of ER co-regulators, such as increased AIB1/
SRC316,17; iii) altered regulation of downstream effectors of
the ER involved in cell cycle and apoptosis regulation, such as
NFkB,18 Erk,19 PI3K,20 c-Myc.21 Bcl-2,22,23 cyclinD1,24,25 cyclin
E,26 p27,27 p2128 and PUMA29; iv) changes in ER expression19;
v) mutations in the ER gene30 and vi) single nucleotide poly-
morphisms in cytochrome P450 2D6 (CYP2D6), which is
associated with altered tamoxifen metabolism.31

However, little is known about the role of epithelial cancer cell
metabolism in tamoxifen resistance. By generating high levels of
reactive oxygen species (ROS), tamoxifen impairs mitochondrial
function.32 Tamoxifen-induced oxidative stress can increase the
expression of the redox sensitive transcription factor AP-1 and
lead to tamoxifen resistance.33 A role in tamoxifen resistance has
been found also for the prolyl hydroxylase domain proteins
(PHD). PHDs induce the degradation of HIF1-α, one of the
major transcription factors involved in cell metabolism and inhibi-
tion of mitochondrial activity. Overexpression of PHD1 promotes
breast cancer growth and tamoxifen resistance34 and loss of PHD1
activity inhibits estrogen-dependent breast cancer tumorigenesis.35

These results suggest that tamoxifen resistance is associated with
high mitochondrial activity.

The role of estrogen in the regulation of the breast stroma is
not fully characterized. It is known that mammary extracellular
matrix (ECM) composition, including fibronectin and its binding to
integrins, varies with the reproductive cycle and estrogen levels.36,37

It was also shown that the tumor stroma regulates the activation
of ER and progesterone receptor (PR), promoting tumor growth.
The cancer-associated fibroblasts (CAFs) upregulate aromatase
expression and increase estrogen levels in the tumor micro-
environment.38 CAFs secrete fibroblast growth factor, which
activates the progesterone receptor.39 Finally, culturing cancer

cells with fibroblasts derived from ER(-)/PR(-) tumors leads to
tamoxifen resistance, with activation of AKT and MAPK, and
hyper-phosphorylation of ER.40

Among the stromal cells, CAFs have been shown to play a key
role in supporting tumor growth, and determining tumor progno-
sis. For example, a loss of caveolin-1 (Cav-1) in stromal fibroblasts
is associated with poor prognosis in breast cancer patients.41-44

Breast cancer patients with a loss of stromal Cav-1 have resistance
to tamoxifen, with shorter progression free survival (PFS). In one
study, loss of stromal Cav-1 was associated with PFS of 28.6% at
5 years, compared with 90.2% for patients where stromal Cav-1
was present.45

Coculture of the ER+ MCF7 cells with immortalized human
fibroblasts generates CAFs, accompanied by Cav-1 downregula-
tion.46 This in vitro coculture system mimics the behavior of
breast cancers in vivo, with a tumor promoting microenvironment
and aggressive epithelial cancer cells.46-48 Cav-1 downregulation in
fibroblasts generates high levels of ROS, with increased mitophagy
and autophagy, and higher levels of ketone bodies.48,49 It has been
shown that autophagy leads to ketogenesis50 and that high levels
of ketone bodies induce autophagy.51

Cav-1 low fibroblasts display an aberrant form of metabolism,
with increased aerobic glycolysis, mitochondrial impairment, and
increased expression of monocarboxylate transporter 4 (MCT4)
which is involved in the secretion of lactate and ketone
bodies.47,48,52 Conversely, epithelial cancer cells in proximity to
Cav-1 low fibroblasts show decreased glycolysis, increased mito-
chondrial activity, and increased expression of the MCT1 trans-
porter involved in the uptake of lactate and ketone bodies.47,48,52

Thus, loss of stromal Cav-1 leads to metabolic-coupling between
epithelial cancer cells and CAFs, with the unidirectional transfer
of catabolites from highly glycolytic fibroblasts to the oxidative
epithelial cancer cells. Functionally, this metabolic-coupling
protects cancer cells against apoptosis.

Since loss of stromal Cav-1 is a predictive biomarker for
tamoxifen resistance,41 our current study aimed to investigate
if CAFs can confer resistance to tamoxifen and other chemother-
apeutic agents. To study tamoxifen resistance, we employed an
in vitro epithelial-fibroblast coculture model, with stromal Cav-1
downregulation. In this context, our results directly show that
fibroblasts are sufficient to confer tamoxifen and drug resistance.

The bioenergetic state of MCF7 cells is regulated by crosstalk
with adjacent fibroblasts and loss of stromal Cav-1 leads to
increased MCF7 cell mitochondrial activity. To search for
potential strategies to overcome fibroblast-induced tamoxifen
resistance, we sought to target the mitochondrial activity of cancer
cells. Thus, we investigated the use of metformin and arsenic
trioxide (ATO), which are drugs that impair mitochondrial
function, as a strategy to overcome anti-estrogen resistance in
epithelial cancer cells. Metformin is an FDA approved drug for
the treatment of type 2 diabetes mellitus and ATO is approved
for the treatment of acute promyelocytic leukemia. There is
extensive clinical experience and a good safety profile for both
agents. Our results directly show that treatment with ATO and
with the combination of metformin and tamoxifen overcomes
fibroblast-induced tamoxifen resistance.
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Metformin is an inhibitor of mitochondrial electron transport
chain complex I, which leads to decreased ATP production and
increased AMP,53,54 thus inducing activation of AMPK.55 In
mouse embryonal fibroblasts, and several cancer cell lines, AMPK
activation by metformin leads to inhibition of mTOR and
inhibition of proliferation.56-59

ATO is reactive with thiol containing proteins,
which play an important role as antioxidants. ATO
therefore generates high levels of ROS and uncouples
mitochondrial oxidative phosphorylation.60,61 The
anticancer mechanisms of ATO have been ascribed
to the generation of ROS and the impairment of the
TCA cycle and mitochondrial respiration.60,62

Since a loss of Cav-1 in stromal cells leads to high
mitochondrial activity in adjacent epithelial cancer
cells, we reasoned that the mechanisms of tamoxifen
resistance may be due to the metabolic reprogram-
ming of tumor cells, toward oxidative phosphoryla-
tion. Consistent with our hypothesis, we show that
treatment with “mitochondrial poisons,” i.e., met-
formin and ATO, overcomes tamoxifen resistance
and disrupts the metabolic-coupling between fibro-
blasts and cancer cells. In further support of our
hypothesis, we show here that tamoxifen induces the
upregulation of TIGAR (TP53-induced glycolysis
and apoptosis regulator), a p53 regulated gene that
simultaneously inhibits glycolysis, autophagy and
apoptosis and reduces ROS generation, thereby
promoting oxidative mitochondrial metabolism.63,64

To investigate if TIGAR-mediated increases in mito-
chondrial activity protect cancer cells from apoptosis,
we recombinantly overexpressed TIGAR in MCF7
cells. Indeed, we show here that TIGAR overexpres-
sion confers drug resistance upon MCF7 cells, and
protects them against the onset of aerobic glycolysis.

Results

Fibroblasts induce tamoxifen- and fulvestrant-
resistance in MCF7 cells. Clinical prognostic studies
have shown that breast cancer patients with a loss of
stromal Cav-1 are resistant to tamoxifen.45 We set
out to evaluate if anti-estrogen resistance could be
recapitulated in an in vitro breast cancer model where
MCF7 cells are cocultured with fibroblasts. We have
previously shown that in this co-culture model,
MCF7 cells induce Cav-1 downregulation in adjacent
fibroblasts, and that conversely, fibroblasts protect
MCF7 cells against apoptosis. Figure 1A shows that,
upon tamoxifen treatment, MCF7 cells in coculture
display a 4.4-fold reduction in apoptosis compared
with MCF7 cells in single culture (compare third
and forth bar) (p = 0.0002). Tamoxifen treatment
does not significantly increase apoptosis of cocul-
tured MCF7 cells, compared with control cocultures
treated with vehicle alone (compare second and forth

bar). Thus, MCF7 cells in coculture with fibroblasts are protected
from tamoxifen-induced apoptosis.

To confirm that fibroblasts induce anti-estrogen resistance,
fulvestrant (ICI, 182,700), a pure anti-estrogen drug, was used.
Fulvestrant is an analog of 17-β-estradiol with an alkinyl-sulphinyl
side chain, which binds to the estrogen receptor and leads to

Figure 1. Fibroblasts induce resistance to hormonal therapy in MCF7 cells. (A) MCF7
cells were plated in homotypic culture or in coculture with fibroblasts at a ratio of 1:5
MCF7 cells to fibroblasts. The next day, cells were treated with 10 µM tamoxifen or
vehicle alone (ethanol, control media) for 24 h. Apoptosis was measured with annexin V
staining. Note that MCF7 cells in coculture are resistant to tamoxifen-induced apoptosis
(4.4-fold reduction), compared with MCF7 single cells treated with tamoxifen (compare
third and fourth bar) (p = 0.0002). (B) MCF7 cells were plated in homotypic culture or in
coculture with fibroblasts at a ratio of 1:5 MCF7 cells to fibroblasts. The next day, cells
were treated with 10 µM fulvestrant or vehicle alone (DMSO, control media) for 48 h.
Apoptosis was measured with annexin V staining. Note that MCF7 cells in coculture
show a ~2.5-fold reduction of fulvestrant-induced apoptosis compared with single cell
culture treated with fulvestrant (p = 0.01). These results suggest that fibroblasts induce
tamoxifen-resistance.
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blocking and degradation of the receptor.65 Fulvestrant has been
shown to be more effective than tamoxifen in the treatment of
advanced breast cancer.66 Homotypic cultures or cocultures of
MCF7 cells were treated with 10 µM fulvestrant for 48 h, and
subjected to apoptosis analysis. Figure 1B shows that fibroblasts
protect MCF7 cells against fulvestrant-induced apoptosis, with a
2.5-fold reduction in the rate of apoptosis, compared with
homotypic MCF7 cell cultures treated with fulvestrant (p = 0.01).
Consistent with our previously published data,47 MCF7 cells are
protected against apoptosis by fibroblasts. Figure 1A and B show
that untreated MCF7 cells in coculture display an approximately
3-fold reduction in apoptosis compared with untreated single cell
type MCF7 cells. Therefore, coculture with fibroblasts is sufficient
to overcome the antitumor effects of tamoxifen and fulvestrant.

It is important to note that although fibroblasts induce resis-
tance to tamoxifen and fulvestrant in MCF7 cells, this does not
occur to the same degree. Tamoxifen-treated cocultured MCF7
cells have similar apoptosis rates of untreated cocultured MCF7
cells (Fig. 1A). On the other hand, fulvestrant-treated MCF7 cells
in coculture show a 2.1-fold higher apoptosis rate, compared with
untreated MCF7 cells in coculture (Fig. 1B) (p = 0.0006).

Lactate and ketone bodies induce tamoxifen-resistance in
MCF7 cells. We have previously shown that Cav-1 (−/−) stromal
cells secrete elevated levels of high-energy metabolites, such as
lactate and ketone bodies,49 and that these metabolites increase
cancer cell mitochondrial activity. We next asked if lactate
and ketone bodies may serve to protect cancer cells against

tamoxifen-induced apoptosis. To this end, single cell cultures of
MCF7 cells were incubated with L-lactate, β-hydroxy-butyrate,
butanediol or control media, prior to treatment with tamoxifen or
vehicle alone.

Figure 2 shows that, as expected, tamoxifen treatment induces
the apoptosis of MCF7 cells. However, treatment with L-lactate,
β-hydroxy-butyrate, or butanediol, decreases tamoxifen-induced
apoptosis by 3-, 3.7- and 2.6-fold, respectively (p , 0.003 for
all the comparisons). Thus, the administration of lactate or
ketone bodies mimics coculture with fibroblasts, and decreases
tamoxifen-induced MCF7 cell apoptosis.

Metformin overcomes tamoxifen resistance in MCF7 cells
in coculture, by disrupting the metabolic coupling of fibroblasts
with MCF7 cells. We have previously shown that stromal and
breast cancer cells are metabolically-coupled and that in a cocul-
ture model, MCF7 cells show increased mitochondrial capacity.
In order to overcome the tamoxifen-resistance induced by fibro-
blasts, we sought to treat MCF7-fibroblast cocultures with the
mitochondrial complex I inhibitor metformin. Figure 3A shows
that the combination of metformin and tamoxifen is able to
overcome the apoptosis resistance of MCF7 cells in coculture,
with a 2.4-fold increase in total cell death (left panel) and a 2.1-
fold increase in apoptosis rate (right panel), compared with
control coculture conditions (p , 0.002). MCF7 cells in cocul-
ture treated with either tamoxifen or metformin alone are pro-
tected against apoptosis, but the combination of metformin and
tamoxifen shows synergy in inducing MCF7 cell apoptosis.

Figure 2. Lactate and ketone bodies confer tamoxifen-resistance in MCF7 cells. MCF7 cells were plated in homotypic culture. The next day, cells were
incubated with 10 mM β-hydroxybutyrate (BHB), 10 mM butanediol (BND) or 10 mM L-lactate. After 24 h, 10 µM tamoxifen or vehicle alone (ethanol) was
added for an additional 24 h. Apoptosis was measured with annexin V and PI staining. Note that as expected, tamoxifen induces a ~2-fold increase in
early apoptosis (annexin V + and PI -), compared with vehicle alone treated cells. However, treatment with lactate and ketone bodies abolishes
tamoxifen-induced cell death, suggesting that lactate and ketone bodies confer tamoxifen-resistance (p , 0.03, vs. all conditions).
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To dissect the mechanisms by which metformin overcomes
the tamoxifen-resistance of MCF7 cell cocultures, we evaluated
the possibility that treatment with the combination of metformin
and tamoxifen disrupts metabolic-coupling between fibroblasts
and MCF cells. To this end, a glucose uptake assay was performed
on cocultures of RFP (+) MCF7 cells and fibroblasts. The ratio
of glucose uptake between fibroblasts and MCF7 cells was
assessed, as a measurement of metabolic coupling. Figure 3B
shows that in untreated cocultures, the glucose uptake ratio is

of 1.8, indicating that in cocultures, fibroblasts take up roughly
twice the amount of glucose, relative to MCF7 cells. However,
treatment with the combination of tamoxifen and metformin
decreases the glucose uptake ratio to 1.2, suggesting a disrup-
tion in metabolic-coupling. Thus, the resistance of cocultured
MCF7 cells to the single agent tamoxifen can be overcome
by the combination of tamoxifen and metformin, and this
leads to similar glucose uptake in both fibroblasts and MCF7
cells.

Figure 3. Metformin overcomes the tamoxifen-resistance of cocultured MCF7 cells. (A) Apoptosis: MCF7 cells were plated in coculture with fibroblasts at
a ratio of 1:5 MCF7 cells to fibroblasts. The next day, 1 µM tamoxifen, 100 µM metformin or tamoxifen-metformin combination were administered for 24
h. Apoptosis was measured with annexin V and PI staining. In the left panel, the percentage of MCF7 cells undergoing cell death (annexin V+ and/or PI+)
is displayed. In the right panel, the percentage of annexin V+ MCF7 cells is displayed. Note that the treatment of cocultured MCF7 cells with tamoxifen or
metformin does not induce cell death. However, the treatment with the combination of tamoxifen and metformin induces a more than 2-fold increase in
apoptotic cell death of cocultured MCF7 cells, compared with control cells, indicating that the combination of tamoxifen and metformin is sufficient to
overcome the fibroblast-induced tamoxifen resistance (p = 0.006 and p = 0.002, for the left and right panels, respectively). (B) Glucose uptake: The
glucose uptake assay was performed on cocultures of fibroblasts and MCF7 cells, using 2-NBDG fluorescence uptake. The ratio of glucose uptake
(fibroblasts to MCF7 cells) was calculated as a measure of metabolic coupling between fibroblasts and MCF7 cells. Note that in untreated cocultures, the
ratio of glucose uptake between fibroblasts and MCF7 cells is about 2, indicating that fibroblasts take up about two times more glucose than MCF7 cells.
This is consistent with the idea of a metabolic coupling between fibroblasts and MCF7 cells. However, the combination of metformin with tamoxifen
normalizes the glucose uptake ratio in cocultured cells. Note that upon treatment with the combination of metformin and tamoxifen, the glucose uptake
ratio is about 1.2, compared with 1.8 under control conditions (p = 1.6 x 10−5). These results indicate that the combination of metformin with tamoxifen
disrupts the metabolic coupling between fibroblasts and MCF7 cells.

928 Cancer Biology & Therapy Volume 12 Issue 10



©2011 Landes Bioscience.
Do not distribute.

ATO overcomes fibroblast-induced apoptotic-resistance in
MCF7 cells, by increasing glucose uptake in resistant cancer
cells. We have previously demonstrated that MCF7 cells in
coculture with fibroblasts have increased mitocondrial activity.47

ATO leads to the generation of hydrogen peroxide, thus inhibit-
ing the mitochondrial electron transport chain and increasing
glycolysis.67 To further test if inhibition of mitochondrial activity
could overcome tamoxifen resistance, MCF7-fibroblast cocultures
were treated with 12 µM tamoxifen, 20 µM ATO or tamoxifen-
ATO combination. Figure 4A shows that ATO treatment
increases the total cell death (left panel) rate and the apoptosis
(right panel) rate of apoptosis-resistant MCF7 cells in coculture
by 2.1 and 2.6-fold. Interestingly, ATO did not have an additive
effect with tamoxifen in inducing apoptosis of MCF7 cells in
coculture. ATO alone or in combination with tamoxifen leads to
similar apoptosis rates in MCF7 cells in coculture.

To dissect the mechanisms by which ATO overcomes the
apoptosis/tamoxifen-resistance of cocultured MCF7 cells, we
measured glucose uptake of cocultured MCF7 cells upon treat-
ment with tamoxifen, ATO and the tamoxifen-ATO combina-
tion, using NBDG fluorescence. Figure 4B shows that ATO
increases glucose uptake by 2-fold in MCF7 cells (p = 0.0001).
Interestingly, the combination of ATO and tamoxifen does not
significantly change glucose uptake, compared with the single
agent ATO (Fig. 4B). To assess metabolic-coupling between
fibroblasts and MCF7 cells, the glucose uptake ratio of fibroblasts-
to-MCF7 cells in coculture was calculated. Figure 4C shows that
ATO normalizes the glucose uptake ratio between fibroblasts
and MCF7 cells. The glucose uptake ratio is about 1.8 under
control conditions, and decreases to 1.2 after treatment with
ATO or with the combination of ATO and tamoxifen.

Therefore, under untreated coculture conditions, glucose up-
take is nearly twice as high in fibroblasts, compared with MCF7
cells. However, treatment with the drugs that greatly induce
apoptosis in cocultured MCF7 cells (such as the tamoxifen-
metformin combination or ATO) increases glucose uptake in
MCF7 cells. This likely reflects metabolic-uncoupling between
fibroblasts and MCF7 cells.

TIGAR expression is upregulated in MCF7 cells in cocul-
tures treated with tamoxifen, and in epithelial cancer cells
of human breast cancers lacking stromal Cav-1. Previous
studies have shown that TIGAR is an anti-glycolytic and anti-
apoptotic protein. To dissect the molecular mechanisms driving
fibroblast-induced tamoxifen-resistance, we hypothesized that
tamoxifen may induce TIGAR upregulation in MCF7 cells in
coculture. To this end, fibroblast-MCF7 cell cocultures were
treated with tamoxifen or vehicle alone and immunostained with
TIGAR (red) and Keratin 8/18 (green, used as a marker of MCF7
cells) antibodies. Figure 5A shows that TIGAR is preferentially
upregulated in MCF7 cells in coculture, especially after tamoxifen
treatment, indicating that TIGAR upregulation may be one
possible mechanisms underlying tamoxifen resistance.

To validate these results, immunohistochemistry with TIGAR
antibodies was performed on human breast cancer samples lack-
ing stromal Cav-1. Previous studies have shown that a loss of

stromal Cav-1 correlates with tamoxifen-resistance in human
breast cancers. Figure 5B shows elevated TIGAR expression in
human epithelial breast cancer cells, whereas TIGAR expression is
much lower in adjacent stromal cells. This provides further
evidence for metabolic heterogeneity within the different cellular
compartments of breast cancers, with a loss of stromal Cav-1.

TIGAR overexpression protects MCF7 cells from tamoxifen-
induced apoptosis. To establish a direct cause-effect relationship
between TIGAR expression and tamoxifen resistance, we gener-
ated MCF7 cells recombinantly overexpressing TIGAR (TIGAR-
MCF7). Control MCF7 cells transfected with the empty vector
(LV-105-MCF7) alone were generated in parallel. TIGAR over-
expression was confirmed by immunoblot analysis, using TIGAR
specific antibodies (Fig. 6).

We next examined if TIGAR overexpression mediates tamoxi-
fen resistance in MCF7 cells, since TIGAR’s metabolic functions
are well-characterized and include protection against apoptosis,
inhibition of glycolysis, with increased mitochondrial activity. To
this end, TIGAR-MCF7 cells and empty vector control cells were
treated with tamoxifen or with vehicle alone, and apoptosis was
analyzed by annexin V and PI staining. Figure 7 shows that,
after tamoxifen treatment, MCF7 cells overexpressing TIGAR are
protected against apoptosis compared with empty-vector control
cells. Notably, TIGAR-MCF7 cells display a 1.9-fold decrease in
total cell death (right panel) and a 1.8-fold decrease in apoptosis
(left panel), compared with vector alone control cells.

We next asked if TIGAR expression mediates resistance against
other drugs, such as ATO. Figure 8A shows that TIGAR-MCF7
cells are resistant to ATO-induced cell death, and display a 1.8-
fold decrease in apoptosis. Previous studies have shown that
TIGAR prevents glycolysis. To evaluate if TIGAR-mediated
apoptosis-resistance correlates with decreased glycolytic power, we
next measured lactate production in cell culture media of TIGAR-
MCF7 cells after ATO treatment. Interestingly, Figure 8B shows
that ATO treatment increases lactate production in vector alone
control MCF7 cells by 2.5-fold, indicating that ATO-induced
cells death correlates with increased aerobic glycolysis in cancer
cells. However, upon ATO treatment, TIGAR-MCF7 cells dis-
play a 1.5-fold reduction in lactate production, as compared with
vector alone controls cells under identical conditions. However,
no significant differences in lactate production were found
between TIGAR-MCF7 cells and control MCF7 cells under
basal untreated conditions. These results indicate that TIGAR
overexpression may protect against drug-induced apoptosis, by
decreasing the glycolytic power of cancer cells.

Fibroblasts induce resistance of MCF7 cells to doxorubicin
and the PARP inhibitor ABT-888. To evaluate if fibroblasts
induce resistance to other anticancer agents doxorubicin, a topoi-
somerase inhibitor which generates high levels of ROS, and ABT-
888, a PARP-1 inhibitor, were used. MCF7 cells were plated as
single cell cultures or as cocultures with fibroblasts and treated
with either doxorubicin, ABT-888, or vehicle alone.

Figure 9A shows that MCF7 cells in homotypic culture display
an 11.6-fold reduction and a 6.8-fold reduction in cell viability
(as assessed by cell numbers) after treatment with doxorubicin
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and ABT-888 respectively, compared with control (vehicle alone)
MCF7 cells. However, in coculture with fibroblasts, treatment
with doxorubicin, and ABT-888 does not affect the viability of
MCF7 cells (Fig. 9B). These results indicate that fibroblasts
confer resistance to a variety of drugs, not only to anti-estrogen
therapy.

Discussion

We have found that fibroblasts with Cav-1 downregulation
induce tamoxifen and fulvestrant resistance in MCF7 breast
cancer cells and that this resistance is mediated by the low
glycolytic activity of MCF7 cells. We have also shown here that

Figure 4. For figure legend, see opposite page 931.
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fibroblasts induce resistance to other anticancer drugs such as
doxorubicin (adriamycin) and the PARP-1 inhibitor, ABT-
888. Previous studies have shown that the downregulation of
stromal Cav-1 induces metabolic- coupling, between epithe-
lial cancer cells and fibroblasts. Herein, we show that MCF7
cells with high mitochondrial activity and low glucose uptake
display tamoxifen resistance. Experimentally, we induced
mitochondrial activity and decreased glucose uptake in
MCF7 cells using three independent methods: coculture
with fibroblasts, administration of lactate and ketone bodies,
and genetic overexpression of the anti-glycolytic protein
TIGAR (summarized schematically in Fig. 10).

Our study adds to the body of literature showing that
fibroblasts induce cancer chemotherapy resistance. It has
previously been shown that fibroblasts derived from ER-/PR-
tumors induce tamoxifen resistance in a pre-malignant model
of human MCF10AT cells (MCF10A cells transformed with
T24-Ha-Ras) and MCF7 cells.40 The stroma has also been
shown to induce tamoxifen resistance in a mouse model of
spontaneous breast cancer.68 Mesenchymal stem cells protect
leukemia cells from chemotherapy-induced apoptosis (araC,
vincristine and mitoxantrone).69 Murine fibroblasts in a
Transwell coculture system induced etoposide resistance in a
human pancreatic cancer cell line which is chemosensitive
in homotypic culture.70 Also, a study has shown that the
elimination of CAFs using a DNA vaccine against Fibroblast
Activation Protein (FAP) synergizes with doxorubicin in
decreasing tumor weight and lung metastasis surface area in a
murine breast cancer model.71

Here, using a pharmacologic approach, we demonstrate
that mitochondrial activity in epithelial cancer cells drives
tamoxifen resistance. Importantly, the use of two mitochon-
drial inhibitors (metformin and ATO) is sufficient to
overcome resistance and induce cell death of cocultured
MCF7 cells. Metformin and ATO decrease mitochondrial
activity and increase glucose uptake in MCF7 cells. The
combination of tamoxifen with metformin or ATO equalizes
the glucose uptake ratio between fibroblasts and cancer cells
in coculture, suggesting that high-energy catabolites are no
longer transferred from fibroblasts to epithelial cancer cells
and there is metabolic uncoupling.

Retrospective studies have shown that diabetics treated with
metformin show a cancer risk reduction of approximately 40%

Figure 5. Tamoxifen induces TIGAR upregulation in cocultured MCF7 cells.
(A) Fibroblast-MCF7 cell cocultures were cultured for 1 d with 12 µM
tamoxifen or with vehicle alone. Then, cells were fixed and immuno-stained
with anti-TIGAR (red) and anti K8–18 (green) antibodies. Nuclei were
counterstained with DAPI (blue). TIGAR staining (red only) is shown in the top
panels to better appreciate the tamoxifen-induced TIGAR upregulation in
MCF7 cells. Original magnification 40x. (B) TIGAR is highly expressed in human
epithelial breast cancer samples with loss of stromal Cav-1. Paraffin-
embedded tissue sections from human breast cancer samples lacking Cav-1
were immunostained with antibodies directed against TIGAR. Slides were
counterstained with hematoxylin. Note that TIGAR is highly expressed
preferentially in epithelial breast cancer cells while stromal cells lack TIGAR
expression. Original magnification, 40x.

Figure 4 (See opposite page). ATO overcomes resistance to apoptosis of cocultured MCF7 cells. (A) Apoptosis: MCF7 cells were plated in coculture with
fibroblasts at a ratio of 1:5 MCF7 cells to fibroblasts. After 24 h, 12 µM tamoxifen, 20 µM ATO or the combination of tamoxifen and ATO were
administered for 24 h. Apoptosis was measured with annexin V and PI staining. In the left panel, the percentage of cell death (annexin V+ and/or PI+) of
MCF7 cells is displayed. In the right panel, the percentage of annexin V+ MCF7 cells is displayed. Note that treatment with ATO overcomes the resistance
to apoptosis of cocultured MCF7 cells. Cocultured MCF7 cells treated with ATO or with the combination of ATO and tamoxifen display more than 2-fold
increase in apoptotic cell death compared with control cocultured cells. (B and C) Glucose uptake: MCF7-RFP (+) cells were plated in coculture with
fibroblasts at a ratio of 1:5 MCF7 cells to fibroblasts. After 24 h, 12 µM tamoxifen, 10 µM ATO or both were administered for 24 h. The glucose uptake of
MCF7-RFP (+) cells was measured using 2-NBDG fluorescence uptake by flow cytometry. (B) Note that ATO induces a 2-fold increase of glucose uptake by
cocultured MCF7 compared with control untreated and tamoxifen-treated cells (p = 6 ×10−6). (C) The ratio of glucose uptake (fibroblasts to MCF7 cells)
was calculated as a measure of the metabolic coupling between fibroblasts and MCF7 cells. Note that treatment with ATO and with the combination of
tamoxifen and ATO reverses the metabolic coupling between MCF7 cells and fibroblasts in coculture. The glucose uptake ratio between fibroblasts and
MCF7 cells nearly equalizes upon treatment with ATO and with the tamoxifen and ATO combination, changing from 1.8 under control conditions to 1.2.
p = 0.002 CTR vs ATO, p = 0.0009 CTR vs ATO+T.
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compared with diabetics not treated with metformin.72-76 It also
appears that metformin sensitizes to chemotherapy. In a retro-
spective study examining the rates of pathologic complete remis-
sion (pCR) after neoadjuvant chemotherapy, it was found that
24% of diabetic patients taking metformin achieved pCR, com-
pared with 8% of those who were not receiving metformin.77 In
summary, the use of metformin in diabetic patients is associated
with an improved outcome and our study provides a rationale
for its use in breast cancer.

It is encouraging to note that in addition to the studies
performed with diabetic patients, a pilot clinical study in
non-diabetic patients showed that metformin at a low dose of
250 mg daily can prevent aberrant colon crypt formation.78 The
doses used in the studies described here are comparable. Although
many studies have shown the antitumor properties of metformin,
the mechanisms of action have not been clearly defined yet.79 We
are now able to define a mitochondrial-based mechanism of action
involved in metformin’s ability to overcome tamoxifen resistance.
It is also noteworthy that metformin has a good safety profile with
few side effects,80 both crucial requirements for a drug used in the
adjuvant setting.

Despite its good prospects for the treatment of breast cancer,
it was unclear which subgroup of patients would benefit from
metformin treatment. The use of metformin in breast cancer has
been studied in more detail in patients with diabetes. Metformin’s
safety record, the fact that it has been extensively studied, its use
for the management of other diseases such as polycystic ovary
syndrome,81 and that it has well-described actions independent
of insulin, makes it an attractive breast cancer drug even in non-
diabetic patients. Our data indicate that the subgroup of patients
with a loss stromal Cav-1 may benefit from the treatment of the
combination of tamoxifen with metformin.

ATO is also a promising drug for breast cancer treatment. ATO
is an FDA-approved drug for the treatment of acute promyelo-
cytic leukemia and is well tolerated over prolonged periods of
time,82,83 although its safety profile is not as good as that of
metformin. The doses of ATO used in our study are similar to
physiologically achievable doses in humans.61 ATO is known to

Figure 6. Generation of TIGAR overexpressing MCF7 cells. MCF7 cells
recombinantly overexpressing TIGAR and empty vector control (LV-105)
were generated and subjected to protein gel analysis with antibodies
against TIGAR. As expected, the TIGAR overexpressing MCF7 cell line
shows higher levels of TIGAR than the control. β-tubulin was used as an
equal loading control.

Figure 7. TIGAR overexpression mediates tamoxifen-resistance in MCF7 cells. TIGAR-MCF7 cells and control MCF7 cells were treated with 12 µM
tamoxifen or vehicle alone for 24 h. Apoptosis was measured by annexin V and PI. Left panel: Percentage of annexin V+ MCF7 cells. Right panel:
Percentage of MCF7 cell death (annexin V+ and/or PI+). Note that upon tamoxifen treatment, TIGAR overexpressing MCF7 cells display a nearly 2-fold
decrease in apoptosis as compared with Lv-105 control MCF7 cells, indicating that TIGAR expression is one of the mechanisms mediating tamoxifen
resistance in breast cancer cells. (p = 0.002 and p = 0.0001 respectively).
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induce oxidative stress and generates high levels of hydrogen
peroxide because of thiol protein dysfunction which alters mito-
chondria. Metformin and ATO in combination with antiestro-
gens shows promise in decreasing the rates of recurrence of breast
cancer, but additional pharmacokinetic and pharmodynamic
studies are needed prior to large scale clinical trials evaluating
effectiveness.

Most drug specific predictors to guide chemotherapy selection
have not been useful, as seen for example with the role of TOP2A
amplification and anthracycline sensitivity.84 However, a stromal

genetic signature has been shown to predict resistance to
neoadjuvant breast cancer chemotherapy.85 Stromal Cav-1
status may guide the decision to add chemotherapy to
adjuvant hormonal therapy in ER+ breast cancer, since a loss
of stromal Cav-1 is associated with tamoxifen resistance. Even
though the exact role of stromal Cav-1 status in conjuction
with genetic profiling remains to be defined, it may provide
complimentary information to that obtained for example with
the 21-gene assay recurrence score Oncotype DX, which is
well established and part of routine care.86

TIGAR may be another predictive biomarker of tamoxifen
resistance. We have discovered that TIGAR expression in
epithelial cancer cells induces tamoxifen resistance. Mechani-
stically, the loss of Cav-1 in fibroblasts leads to the upregula-
tion of TIGAR in epithelial cancer cells, with consequent
decreases in ROS levels, inhibition of glycolysis, autophagy
and apoptosis. This is the first report showing that tamoxifen
resistance is mediated by a glycolysis inhibitor, such as
TIGAR.

Our data suggests that the efficacy of anticancer therapies,
such as tamoxifen, not only depends on epithelial tumor cell
characteristics, but also on the host tumor microenvironment.
To improve outcomes in breast cancer, it is crucial to decrease
rates of acquired tamoxifen resistance. Our study suggests
that patients with loss of stromal Cav-1 may benefit from
combinations of tamoxifen and metformin or ATO, to
decrease the rate of recurrence. We have discovered that drugs
that promote glycolysis and inhibit mitochondrial function in
epithelial cancer cells are possible treatment options for this
tamoxifen resistant subtype of breast cancer.

Conclusions

A loss of stromal caveolin-1 (Cav-1) is a biomarker for
predicting poor clinical outcome and tamoxifen resistance in
human breast cancers. Coculture with breast cancer MCF7
cells transforms normal human fibroblasts into cancer-
associated fibroblasts (CAFs) with Cav-1 downregulation. In
addition, coculture leads to metabolic-coupling between
CAFs and cancer cells. CAFs show increased glucose uptake
and glycolytic activity, impaired mitochondrial function, and
increased generation of lactate and ketone bodies. Also, Cav-1
knockdown in fibroblasts is sufficient to generate glycolytic
CAFs. Conversely, epithelial cancer cells in coculture display
increased mitochondrial activity and protection from apopto-
sis. The administration of lactate and ketone bodies to

epithelial cancer cells induces mitochondrial activity, in the same
way as coculture with Cav-1 deficient fibroblasts. Since a loss of
Cav-1 in fibroblasts protects epithelial cancer cells from apoptosis,
we hypothesized that the increased mitochondrial activity of
epithelial cancer cells is the underlying cause of tamo-
xifen resistance. This is clinically relevant because anti-estrogen
therapy in breast cancer induces the apoptosis of epithelial cancer
cells, but acquired resistance develops frequently.

Here, we have discovered that mitochondrial activity in
epithelial cancer cells drives tamoxifen resistance in breast cancer

Figure 8. TIGAR overexpressing MCF7 cells are resistant to ATO-induced
apoptosis. (A) Apoptosis. TIGAR-MCF7 cells and control MCF7 cells were
treated for 24 h with 10 µM ATO and apoptosis was measured by annexin V
and PI. Note that MCF7 cells overexpressing TIGAR show a 1.8-fold decrease
in apoptosis as compared with control LV-MCF7 cells, suggesting that TIGAR
induces drug resistance (p = 0.008). (B) Lactate Assay. Lactate production was
measured on the cell culture media of TIGAR-MCF7 cells and control LV-
MCF7 cells treated with 10 µM ATO or vehicle alone for 24 h. Note that ATO
treatment induces a significant increase in lactate production in control
Lv-MCF7 cells. However, upon ATO treatment, MCF7 cells overexpressing
TIGAR generate less lactate than LV-MCF7 cells. After ATO treatment, control
LV-MCF7 cells show a much larger increase in lactate production, compared
with MCF7 cells overexpressing TIGAR (p = 0.0045).

www.landesbioscience.com Cancer Biology & Therapy 933



©2011 Landes Bioscience.
Do not distribute.

and that mitochondrial inhibition is able to re-sensitize cancer
cells to tamoxifen. The protective effect of fibroblasts on cancer
cells is not exclusive of tamoxifen since similar effects are seen
with doxorubicin and ABT-888. The discovery that CAFs are able
to induce anti-estrogen resistance in breast cancer by increasing
mitochondrial activity in epithelial cancer cells has important
implications for establishing new drug screening strategies. The
efficacy of anticancer drugs needs to be evaluated in the context of
their ability to target CAFs and metabolically uncouple fibroblasts
from epithelial cancer cells.

Materials and Methods

Materials. Antibodies were obtained as follows: anti-cytokeratin
8/18 (Fitzgerald Industries International, 20R-CP004), anti
TIGAR (Abcam, ab37910), β-tubulin (Sigma). Other reagents
were as follows: 4,6-diamidino-2-phenylindole (DAPI), Prolong
Gold Antifade mounting reagent, propidium iodide (PI), and 2-
(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-
NBDG, N13195), were from Invitrogen. Annexin V-APC was
from BD (550474). L-lactate, β-hydroxybutyric acid, butanediol,
tamoxifen, metformin, ATO and doxorubicin were purchased from
Sigma. Fulvestrant was purchased from Tocris. ABT-888 was
purchased from ChemieTek. The L-lactate assay kit (ECLC-100)
was purchased from Bioassay Systems.

Cell cultures. Cell culture experiments were performed, as
previously described with minor modifications.46 Human skin
fibroblasts immortalized with human telomerase reverse tran-
scriptase (hTERT-BJ1 cells) were purchased originally from
Clontech, Inc. The breast cancer cell line, MCF7, was from
ATCC. GFP (+) and RFP (+) MCF7 cells tagged with GFP and
RFP were used in coculture experiments and flow cytometry

Figure 9. Fibroblasts induce drug resistance in MCF7 cells. To evaluate if fibroblasts protect cancer cells against cell death induced by known
chemotherapy agents, MCF7 cells were cultured alone or cocultured with GFP (+) fibroblasts with 50 nM doxorubicin and 30 nM ABT-888 (a PARP
inhibitor) for 24 h. To quantify cell viability, GFP (-) cell (MCF7 cells) numbers were measured using flow cytometry. (A) Homotypic cultures: Note that
treatment with doxorubicin and ABT-888 greatly decreases the MCF7 cell viability, by 11.6 and 6.8-fold as compared with vehicle alone control (p = 0.001
and p = 0.007 respectively). (B) Cocultures: Note that treatment with doxorubicin and ABT-888 does not affect the viability of MCF7 cells in coculture with
fibroblasts, suggesting that fibroblasts induce drug-resistance (p = 0.96 and p = 0.71 respectively).

Figure 10. Energy transfer confers chemo-resistance in cancer cells.
Schematic diagram summarizing our current findings. See text for
details. Note that glycolytic fibroblasts provide nutrients (such as L-lacate
and ketones) to fuel oxidative mitochondrial metabolism in epithelial
cancer cells. This, in turn, drives protection against stress-induced
apoptosis that is normally triggered by anticancer drugs, conferring
drug-resistance. Specific MCT transporters allow the shuttling of L-lactate
and ketones from fibroblasts (MCT4) to cancer cells (MCT1) (see
reference 52 for details). Thus, fibroblasts and cancer cells are
metabolically-coupled, in a form of “parasitic cancer metabolism.” This
mechanism provides important new “druggable” targets for overcoming
chemo-resistance, such as MCTs and TIGAR, among others. MCT,
monocarboxylate transporters.
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was used to distinguish fibroblasts and MCF7 cells. All cells were
maintained in DMEM, with 10% Fetal Bovine Serum (FBS) and
Penicillin 100 units/mL-Streptomycin 100 µg/mL (Pen-Strep,
Invitrogen). Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO2.

Fibroblasts and MCF7 cells were co-plated or plated as a
homotypic cell culture in 12-well plates in 1 ml of complete
media. In coculture experiments, fibroblasts were plated first and
MCF7 cells were plated within 2 h of fibroblast plating. The total
number of cells per well in coculture was 1 x 105 cells. Coculture
experiments were performed at a 5:1 fibroblast-to-epithelial cell
ratio. As controls, homotypic cultures of fibroblasts and MCF7
cells were plated in parallel, using the same number of a given
cell population as the corresponding co-cultures. The day after
plating, the media was changed to DMEM with 10% NuSerum
(a low protein alternative to FBS; BD Biosciences) and Pen-Strep
and the different drugs were added at that point. Cells were
maintained in this media for one to five days, until further
analysis. To study the effect of tamoxifen, ATO and metformin,
MCF7 cells alone and cocultures were cultured in 10% Nuserum
and treated with the drugs for 24 h. L-Lactate, β-hydroxy-butyrate
or butanediol were administered to MCF7 cells cultured in 10%
NuSerum for 48 h.

Propidium Iodide and Annexin-V cell death detection. Cell
death was quantified by flow cytometry using propidium iodide
(PI) and Annexin-V-APC, as previously described with minor
modifications.47 Briefly, MCF7-GFP cells were plated in 12 well
plates with fibroblasts. The day after, media was changed to
DMEM with 10% NuSerum, and drugs were added. After
24–48 h (as indicated in the figure legends), cells were collected
by centrifugation and re-suspended in 500 μL of Annexin-V
Binding Buffer. Then, the annexin V-APC conjugate (BD
Biosciences, 550474) (4 μL) and PI (1 μL) was added and
incubated in the dark at room temperature for 5 min. Cells were
then analyzed by flow cytometry using a GFP signal detector (to
detect MCF7-GFP), a PE Texas Red signal detector and an APC
signal detector. GFP negative cells were considered fibroblasts.

Measurement of glucose uptake. 2-NBDG was used to
measure glucose uptake in single type cell cultures and cocultures
of RFP (+) MCF7 cells and fibroblasts. Briefly, cultures were
incubated with 200 µM 2-NBDG at 37°C for 30 min. Sub-
sequently, cells were harvested and suspended in a 0.01 M
Hepes (pH 7.4), 0.14 M NaCl and 2.5 mM CaCl2 solution and
analyzed by flow cytometry using RFP signal detector (to detect
MCF7-RFP) and a fluorescein signal detector (to measure glucose
uptake). RFP negative cells were considered fibroblasts.

Immunocytochemistry (ICC). Cocultures were fixed after 24 h
of treatment with tamoxifen or vehicle alone (ethanol). Then, the
ICC protocol was performed as previously described with minor
modifications.87 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.
The cells were rinsed with PBS with 0.1 mM CaCl2 and 1 mM
MgCl2 (PBS/CM), and incubated with ammonium chloride
(NH4Cl) in PBS to quench free aldehyde groups. After rinsing
with PBS/CM, cells were blocked with immuno-fluorescence (IF)

buffer (PBS/CM, 1% BSA, 0.1% Tween 20) for 1 h at room
temperature. 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 secondary antibodies
diluted in IF buffer. Finally, slides were washed at room tempera-
ture with IF buffer (3x, 10 min each), rinsed with PBS/CM and
counterstained with DAPI (10 µ/mL), rinsed in PBS/CM 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 sections from
human breast cancer samples were immuno-stained as previously
described.88 Briefly, sections were deparaffinized, rehydrated and
washed in PBS. Antigen retrieval was performed in 10 mM
sodium citrate, pH 6.0 for 10 min using a pressure cooker. Then,
sections were blocked with 3% hydrogen peroxide for 10 min
followed by an incubation using an avidin-biotin blocking kit
(Dako) to block endogenous biotin. After incubation with 10%
goat serum for 1 h, sections were incubated with primary anti-
bodies overnight at 4°C. Antibody binding was detected using a
biotinylated secondary antibody (Vector Labs, Burlingame, CA)
followed by strepavidin-HRP (Dako, Carpinteria, CA). Immuno-
reactivity was revealed using 3, 3′ diaminobenzidine. Negative
controls were performed in parallel.

TIGAR recombinant overexpression. TIGAR (EX-W1314-
Lv105) and control (EX-Lv105) vectors were purchased from
GeneCopoeia and lenti-viruses were prepared according to the
manufacturer’s protocol. Virus-containing media were centri-
fuged, filtered (0.45 μM PES low protein filter) and stored in
1 mL aliquots at -80°C. MCF7 cells (120,000 cells/well) were
plated in 12 well dishes in growth media. After 24 h, the media
was removed and replaced with 250 μl DMEM, 5% FBS, 150 μl
of virus-containing media and 5 μg/ml polybrene. Twenty-four
hours post infection, the media containing virus was removed
and replaced with growth media. The cells were selected with
puromycin (2 μg/ml) for three days after infection. For drug
treatments, cells were plated in DMEM 10% FBS. After 24 h, the
media was changed to 10% NuSerum and supplemented with
tamoxifen, ATO or vehicle alone. Cells were treated for 24 h prior
to Annexin V and PI staining.

L-Lactate assay. The L-lactate assay was performed as per
manufacturer’s recommendations with minor modifications and
as previously described.89 Briefly, Lv-105-(empty vector) or
TIGAR-MCF7 cells were seeded (1 × 105 per well) in 12-well
plates in 1000 µL of DMEM 10% FBS. The next day, the media
was changed to 600 µL of DMEM 10% NuSerum and treated
with 10 µM ATO or vehicle alone (sodium hydroxide). After
24 h, the media of each well was collected and spun down to
remove debris before measuring lactate concentration using the
EnzyChromTM L-Lactate Assay Kit (cat#ECLC-100, BioAssay
Systems). After removing the media, the remaining attached cells
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were harvested to determine their protein content. Finally, the
amount of L-lactate in the media was normalized for total cell
protein content.

Protein gel blot analysis. Cells were lysed in lysis buffer
(10 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, and
60 mM n-octyl-glucoside), supplemented with protease (Roche
Applied Science) and phosphatase inhibitors (Sigma). After
rotation at 4°C for 40 min, samples were centrifuged at
10,000 x g for 10 min at 4°C to remove insoluble debris.
Protein concentrations were determined using the BCA reagent
(Pierce, Rockford, IL). Cell lysates were then separated by SDS-
PAGE and transferred to nitrocellulose. Membranes were washed
in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween
20), and blocked with TBST supplemented with 5% nonfat dry
milk (Carnation). Then, membranes were incubated with primary
antibodies in TBST and 1% bovine serum albumin, washed, and
incubated with horseradish peroxidase-conjugated secondary
antibodies. To visualize bound antibodies, membranes were
incubated with the Supersignal chemiluminescence substrate
(Pierce).

Treatment with Doxorubicin and ABT-888. MCF7 cells were
plated alone or in coculture with GFP (+) fibroblasts in complete
media. Next day, the media was changed to DMEM 10%
NuSerum and cells were treated with 50 nM doxorubicin, 30 nM
ABT-888 (a PARP inhibitor) or vehicle alone for 24 h. Cell
viability was assessed by evaluating the number of GFP (-) cell
(MCF7 cells) using flow cytometry.
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