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We have recently proposed a new mechanism for explaining energy transfer in cancer metabolism. In this scenario, cancer
cells behave as metabolic parasites, by extracting nutrients from normal host cells, such as fibroblasts, via the secretion of
hydrogen peroxide as the initial trigger. Oxidative stress in the tumor microenvironment then leads to autophagy-driven
catabolism, mitochondrial dys-function and aerobic glycolysis. This, in turn, produces high-energy nutrients (such as
L-lactate, ketones and glutamine) that drive the anabolic growth of tumor cells, via oxidative mitochondrial metabolism.
A logical prediction of this new “parasitic” cancer model is that tumor-associated fibroblasts should show evidence of
mitochondrial dys-function (mitophagy and aerobic glycolysis). In contrast, epithelial cancer cells should increase their
oxidative mitochondrial capacity. To further test this hypothesis, here we subjected frozen sections from human breast
tumors to a staining procedure that only detects functional mitochondria. This method detects the in situ enzymatic
activity of cytochrome C oxidase (COX), also known as Complex IV. Remarkably, cancer cells show an over-abundance of
COX activity, while adjacent stromal cells remain essentially negative. Adjacent normal ductal epithelial cells also show
little or no COX activity, relative to epithelial cancer cells. Thus, oxidative mitochondrial activity is selectively amplified in
cancer cells. Although COX activity staining has never been applied to cancer tissues, it could now be used routinely to
distinguish cancer cells from normal cells, and to establish negative margins during cancer surgery. Similar results were
obtained with NADH activity staining, which measures Complex | activity, and succinate dehydrogenase (SDH) activity
staining, which measures Complex Il activity. COX and NADH activities were blocked by electron transport inhibitors, such
as Metformin. This has mechanistic and clinical implications for using Metformin as an anti-cancer drug, both for cancer
therapy and chemo-prevention. We also immuno-stained human breast cancers for a series of well-established protein
biomarkers of metabolism. More specifically, we now show that cancer-associated fibroblasts overexpress markers of
autophagy (cathepsin B), mitophagy (BNIP3L) and aerobic glycolysis (MCT4). Conversely, epithelial cancer cells show the
overexpression of a mitochondrial membrane marker (TOMMZ20), as well as key components of Complex IV (MT-CO1) and
Complex Il (SDH-B). We also validated our observations using a bioinformatics approach with data from >2,000 breast
cancer patients, which showed the transcriptional upregulation of mitochondrial oxidative phosphorylation (OXPHOS)
in human breast tumors (p < 10?%°), and a specific association with metastasis. Therefore, upregulation of OXPHOS in
epithelial tumor cells is a common feature of human breast cancers. In summary, our data provide the first functional in
vivo evidence that epithelial cancer cells perform enhanced mitochondrial oxidative phosphorylation, allowing them
to produce high amounts of ATP. Thus, we believe that mitochondria are both the “powerhouse” and “Achilles’ heel” of
cancer cells.
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TOMM20

Figure 1. TOMM20, a mitochondrial marker protein, is preferentially expressed in human epithelial cancer cells, in breast cancer patients. Paraffin-
embedded sections of human breast cancer samples lacking stromal Cav-1 were immuno-stained with antibodies directed against TOMM20 (brown
color). Slides were then counter-stained with hematoxylin (blue color). Note that TOMM20 is highly expressed in the epithelial compartment of human
breast cancers that lack stromal Cav-1. Two representative images are shown. Original magnification, 40x and 60x, as indicated.

Introduction

We recently provided experimental evidence that aggressive
tumors and skeletal muscle may use similar metabolic strate-
gies, resulting in a form of “symbiotic” metabolic-coupling."* To
understand how this applies to human cancer, it is important to
first appreciate how skeletal muscle is organized.

Skeletal muscle tissue contains at least two types of muscle
fibers: slow-twitch and fast-twitch.® Slow-twitch fibers (type I)
have an abundance of mitochondria, undergo oxidative phos-
phorylation, and produce high amounts of ATP. In contrast, fast-
twitch fibers (type II) have few mitochondria, are predominantly
glycolytic, produce low amounts of ATP and secrete L-lactate.
Secreted L-lactate, generated in fast-twitch fibers, is taken up
by slow-twitch muscle fibers, and used as recycled “fuel” for
mitochondrial oxidative phosphorylation. This phenomenon is
known as the “Lactate Shuttle”>® Thus, fast-twitch and slow-
twitch fibers are directly metabolically-coupled.’®

Over the last 40-50 years, special histo-chemical stains have
been utilized to distinguish between glycolytic and oxidative
muscle fibers.”'® These activity-based stains depend on an intact
mitochondrial electron transport system (ETC), and are a func-
tional measure of mitochondrial “power” or oxidative capacity.
For example, COX (Cytochrome C Oxidase) staining' detects
Complex IV, the last step in the mitochondrial respiratory chain,
also known as Warburg’s respiratory enzyme. Similarly, NADH
staining detects the dehydrogenase activity of Complex I, the
first step in the mitochondrial respiratory chain. And, SDH (suc-
cinate dehydrogenase) staining detects the activity of Complex
I1, the second step in the respiratory chain. Thus, slow-twitch
muscle fibers are oxidative, and are NADH(+), SDH(+) and
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COX(#). In contrast, fast-twitch muscle fibers are glycolytic, and
are NADH(-), SDH(-) and COX(-). Clinically, these mitochon-
drial activity stains have been very effective in the diagnosis of
mitochondrial-based myopathies, due to genetic defects in the
respiratory chain components of either Complex I, Complex IT or
Complex IV, resulting in defective oxidative phosphorylation.'*¢
However, these stains have not been routinely applied to other
mitochondrial-based diseases, such as human cancers.

Recently, we proposed that a subset of aggressive tumors
use stromal-epithelial metabolic-coupling.'* In these cancers,
a lactate-shuttle supports the transfer of lactate from glycolytic
fibroblasts to oxidative cancer cells, in a pathological process that
mirrors the physiological metabolic reciprocity of skeletal muscle
fibers.! We have termed this phenomenon “The Reverse Warburg
Effect,” since aerobic glycolysis (lactate production) takes place
in cancer-associated fibroblasts, rather than in epithelial cancer
cells.'®

In this model, autophagy, mitophagy and aerobic glycolysis
in the fibroblastic tumor stroma produces high-energy nutrients
and chemical building blocks (such as lactate, ketones and glu-
tamine), which can then all be used as “biofuel” for oxidative
mitochondrial metabolism in epithelial cancer cells.”**

A clear prediction of this model is that aggressive tumors are
organized on the same or similar metabolic principles as skel-
etal muscle. For example, the tumor stroma should lack oxida-
tive mitochondrial capacity, and therefore, should be NADH(-),
SDH(-) and COX(-). In contrast, aggressive epithelial cancer
cells should have increased oxidative mitochondrial capacity, and
should be highly NADH (+), SDH(+) and COX(+).

In accordance with this model, here we demonstrate that
human breast cancer epithelial cell “nests” show amplified levels
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BNIP3L

Figure 2. Cathepsin B, a lysosomal protease and autophagy marker, is
selectively increased in the stroma of human breast cancers. Paraffin-
embedded sections of human breast cancer samples lacking stromal
Cav-1 were immuno-stained with antibodies directed against Cathepsin
B. Slides were then counter-stained with hematoxylin. Note that
Cathepsin B is highly expressed in the stromal compartment of human
breast cancers that lack stromal Cav-1. Two representative images are
shown. Original magnification, 40x and 60x, as indicated.

Figure 3. BNIP3L, a mitophagy marker, is elevated in the stroma of
human breast cancers. Paraffin-embedded sections of human breast
cancer samples lacking stromal Cav-1 were immuno-stained with
antibodies directed against BNIP3L. Slides were then counter-stained
with hematoxylin. Note that BNIP3L is highly expressed in the stromal
compartment of human breast cancers that lack stromal Cav-1. Two
representative images are shown. Original magnification, 40x and 60x,
as indicated.

of mitochondrial oxidative activity, as seen by intense NADH,
SDH and COX functional staining. In contrast, adjacent stro-
mal tissues show little or no mitochondrial oxidative capacity.
Cancer cell associated NADH, SDH and COX activity staining
was ablated by the addition of well-known Complex I (metfor-
min), Complex II (malonate) or Complex IV (azide) inhibitors,
directly demonstrating the mitochondrial-based specificity of
our findings. Thus, our data provide the first functional in vivo
evidence that epithelial cancer cells perform mitochondrial oxi-
dative phosphorylation, allowing them to produce high amounts
of ATP.

As metformin behaves as a “weak” mitochondrial poi-
son, due to its Complex I inhibitor activity,”?® this could
explain its remarkable clinical ability to prevent many dif-
ferent types of human cancers in diabetic patients, and its

effectiveness as an anti-cancer agent in pre-clinical animal
models.?-¢
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Results

Detection of mitochondria, autophagy, mitophagy and aerobic
glycolysis in human breast cancers, using antibody probes. We
have previously proposed a new paradigm to understand tumor
metabolism. In this model, catabolic processes (such as autoph-
agy, mitophagy and aerobic glycolysis) in the tumor stroma “fuel”
the anabolic growth of adjacent tumor cells via oxidative mito-
chondrial metabolism.?>*'#3-3 Thus, tumor cells and the stroma
are metabolically coupled in a type of symbiotic or host-parasite
relationship. A logical prediction of this hypothesis is that cancer-
associated fibroblasts would undergo autophagy, mitophagy and
secrete lactate, while epithelial cancer cells would be rich in func-
tional mitochondria.

To furtcher assess the validity of this hypothesis, we immuno-
stained human breast cancer samples with a well-established
panel of markers for autophagy (cathepsin B), mitophagy
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Figure 4. MCT4, a marker of aerobic glycolysis and lactate efflux, is
elevated in the stroma of human breast cancers. Paraffin-embedded
sections of human breast cancer samples lacking stromal Cav-1 were
immuno-stained with antibodies directed against MCT4. Slides were
then counter-stained with hematoxylin. Note that MCT4 is highly
expressed in the stromal compartment of human breast cancers that
lack stromal Cav-1. Three representative images are shown. Original
magnification, 40x and 60x, as indicated.

(BNIP3L), and aerobic glycolysis/lactate secretion (MCT4).
Similarly, the same samples were immuno-stained with anti-
bodies directed against TOMM20 (translocase of outer
mitochondrial membrane 20), which is a component of the
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Figure 5. Visualizing mitochondrial complex IV (COX) activity in murine
skeletal muscle tissue. Frozen sections of murine skeletal muscle (hind-
limb/gastronemius) were subjected to COX activity staining (brown
color). Slides were then counter-stained with hematoxylin (blue color).
Note that slow-twitch fibers (type I) are oxidative, are mitochondria-
rich, and are COX-positive (see red arrows). In contrast, fast-twitch fibers
(type Il) are glycolytic, are mitochondria-poor, and are COX-negative.
Two representative images are shown. Original magnification, 20x and
40x, as indicated.

receptor complex responsible for the recognition and trans-
location of cytosolically-generated mitochondrial precursor
proteins.

Figure 1 shows that TOMM20 is specifically localized to the
epithelial cancer cell compartment in human breast cancers, and
is largely excluded from the adjacent tumor stromal compart-
ment. Thus, it appears that epithelial cancer cells do harbor mito-
chondria, and show an overall relative increase in mitochondrial
mass, as compared with the tumor stroma.

In contrast, cathepsin B (a lysosomal protease; Fig. 2),
BNIP3L (an inducer of mitophagy; Fig. 3), and MCT4 (a trans-
porter that is specialized in L-lactate efflux; Fig. 4), are all pref-
erentially localized to the tumor stromal compartment, and are
largely absent from epithelial tumor cells. These findings are in
accordance with our previous studies showing that the tumor

stroma is mainly catabolic."*
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in comparison. Original magnification, 20x, as indicated.

Figure 6. Mitochondrial complex IV (COX) activity is amplified in human epithelial cancer cells, in breast cancer patients (low-power images). Frozen
sections of human breast cancer samples were subjected to COX activity staining (brown color). Slides were then counter-stained with hematoxylin
(blue color). Note that human epithelial tumor cells are intensely stained, as compared with adjacent stromal cells, which show little or no COX activity,

Thus, autophagy, mitophagy and aerobic glycolysis (lactate
production), appear to occur in the tumor stroma, while epithe-
lial cancer cells have the majority of mitochondria. This is consis-
tent with the idea that catabolism in the tumor stroma provides
recycled nutrients and chemical building blocks to fuel tumor
cell growth and metastasis, via mitochondrial metabolism.

Visualization of functional mitochondria in human breast
cancers, using COX staining (complex I'V activity). Cytochrome
C oxidase (EC 1.9.3.1; COX; Complex IV; Warburg’s respiratory
enzyme) is the last enzyme complex in the respiratory chain in
mitochondria, which participates in driving electron transport,
oxidative phosphorylation and ATP synthesis."! COX normally
contains 13 protein subunits in mammalian cells. COX activity
staining (which appears brown) has been developed to facilitate
the diagnosis of mitochondrial myopathies that are due to defects
in respiratory chain subunits, such as those participating in the
formation of Complex IV.?

COX staining of frozen sections of normal skeletal muscle
tissue allows for the detection of two different types of muscle
fibers. Slow-twitch fibers (type I) are oxidative, are mitochondria-
rich, and are COX-positive. In contrast, fast-twitch fibers (type
IT) are glycolytic, are mitochondria-poor, and are COX-negative.
Thus, COX staining enables one to distinguish oxidative cells
from glycolytic cells, based on functional mitochondrial activity
directly related to their capacity for oxidative phosphorylation.
Figure 5 shows a typical COX staining pattern in murine skeletal
muscle frozen sections, with COX(+) and COX(-) muscle fibers.

Here, for the first time, we applied COX activity staining
to frozen sections derived from human breast cancers. Figure
6 shows two low-power images of COX staining. The human
epithelial tumor cells are intensely stained, as compared with
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adjacent stromal cells, which show little or no COX activity, in
comparison. Higher power images are also shown in Figure 7,
allowing a better appreciation of the epithelial character of the
COX(+) cancer cell nests. The epithelial cancer cells were also
more intensely stained than adjacent normal epithelial cells that
are part of mammary ductal tissue (Fig. 8). Thus, COX activ-
ity staining can be used to distinguish normal epithelial cells
from adjacent cancer cells, within the same tumor tissue. Most
importantly, our results indicate that the oxidative mitochondrial
power of epithelial cancer cells appears to be amplified, relative to
adjacent stromal and epithelial tissue.

To assess the specificity of COX activity staining, we used
well-known inhibitors for Complex I (metformin) and Complex
IV (sodium azide). Figure 9 shows consecutive serial sections
stained for COX activity in the presence or absence of mito-
chondrial inhibitors. Sodium azide (a Complex IV inhibitor)
effectively abolished COX activity staining, directly demonstrat-
ing high-specificity. Suprisingly, treatment with metformin (a
Complex I inhibitor)  also significantly reduced COX activity
staining (Complex IV). How do we explain these results? One
possibility is that since the electron transport chain is intact in
epithelial cancer cells, Complex I activity helps to boost Complex
IV activity as well.

As metformin is now being proposed as an anti-cancer drug
for the treatment of a variety of different types of human cancers,

and for the chemo-prevention of recurrence,”

this assay system
may be ideal for assessing the sensitivity of a given patient’s tumor
to metformin therapy.

Visualization of functional mitochondria in human breast
cancers, using NADH staining (complex I activity). NADH

dehydrogenase (EC 1.6.5.3; NADH:ubiquinone reductase;

4051



coxX

Figure 7. Mitochondrial complex IV (COX) activity is amplified in human epithelial cancer cells, in breast cancer patients (higher-power images). As
in Figure 6, except higher power images are shown. Note that human epithelial cancer cell “nests” are intensely stained, as compared with adjacent

stromal cells. Original magnification, 40x, as indicated.

Complex I) is an enzyme complex located within the inner mito-
chondrial membrane, and is the first step of the mitochondrial
electron transport chain (ETC) and oxidative phosphoryla-
tion.***! More specifically, Complex I transfers electrons from
NADH to co-enzyme Q (CoQ).

An activity stain has also been developed for the detection of
NADH dehydrogenase (which appears blue). As with the COX
activity staining, NADH activity staining was developed for the
detection of mitochondrial myopathies. However, this stain will
detect defects in Complex I, rather than Complex IV activity.

As for COX staining, NADH staining of normal skeletal
muscle frozen sections allows one to distinguish two different
types of muscle fibers. Slow-twitch fibers (type I) are oxidative,
are mitochondria-rich, and are NADH-positive. In contrast, fast-
twitch fibers (type II) are glycolytic, are mitochondria-poor, and
are NADH-negative. Figure 10 shows a typical NADH staining
pattern in murine skeletal muscle frozen sections, with NADH (+)
and NADH(-) fibers.

Next, we applied NADH activity staining to frozen sections
derived from human breast cancers. Figure 11 shows that human
epithelial tumor cells are intensely stained, as compared with
adjacent stromal cells, which show little or no NADH activity,
in comparison. Thus, the oxidative mitochondrial activity of epi-
thelial cancer cells appears to be amplified, relative to adjacent
stromal tissue.

To further assess the specificity of NADH activity staining,
we used a well-known inhibitor for Complex I (metformin).%
Figure 12 shows frozen sections stained for NADH activity in
the presence or absence of metformin. Note that metformin (a
Complex I inhibitor) effectively abolished the NADH activity
staining, directly demonstrating high-specificity. As with COX
staining, NADH activity staining may be ideal for assessing the
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sensitivity of a given patient’s tumor to metformin therapy, or
other mitochondrial inhibitors that could be used for anti-cancer
therapy.

Visualization of functional mitochondria in human breast
cancers, using SDH staining (complex II activity). Succinate
dehydrogenase (EC 1.3.5.1; succinate-coenzyme Q reductase
(SQR) or Complex II) is a multi-subunit enzyme complex (SDH-
A, -B, -C) that is attached to the inner mitochondrial membrane.
The SDH complex catalyzes the conversion of succinate to fuma-
rate (via oxidation) and ubiquinone to ubiquinol (via reduction).
It is the only enzyme that participates in both electron transport
and the TCA cycle.

As with COX and NADH, an activity stain has also been
developed for the detection of SDH activity (which appears
blue). In normal skeletal muscle, SDH staining shows the pres-
ence of two different classes of muscle fibers. Slow-twitch fibers
(type I) are oxidative, are mitochondria-rich, and are SDH-
positive. In contrast, fast-twitch fibers (type II) are glycolytic,
are mitochondria-poor, and are SDH-negative. Representative
images of murine skeletal muscle frozen sections, with SDH (+)
and SDH(-) fibers, are shown in Figure 13.

As predicted, SDH activity staining of frozen sections derived
from human breast cancers demonstrates that human epithelial
tumor cells are intensely stained, as compared with adjacent stro-
mal cells (Fig. 14). We also employed a well-known inhibitor for
Complex II (malonate), to assess the specificity of SDH activity
staining. Importantly, treatment with malonate markedly dimin-
ished the SDH activity staining, directly demonstrating high-
specificity. Figure 15 shows images of frozen sections stained for
SDH activity in the presence or absence of malonate.

Detection of mitochondria in human breast cancers,
using complex IV and complex II specific antibody probes.
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Figure 8. COX activity is higher in human epithelial cancer cells, relative
to normal adjacent epithelial ductal cells. Frozen sections of human
breast cancer samples were subjected to COX activity staining (brown
color). Slides were then counter-stained with hematoxylin (blue color).
Note that epithelial cancer cells were also more intensely stained than
adjacent normal epithelial cells that were part of mammary ductal
tissue. Thus, COX activity staining can be used to distinguish normal
epithelial cells from adjacent cancer cells, within the same tumor tissue.
Original magnification, 20x and 40x, as indicated.

To further validate our observations with COX activity stain-
ing, we also immuno-stained human breast cancers tissues
with antibodies directed against a key component of the COX
complex, namely mitochondrially-encoded cytochrome ¢ oxi-
dase subunit 1 (MT-COLl). Although Complex IV contains 13
individual components, subunits 1-3 form the active functional
core of the enzyme, and subunit 1 is the catalytic element of the
complex.

Figure 16 shows that MT-COLl is specifically localized
to the epithelial cancer cells in human breast cancers, and is
largely excluded from the adjacent tumor stromal compartment.
Similarly, Figure 17 shows that SDH-B, the Fe-S containing
component of Complex II, is also largely confined to the epithe-
lial cancer cell compartment.

Thus, these data are consistent with our independent find-
ings that epithelial cancer cells harbor most of the functional
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Control

Azide (NaN,)

Metformin

Figure 9. Mitochondrial poisons (azide and metformin) validate the
specificity of COX activity staining in human epithelial cancer cells.
Serial frozen sections of human breast cancer samples were subjected
to COX activity staining (brown color). Slides were then counter-stained
with hematoxylin (blue color). Note that sodium azide (1 mM; a Com-
plex IV inhibitor) effectively abolished the COX activity staining, directly
demonstrating high-specificity. Treatment with metformin (1 mM; a
Complex | inhibitor) also significantly reduced the COX activity staining
(Complex IV).

COX and SDH mitochondrial activity, and therefore show an
overall increase in mitochondrial mass.

Generating an epithelial-specific mitochondrial gene signa-
ture using laser-captured compartment-specific profiling data
from breast cancer patients. Next, we used existing genome-
wide transcriptional profiling data to further explore the idea
that mitochondrial oxidative phosphorylation (OXPHOS) is
specifically upregulated in human breast cancer epithelial cells,
relative to adjacent stromal tumor tissue. For this purpose, we
performed an informatics analysis on the transcriptional profiles
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Figure 10. Visualizing mitochondrial complex | (NADH) activity in
murine skeletal muscle tissue. Frozen sections of murine skeletal muscle
(hind-limb/gastronemius) were subjected to NADH activity staining
(blue color). Slides were then counter-stained with nuclear fast-red
(pink color). Note that slow-twitch fibers (type I) are oxidative, are
mitochondria-rich, and are NADH-positive (see red arrows). In contrast,
fast-twitch fibers (type ll) are glycolytic, are mitochondria-poor, and are
NADH-negative. Two representative images are shown. Original magni-
fication, 20x and 40x, as indicated.

of epithelial breast cancer cells and adjacent stromal cells (which
were both isolated by laser-capture micro-dissection). Data were
generated essentially as we previously described in reference 44,
using the raw transcriptional profiles of n = 28 breast cancer
patients (cancer epithelial vs. stromal cells).” In this analysis,
only the gene transcripts of mitochondrial associated proteins
that showed a >4-fold increase in breast cancer epithelial cells
(relative to adjacent stromal cells) were selected to generate an
epithelial-specific mitochondrial gene signature (Table 1). This
short signature contains only 38 gene transcripts.

Interestingly, key components of Complex I (NDUF),
Complex II (SDH), Complex III (UQCR) and Complex
IV (COX) were all transcriptionally upregulated, as well as
the mitochondrial ATP synthase (ATP5), specifically in epi-
thelial cancer cells. Conversely, these data also demonstrate
that relative to epithelial cancer cells, stromal cells show a
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Figure 11. Mitochondrial complex | (NADH) activity is amplified in hu-
man epithelial cancer cells, in breast cancer patients. Frozen sections of
human breast cancer samples were subjected to NADH activity staining
(blue color). However, slides were not counter-stained with nuclear fast-
red (pink color), and were mounted without counter-staining, to better
visualize the blue reaction product. Note that human epithelial tumor
cells are intensely stained dark blue (see red arrows), as compared with
adjacent stromal cells, which show little or no NADH activity, in com-
parison. Original magnification, 40x, as indicated.

transcriptional “down-modulation” of mitochondrial oxidative
phosphorylation.

Validation with bioinformatics: an epithelial-specific mito-
chondrial gene signature predicts metastasis in breast cancer
patients. To further validate our histochemical observations, we
next used existing bioinformatics databases to assess the associa-
tion of an epithelial-specific mitochondrial gene signature (Table
1), with the transcriptional profiles of human breast cancer tumor
samples and various clinical parameters. As discussed above, this
signature consists of mitochondrial associated gene transcripts
(mainly OXPHOS-related) that are specifically upregulated only
in epithelial breast cancer cells, and not in adjacent stromal tissue.

Importantly, Figure 18A shows that this epithelial-specific
mitochondrial gene signature is clearly upregulated in human
breast tumors (2,000 cases examined, with a p value < 10%),
relative to normal healthy breast tissue (102 controls). Similarly,
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Original magnification, 40x.

Figure 12. Treatment with metformin (a complex | inhibitor) validates the specificity of NADH activity staining in human epithelial cancer cells. Frozen
sections of human breast cancer samples were subjected to NADH activity staining (blue color) in the presence or absence of metformin. However,
slides were not counter-stained with nuclear fast-red (pink color), and were mounted without counter-staining, to better visualize the blue reaction
product. Note that meformin (1 mM; a Complex | inhibitor) effectively abolished the NADH activity staining, directly demonstrating high-specificity.

significant associations were obtained with tissue from both
ER-positive (>1,600 cases examined, p < 10%°)-and ER-negative
(nearly 500 cases examined, p < 107'°) breast cancer patients. As
such, upregulation of this epithelial MITO/OXPHOS gene sig-
nature is a common feature of human breast cancers.

Remarkably, this mitochondrial-based epithelial gene sig-
nature also predicts breast cancer cell metastasis, especially in
ER-negative patients (Fig. 18B). In ER(-) disease, this MITO/
OXPHOS signature was associated with a near 30% increase in
metastasis, over a 10-year follow-up period (78.6% vs. 50.0%
metastasis-free). In support of this observation, injection of
L-lactate (a nutrient which stimulates OXPHOS) in an ER(-)
xenograft model (MDA-MB-231 cells) is sufficient to increase
lung metastasis by >10-fold.** Furthermore, Berridge and col-
leagues have shown that specific deletion of mitochondrial DNA
from cancer cells prevents both tumor growth and lung metasta-
sis, in mouse animal models.*

It is important to note that for this gene profiling analysis,
although the signature we used was epithelial cancer cell-specific,
the transcriptional profiling data from breast cancer patients was
obtained from whole breast tumors excised during surgery. Thus,
our results indicate that the use of this MITO/OXPHOS gene
signature for diagnostic and prognostic purposes does not require
laser-capture micro-dissection of the primary tumor.

Similar results were obtained using three other mitochondrial
OXPHOS-based gene signatures from the KEGG and Molecular
Signatures Database (MSigDB) (Fig. S1), providing additional
independent support for our hypothesis that mitochondrial oxi-
dative phosphorylation is clearly amplified or hyper-activated in
human breast cancers. p-values for these associations between
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OXPHOS and breast cancers ranged from 10 to 10°. Strong
associations were observed with tumors from both ER(+) and
ER(-) breast cancer patients.

Discussion

Over the past 85 years, it has been a hotly debated topic as to
whether aggressive cancer cells contain functional mitochondria,
and undergo oxidative phosphorylation, or derive their energy
from aerobic glycolysis.” However, glycolysis is an inherently
inefficient process for generating energy, resulting in the produc-
tion of only 2—4 ATPs per glucose molecule.®**° Nevertheless, it
has been argued that cancer cells (with exceedingly high energy
demands) use acrobic glycolysis (a.k.a., the Warburg Effect)
almost exclusively.-°

Recently, we proposed an alternative explanation for
Warburg’s observations that tumors show a shift toward aero-
bic glycolysis.’* More specifically, we showed that cancer cells
induce aerobic glycolysis in adjacent cancer-associated fibro-
blasts, via oxidative stress.?®?! Oxidative stress in fibroblasts then
drives autophagy and mitophagy, resulting in aerobic glycoly-
sis, due to mitochondrial dys-function. These glycolytic fibro-
blasts, in turn, produce L-lactate to “feed” hungry cancer cells,
resulting in a form of “parasitic” stromal-epithelial metabolic
coupling (Fig. 19).2%°" In this scenario, epithelial cancer cells
then use lactate to perform oxidative mitochondrial respiration,
driving the formation of 36-38 ATDs per glucose molecule.””
This model, termed “The Reverse Warburg Effect,” would
help resolve the paradox of the conventional “Warburg Effect,”
which states that cancer cells with exceedingly high metabolic
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Figure 13. Visualizing mitochondrial complex Il (SDH) activity in murine
skeletal muscle tissue. Frozen sections of murine skeletal muscle (hind-
limb/gastronemius) were subjected to SDH activity staining (blue color).
Note that slow-twitch fibers (type I) are oxidative, are mitochondria-
rich, and are SDH-positive (see red arrows). In contrast, fast-twitch fibers
(type Il) are glycolytic, are mitochondria-poor, and are SDH-negative.
Two representative images are shown. Original magnification, 20x and
40x, as indicated.

needs apparently use an inefficient process (acrobic glycolysis) to
produce ATP.>¥

In 1931, Otto Warburg was awarded the Nobel Prize in
Physiology “for his discovery of the nature and mode of action of
the respiratory enzyme” (www.nobelprize.org/nobel_prizes/med-
icine/laureates/1931). Today, “Warburg’s respiratory enzyme” is
known as Cytochrome C Oxidase (COX) or Complex IV (http://
enzyme.expasy.org/EC/1.9.3.1).

Here, we have used a COX-based histochemical activity stain
to directly visualize the functional status of oxidative phosphory-
lation and mitochondria in human breast cancers. We directly
demonstrate that epithelial cancer cells have the highest levels of
COX activity, higher than normal adjacent epithelial cells, and
even higher than stromal cells. The rank order for positive COX
staining was: Epithelial Cancer Cells > > > Normal Epithelial
Cells > Tumor Stromal Tissue. COX staining allowed us to
unambiguously distinguish cancer cells from adjacent normal
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Figure 14. Mitochondrial complex Il (SDH) activity is amplified in hu-
man epithelial cancer cells, in breast cancer patients. Frozen sections of
human breast cancer samples were subjected to SDH activity staining
(blue color). However, slides were not counter-stained. Note that human
epithelial tumor cells are intensely stained dark blue, as compared with
adjacent stromal cells, which show little or no SDH activity, in compari-
son. Original magnification, 40x, as indicated.

epithelial cells. This may have important implications for can-
cer diagnosis and prognosis, especially in demonstrating negative
margins and in detecting distant cancer cell metastases.

Similar results were also obtained using NADH and SDH
activity staining, as a measure of Complex I and Complex II
activity. Positive NADH and SDH staining was also largely con-
fined to epithelial cancer cells, and nearly absent or significantly
diminished in the tumor stroma. Thus, the activities of Complex
I, Il and IV all appear to be amplified in epithelial cancer cells.

The specificity of our COX, NADH and SDH staining in
human breast cancer samples was further validated using well-
established Complex I (metformin), Complex II (malonate) and
Complex IV (azide) inhibitors. Treatment with these respiratory
chain inhibitors prevented COX, NADH and SDH staining in
human breast cancer cells.

Metformin is reported to be a Complex I inhibitor” that func-
tions as a “weak” mitochondrial poison, and is currently used
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Figure 15. Treatment with malonate (a complex Il inhibitor) validates the specificity of SDH activity staining in human epithelial cancer cells. Frozen
sections of human breast cancer samples were subjected to SDH activity staining (blue color) in the presence or absence of malonate. However, slides
were not counter-stained. Note that sodium malonate (10 mM; a Complex Il inhibitor) effectively abolished the SDH activity staining, directly demon-

strating high-specificity. Original magnification, 40x.

extensively for the clinical treatment of diabetes.*>** By reducing
mitochondrial activity, metformin induces cells to take up more
glucose, therapeutically resulting in lower blood glucose levels.
Metformin toxicity or overdose is associated with lactic acido-

Sis’29,3()

consistent with its function as a respiratory chain inhibi-
tor, since it systemically induces aerobic glycolysis, resulting in
lactate over-production.

A “side effect” of Metformin therapy in diabetes patients is
cancer prevention. In accordance with our data that cancer cells
use mitochondrial oxidative phosphorylation for energy produc-
tion, metformin treatment prevents and/or inhibits tcumor forma-

tion both in diabetic patients and in mouse animal models.?-%

Metformin also induces apoptosis in “cancer stem cells.”?"34%
Metabolically, metformin prevents cancer cells from using their
mitochondria, induces aerobic glycolysis and lactate produc-
tion, and shifts cancer cells toward the conventional “Warburg
Effect”.?*» This is all consistent with the idea that cancer cells
have functional mitochondria.

Other genetic studies have also suggested that aggressive
>456 Mechanistically,
in vitro, fibroblasts or mesenchymal stem cells can rescue aer-

cancer cells have functional mitochondria.

obic glycolysis in adjacent cancer cells, via the direct transfer
of live mitochondria or mitochondrial DNA, via intercellular
nano-tubes.” Interestingly, this “mitochondrial transfer” also
occurs in murine tumors in vivo, where implanted cancer
cells “steal” functional mitochondrial DNA from normal
host cells or the tumor microenvironment.”** Thus, ampli-
fication of oxidative mitochondrial metabolism in human
cancer cells in vivo may occur via this mechanism, and
could be considered a form of “mitochondrial rejuvenation,”

that facilitates  the immortality and metastasis of cancer
cells.

In direct support of this notion, proteomic analysis of human
breast cancer cells with a propensity to undergo brain metas-
tasis, directly showed the upregulation of enzymes involved in
the mitochondrial TCA cycle and oxidative phosphorylation.®
Furthermore, the brain is a lactate-rich micro-environment.®?
Similarly, MCF7 breast cancer cells treated with L-lactate show a

2122 and a have transcrip-

marked increase in mitochondrial mass
tional profile that significantly overlaps with neural stem cells.””
These MCE7 cell lactate-induced gene signatures are predictive
of tumor recurrence, metastasis and poor clinical outcome, in
human breast cancer patients (ER(+)/Luminal A type).* Our cur-
rent bioinformatics analysis (Fig. 18) also supports an association
between mitochondrial oxidative phosphorylation (OXPHOS)
in epithelial cancer cells and breast cancer metastasis.

In accordance with our new findings, recent studies on the
effectiveness of radiofrequency ablation (RFA) therapy for the
surgical removal of human breast cancer tumor tissue used the
“NADH-diaphorase reaction” as a measure of cell viability,*
although the authors did not acknowledge that this reaction
is mitochondrial-specific. Moreover, their photo-micrographs
directly show that the NADH reaction product (blue color) is
indeed largely confined to the epithelial tumor cells, and is absent
from the adjacent stromal tissue. However, the authors failed to
comment on the epithelial-specific compartmentalization of the
NADH staining.®® Thus, independent observations already exist
to support the specificity of the experiments reported here.

Our results are also consistent with the idea that mitochondrial

toxins or poisons®**® should be used for cancer chemo-therapy

www.landesbioscience.com Cell Cycle 4057



COX/Complex IV mAb

Figure 16. Complex IV (MT-CO1), a component of the respiratory chain,
is preferentially expressed in human epithelial cancer cells, in breast
cancer patients. Paraffin-embedded sections of human breast cancer
samples lacking stromal Cav-1 were immuno-stained with antibodies
directed against Complex IV (MT-CO1) (brown color). Slides were then
counter-stained with hematoxylin (blue color). Note that Complex IV

is highly expressed in the epithelial compartment of human breast
cancers that lack stromal Cav-1. Two representative images are shown.
Original magnification, 40x, as indicated.

and chemo-prevention, to target cancer cell mitochondria and
oxidative phosphorylation. Several groups have recently designed
therapies around this principle, by using non-toxic precursor
molecules (such as linamarin) that are enzymatically converted
to active cyanide (a mitochondrial Complex IV inhibitor) locally
at the site of the tumor, thereby inducing mitophagy and cell
death in epithelial cancer cells.”* In mechanistic support of this
notion, recombinant overexpression of mutationally-activated
HIF1-« in human breast cancer cells (MDA-MB-231), a known
inducer of autophagy/mitophagy and aerobic glycolysis, reduces
tumor growth in pre-clinical xenograft models by up to 3-fold.?

Finally, using an independent informatics approach, we were
able to directly validate the idea that OXPHOS is selectively
upregulated in human breast cancer cells, relative to adjacent
stromal cells. For this analysis, we used raw compartment-spe-
cific transcriptional profiling data that was obtained by another
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Figure 17. Complex Il (SDH-B), a component of the respiratory chain,
is preferentially expressed in human epithelial cancer cells, in breast
cancer patients. Paraffin-embedded sections of human breast cancer
samples lacking stromal Cav-1 were immuno-stained with antibodies
directed against Complex Il (SDH-B) (brown color). Slides were then
counter-stained with hematoxylin (blue color). Note that Complex I

is highly expressed in the epithelial compartment of human breast
cancers that lack stromal Cav-1. Two representative images are shown.
Original magnification, 40x, as indicated.

Cell Cycle

group, via the laser-capture micro-dissection of epithelial breast
cancer cells and adjacent stromal tissue, from n = 28 breast can-
cer patients.” Numerous mitochondrial components (including
Complexes I-V) were selectively upregulated only in epithe-
lial breast cancer cells, and not in adjacent stromal cells. This
allowed us to generate an epithelial cancer cell-specific mitochon-
drial gene signature that consisted largely of OXPHOS-related
genes. Importantly, this OXPHOS signature was upregulated in
breast cancer tumor samples (n = 2,000 patients examined, p <
10%), and was associated with both ER(+) and ER(-) patients.
Outcome analysis indicated that this signature was also asso-
ciated with an increased risk of metastasis, especially in ER(-)
breast cancer patients. Three other independent OXPHOS gene
signatures were obtained from the MSigDB and KEGG data-
base, and all three OXPHOS signatures were significantly upreg-
ulated in human breast cancer tumor tissue (n > 2,000 patients

Volume 10 Issue 23
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Figure 18. An epithelial-specific mitochondrial gene signature predicts metastasis in breast cancer patients. We examined whether a 38-member
MITO/OXPHOS gene signature (see Table 1 for the complete list) is associated with the transcriptional profiles of human breast cancer tumor tissue.
This signature contains mitochondrial associated gene transcripts specifically upregulated only in epithelial breast cancer cells, and not in adjacent
stromal tissue. (A) Box Plot. Note that this epithelial-specific mitochondrial gene signature is upregulated in human breast tumors (>2,000 cases exam-
ined, with a p value < 10%), relative to normal healthy breast tissue (102 controls). In addition, significant associations were obtained with tumor tissue
from both ER-positive (>1,600 cases examined, p < 10%°) and ER-negative (nearly 500 cases examined, p < 107°) breast cancer patients. Thus, upregula-
tion of this MITO/OXPHOS gene signature is a general feature of human breast cancers. (B) Kaplan-Meier Analysis. Note that this mitochondrial-based
epithelial gene signature also predicts breast cancer cell metastasis, and especially in ER-negative patients. In this patient group, the MITO/OXPHOS
signature was associated with a near 30% increase is metastasis, over a 10-year follow-up period. Numbers of cases with annotation are shown.

examined), with p values between 107 to 10%¢. These results
directly show that OXPHOS amplification or hyper-activation
is clearly an important common characteristic of human breast
cancers.

As such, we believe that targeting mitochondrial OXPHOS-
related genes has broad implications for both cancer diagnostics
and therapeutics, and could be exploited in the pursuit of person-
alized cancer care.

Materials and Methods
Materials. Antibodies were obtained as follows: anti-Cav-1
IgG (sc-894, Santa Cruz Biotech); anti-cathepsin B IgG

(cat# sc-13985, Santa Cruz Biotech); anti-BNIP3L IgG (cat#
ab59908, Abcam); anti-MCT4 IgG (cat # sc-50329, Santa

www.landesbioscience.com
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Cruz Biotech); anti-TOMM20 IgG (cat# sc-17764, Santa Cruz
Biotech); anti-Complex IV mAb (a.k.a., Cytochrome ¢ oxi-
dase subunit 1, Cytochrome ¢ oxidase polypeptide I, MT-CO1,
COI, COXI, MTCOI1; cat# MS404; MitoSciences, Inc.,);
anti-Complex II mAb (Succinate dehydrogenase [ubiquinone]
iron-sulfur subunit (SDH-B); cat# MS203; MitoSciences,
Inc.). Also, anti-MCT4 isoform-specific antibodies were previ-
ously generated and characterized by Dr. Nancy Philip.”° For
the NADH, SDH and COX activity staining, validation stud-
ies were performed with electron transport inhibitors. More
specifically, individual inhibitors were added to the incuba-
tion mixture at a final concentration of 1 mM sodium azide
(Comple IV inhibitor; cat # BP922-500, Thermo-Fisher), 10
mM sodium malonate (Complex II inhibitor; cat# M1875,
Sigma-Aldrich) or 1 mM metformin (Complex I inhibitor;
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Table 1. An epithelial-specific mitochondrial gene signature in breast cancer

Gene Symbol Fold-Change p-value Gene Description
ATP5F1 5.39 7.83E-07 ATP synthase, H* transporting, mitochondrial FO complex, subunit B1
ATP50 5.12 2.13E-06 ATP synthase, H* transporting, mitochondrial F1 complex, O subunit
ATP5B 5.04 2.75E-06 ATP synthase, H* transporting, mitochondrial F1 complex, beta polypeptide
ATP5A1 5.01 3.09E-06 ATP synthase, H* transporting, mitochondrial F1 complex, alpha subunit 1, cardiac muscle
ATP5C1 4.64 1.14E-05 ATP synthase, H* transporting, mitochondrial F1 complex, gamma polypeptide 1

ATP5L 4.62 1.22E-05 ATP synthase, H* transporting, mitochondrial FO complex, subunit G

ATP5) 4.51 1.79E-05 ATP synthase, H* transporting, mitochondrial FO complex, subunit F6

ATP5H 4.01 9.48E-05 ATP synthase, H* transporting, mitochondrial FO complex, subunit d

COX5B 5.03 2.86E-06 cytochrome c oxidase subunit Vb
COX6A1 4.46 2.07E-05 cytochrome c oxidase subunit Vla polypeptide 1
COX17 4.12 6.84E-05 COX17 cytochrome c oxidase assembly homolog (S. cerevisiae)
COX7C 4.05 8.25E-05 cytochrome c oxidase subunit Vlic
ECHS1 4.05 8.22E-05 enoyl Coenzyme A hydratase, short chain, 1, mitochondrial
FH 5.42 7.06E-07 fumarate hydratase

GOT2 4.58 1.40E-05 glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate aminotransferase 2)

IDH3B 7.49 3.28E-10 isocitrate dehydrogenase 3 (NAD*) beta

IMMT 4,71 8.89E-06 inner membrane protein, mitochondrial (mitofilin)

IARS2 4.70 9.15E-06 isoleucyl-tRNA synthetase 2, mitochondrial

MRPS33 5.60 3.71E-07 mitochondrial ribosomal protein S33
MRPL49 494 3.93E-06 mitochondrial ribosomal protein L49
MRPS15 4.40 2.59E-05 mitochondrial ribosomal protein S15
MRP63 4.30 3.62E-05 mitochondrial ribosomal protein 63
MTCH2 4.26 4.15E-05 mitochondrial carrier homolog 2 (C. elegans)

MDH2 418 5.32E-05 malate dehydrogenase 2, NAD (mitochondrial)

NDUFA8 5.64 3.23E-07 NADH dehydrogenase (ubiquinone) 1alpha subcomplex, 8, 19 kDa
NDUFB4 5.64 3.24E-07 NADH dehydrogenase (ubiquinone) 1beta subcomplex, 4, 15 kDa
NDUFAB1 5.44 6.67E-07 NADH dehydrogenase (ubiquinone) 1alpha/beta subcomplex, 1, 8 kDa
NDUFB5 4,57 1.43E-05 NADH dehydrogenase (ubiquinone) 1beta subcomplex, 5, 16 kDa
NDUFV2 4.51 1.76E-05 NADH dehydrogenase (ubiquinone) flavoprotein 2, 24 kDa
NDUFA4 4,25 4.29E-05 NADH dehydrogenase (ubiquinone) 1alpha subcomplex, 4, 9 kDa
NDUFA9 4,25 4.23E-05 NADH dehydrogenase (ubiquinone) 1alpha subcomplex, 9, 39 kDa

NFU1 4.62 1.20E-05 NFUT iron-sulfur cluster scaffold homolog (S. cerevisiae)

SDHB 4.25 4.24E-05 succinate dehydrogenase complex, subunit B, iron sulfur (Ip)
TIMM17A 495 3.88E-06 translocase of inner mitochondrial membrane 17 homolog A (yeast)
TOMM?20 4.75 7.70E-06 translocase of outer mitochondrial membrane 20 homolog (yeast)
UQCRFST 5.71 2.45E-07 ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1

UQCRQ 5.22 1.46E-06 ubiquinol-cytochrome c reductase, complex Ill subunit VII, 9.5kDa
UQCRC2 4.84 5.73E-06 ubiquinol-cytochrome c reductase core protein Il

Gene transcripts of mitochondrial associated proteins are upregulated in epithelial cancer cells, as compared to adjacent stromal cells, in human
breast tumor tissue (N = 28 patients). Fold-changes in gene transcript levels are expressed as: [(epithelial cancer cells)/(adjacent stromal cells)]. For this
analysis, only gene transcripts of mitochondrial associated proteins that showed a >4-fold increase in breast cancer epithelial cells (relative to adjacent
stromal cells) are shown. Data were generated essentially as previously described (see ref. 44), using the raw transcriptional profiles of N = 28 breast
cancer patients (cancer epithelial vs. stromal cells) from reference 45. Note that components of Complex | (NDUF), Complex Il (SDH), Complex Il (UQCR)
and Complex IV (COX) were all upregulated by 4-to-5-fold, as well as the mitochondrial ATP synthase (ATP5), specifically in epithelial cancer cells.
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1,1-dimethylbiguanide hydrochloride, cat # D150959, Sigma-
Aldrich).

Immunohistochemistry. To assess the potential clinical rel-
evance of our findings regarding the cell-type specific compart-
mentalization of autophagy, mitophagy and aerobic glycolysis,
we analyzed human breast cancer tumor samples. For this pur-
pose, we selected cases in which there was a loss of stromal caveo-
lin-1 (Cav-1), an established biomarker for oxidative stress, DNA
damage, autophagy and inflammation in the tumor stroma.”!
Importantly, loss of stromal Cav-1 is associated with poor clinical
outcome in the most common epithelial subtypes of breast cancer
[ER(+), PR(+), HER2(+) and triple negative/basal].”*”

Paraffin-embedded sections of human breast cancer samples
were immuno-stained as previously described in reference 1
and 22. Briefly, sections were de-paraffinized, 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 hour. Then, sec-
tions were incubated with primary antibodies overnight at 4°C.
Antibody binding was detected using a biotinylated secondary
(Vector Labs, Burlingame, CA) followed by strepavidin-HRP
(Dako, Carpinteria, CA). Immunoreactivity was revealed using
3,3'-diaminobenzidine.

Cytochrome C oxidase (COX)/complex IV activity staining.
Cryostat sections (7 or 10 pm) were prepared from human breast
carcinoma samples and stored at -80°C until use. For the COX
activity staining, frozen sections were brought to room tempera-
ture, washed for 5 min with 25 mM sodium phosphate buffer,
pH 7.4 and then incubated for 0.5, 1 or 2 hours at 37°C with
the COX incubation mixture.”8*8! The COX solution consisted
of 10 mg Cytochrome C (cat# C7752, Sigma-Aldrich), 10 mg
3,3'-diaminobenzidine tetrahydrochloride hydrate (cat# D5637,
Sigma-Aldrich) and 2 mg catalase (cat# C1345, Sigma-Aldrich)
dissolved in 10 ml of 25 mM sodium phosphate buffer. The solu-
tion was filtered after preparation and the pH was adjusted to
7.2-7.4 with 1 N NaOH. Cryostat sections obtained from nor-
mal mouse skeletal muscle (hind-limb/gastrocnemius) were used
as a positive control.

NADH dehydrogenase/complex I activity staining. For the
NADH mitochondrial assay, frozen sections were brought to
room temperature, washed for 5 min with 50 mM TRIS-HCI
buffer, pH 7.4 and then incubated for 90 min at 37°C with the
NADH incubation mixture.” The NADH solution consisted
of 2 mg PB-nicotinamide adenine dinucelotide (cat# N7410,
Sigma-Aldrich) dissolved in 1 ml of 77 mM TRIS-HCI buf
fer, pH 7.4 containing 38 mM cobalt (II) chloride (cat# C8661,
Sigma-Aldrich) and 380 g nitrotetrazolium blue chloride (cat#
N6876, Sigma-Aldrich).

Succinate dehydrogenase (SDH)/complex II activity stain-
ing. For the SDH mitochondrial assay, frozen sections were
brought to room temperature, washed for 5 min with 50 mM
sodium phosphate buffer, pH 7.4 and then incubated for 30, 60
or 90 min at 37°C with the SDH incubation mixture.”$% The
SDH solution consisted of 50 mM succinic acid (cat# S3674,
Sigma-Aldrich), 0.2 mM phenazine methosulfate (cat# P9625,
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Figure 19. Energy transfer in cancer metabolism. We have recently
proposed a new paradigm for understanding energy transfer in cancer
metabolism. In this model, cancer cells behave as metabolic parasites,
by extracting nutrients from normal host cells, such as fibroblasts, by
secreting hydrogen peroxide. Oxidative stress in the tumor microenvi-
ronment leads to autophagy, mitophagy and aerobic glycolysis. This,
in turn, produces high-energy nutrients (such as L-lactate, ketones and
glutamine) that fuel the anabolic growth of tumor cells, via oxidative
mitochondrial metabolism (OXPHOS). Thus, cancer cells and the tumor
stroma are metabolically coupled in a type of symbiotic or host-parasite
relationship. In accordance with this model, here we provide evidence
that cancer-associated fibroblasts undergo autophagy, mitophagy

and secrete lactate, while epithelial cancer cells are rich in functional
mitochondria.

Sigma-Aldrich), 5 mM EDTA, 1 mM potassium cyanide (cat#
60178, Sigma-Aldrich) and 1.5 mM nitrotetrazolium blue chlo-
ride (cat# N6876, Sigma-Aldrich) in 50 mM sodium phosphate
buffer pH 7.4-7.6. The competitive inhibitor sodium malonate
(cat# M1875, Sigma-Aldrich) was used at a 10 mM final concen-
tration to verify the specificity of the reaction.

Bioinformatics analysis of >2,000 human breast cancer sam-
ples. A microarray data set that was previously compiled from the
public repositories Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo) ¥ and ArrayExpress (http://www.ebi.ac.uk/
arrayexpress) * was used to evaluate the combined expression
signature of 38 mitochondria- and oxidative phosphorylation-
associated genes in the context of clinical samples.® This clini-
cal data set includes 102 healthy breast tissue samples and 2,152
breast cancer cases, of which 1,674 were identified as ER-positive
and 478 were identified as ER-negative, based on ESRI mRNA
expression.®> Samples were analyzed in separate groups based on
ER status. To analyze the combined 38-gene MITO/OXPHOS
signature in the microarray data set, a signature magnitude was
computed by median-centering each gene and averaging their
expression in each sample. Differential expression of the aver-
aged gene signature magnitude between sample groups was
evaluated using a two-tailed ttest. Kaplan-Meier analysis was
used to evaluate survival trends among 831 samples annotated
with metastasis-free survival time (684 ER-pos., 147 ER-neg.).
X-Tile software was employed to identify subpopulation
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cut-points to observe maximum survival differences between
the high expression and low expression subpopulations.®® The
Log-rank test was used to evaluate the significance of differ-
ences in survival curves for high vs. low signature-expressing
populations.
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