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Ketones and lactate “fuel” tumor growth
and metastasis

Evidence that epithelial cancer cells use oxidative
mitochondrial metabolism
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Previously, we proposed a new model for understanding the “Warburg effect” in tumor metabolism. In this scheme,
cancer-associated fibroblasts undergo aerobic glycolysis and the resulting energy-rich metabolites are then transferred
to epithelial cancer cells, where they enter the TCA cycle, resulting in high ATP production via oxidative phosphorylation.
We have termed this new paradigm “The Reverse Warburg Effect.” Here, we directly evaluate whether the end-products
of aerobic glycolysis (3-hydroxy-butyrate and L-lactate) can stimulate tumor growth and metastasis, using MDA-MB-231
breast cancer xenografts as a model system. More specifically, we show that administration of 3-hydroxy-butyrate
(@ ketone body) increases tumor growth by ~2.5-fold, without any measurable increases in tumor vascularization/
angiogenesis. Both 3-hydroxy-butyrate and L-lactate functioned as chemo-attractants, stimulating the migration of
epithelial cancer cells. Although L-lactate did not increase primary tumor growth, it stimulated the formation of lung
metastases by ~10-fold. Thus, we conclude that ketones and lactate fuel tumor growth and metastasis, providing
functional evidence to support the “reverse Warburg effect.” Moreover, we discuss the possibility that it may be unwise
to use lactate-containing i.v. solutions (such as lactated Ringer’s or Hartmann’s solution) in cancer patients, given the
dramatic metastasis-promoting properties of L-lactate. Also, we provide evidence for the upregulation of oxidative
mitochondrial metabolism and the TCA cycle in human breast cancer cells in vivo, via an informatics analysis of the
existing raw transcriptional profiles of epithelial breast cancer cells and adjacent stromal cells. Lastly, our findings may
explain why diabetic patients have an increased incidence of cancer, due to increased ketone production, and a tendency

towards autophagy/mitophagy in their adipose tissue.

Introduction

Previously, we identified a loss of stromal caveolin-1 (Cav-1), in
the cancer-associated fibroblast compartment, as a single indepen-
dent predictor of early tumor recurrence, lymph node metastasis,
tamoxifen-resistance and poor clinical outcome, in human breast
cancer patients.! Importantly, these findings were independent of
epithelial marker status, indicating that the prognostic value of a
loss of stromal Cav-1 applies to all of the most common sub-types
of invasive ductal carcinoma.! These findings have now been vali-
dated in three difference cohorts of human breast cancer patients,
including a cohort of triple negative and basal-like breast cancer

patients."® In triple negative patients, high expression of stromal
Cav-1 was associated with a survival rate of 75.5% at 12 years post-
diagnosis.? Conversely, an absence of stromal Cav-1 in the same tri-
ple negative patient population was associated with a survival rate
of less than 10% at five years post-diagnosis.? Thus, it is imperative
that we mechanistically understand the prognostic value of stromal
Cav-1, as it could lead to new therapeutic strategies for the treat-
ment of human breast cancers and other types of cancer. In further
support of this notion, a loss of stromal Cav-1 in DCIS patients
is associated with a 100% rate of lesion recurrence and 80% of
these patients progressed to invasive breast cancer.? Finally, a loss
of stromal Cav-1 in prostate cancer patients was strictly associated
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with advanced prostate cancer and metastatic disease progression,
as well as high Gleason score—indicative of a poor prognosis.’

To understand the prognostic value of a loss of scromal Cav-1,
we next turned to Cav-1(-/-) null mice as a model experimen-
tal system.® From these mice, we isolated bone marrow stromal
cells, which are thought to be the precursors of cancer associated
fibroblasts and subjected them to unbiased proteomics analysis,
as well as genome-wide transcriptional profiling.” Using this pro-
teomics approach, we demonstrated that Cav-1 (-/-) null scromal
cells show the overexpression of three major classess of proteins:
(1) eight myofibroblast markers (such as vimentin, calponin and
collagen I); (2) eight glycolytic enzymes (including PKM2 and
LDHA); and (3) two anti-oxidants (namely, catalase and perox-
iredoxin).” Virtually identical results were obtained by genome-
wide transcriptional profiling, directly implicating the activation
of HIF and NF«B, as key transcription factors during a loss of
Cav-1 in stromal cells.® Furthermore, the upregulation of glyco-
lytic enzymes under normoxic conditions is consistent with the
onset of the Warburg effect, a.k.a, aerobic glycolysis. However,
the “classical” Warburg effect was thought to be largely confined
to cancer epithelial cells, and has never been extended to the can-
cer associated fibroblast compartment. Induction of glycolysis
under conditions of normoxia can be accomplished via oxida-
tive stress, possibly explaining the overexpression of anti-oxidant
enzymes in Cav-1 (-/-) deficient stromal cells.® Importantly, we
validated the selective expression of glycolytic enzymes (PKM2
and LDHA/B/C) in the fibroblastic stroma of human breast can-
cer patients that lack stromal Cav-1 expression.”’

Based on these and other supporting findings, we proposed
a new model for understanding the Warburg effect in tumor
metabolism.”’* In this model, epithelial cancer cells induce aero-
bic glycolysis in adjacent cancer-associated fibroblasts, directing
them to produce energy-rich metabolites (such as lactate and
3-hydroxy-butyrate).”!® Then, these metabolites would be trans-
ferred to the epithelial cancer cells, where they can then enter
the mitochondrial TCA cycle, undergo oxidative phosphoryla-
tion, resulting high ATP production.”'” We have termed this new
model “the reverse Warburg effect.””!°

In direct support of these findings, we have recently shown
using a co-culture model, that MCF7 epithelial cancer cells have
the ability to downregulate both Cav-1 expression and mito-
chondria in adjacent fibroblasts via the induction of autophagy/
mitophagy.'"'? This then drives aerobic glycolysis in the fibroblast
compartment.'"? More specifically, MCF7 cells induce oxidative
stress in adjacent fibroblasts."” Oxidative stress is then sufficient
to drive the induction of autophagy/mitophagy in fibroblasts,
leading to Cav-1 lysosomal degradation and aerobic glycolysis."
Conversely, during co-culture, we observed that MCF?7 epithelial
cancer cells dramatically increase their mitochondrial mass and
mitochondrial activity."! Moreover, we could pheno-copy these
effects by simply adding L-lactate (an end product of glycolysis)
to the tissue culture media of MCEF7 cells.!! Under these condi-
tions, L-lactate treatment was sufficient to dramatically increase
mitochondrial mass in MCF7 cancer cells."

Based on the above biomarker and mechanistic experiments,
we have proposed that the Cav-1 (-/-) mammary fat pad can be
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used as a pre-clinical model of a “lethal” tumor microenviron-
ment.® With this in mind, we subjected Cav-1 (-/-) null mam-
mary fat pads to an unbiased metabolomics analysis."”” The results
obtained provided independent validation for the idea that
a loss of stromal Cav-1 induces oxidative stress, which in turn
activates autophagy/mitophagy, leading to aerobic glycolysis.”?
Importantly, 3-hydroxy-butyrate (a ketone body) is one of the
key metabolites that was most significantly elevated, over four-
fold.”® 3-Hydroxy-butyrate is another metabolic end-product of
glycolysis (which can be derived from pyruvate)®® that accumu-
lates during starvation and mitochondrial dysfunction, and is
elevated in diabetic patients.

There are several important parallels between 3-hydroxy-
butyrate and L-lactate. Both can be considered metabolic
end-products of glycolysis, derived from pyruvate. 3-hydroxy-
butyrate and L-lactate are both secreted and take up by the same
monocarboxylate transporters (MCTs). After uptake by MCTs,
they can both re-enter the TCA cycle as acetyl-CoA and undergo
oxidative metabolism, resulting in the production of high lev-
els of ATP. Thus, based on these findings, we have proposed
that both ketones and lactate (produced via aerobic glycolysis in
fibroblasts) could fuel tumor growth and metastasis in epithe-
lial cancer cells.” However, this hypothesis remains to be tested
experimentally.

Here, we have employed a xenograft model of human breast
cancer to assess the possible tumor promoting properties of the
end-products of aerobic glycolysis, namely ketones and lactate.
For this purpose, we chose MDA-MB-231 human breast can-
cer cells, which show a marker profile most consistent with triple
negative and basal-like breast cancers. MDA-MB-231 cells were
grown in athymic nude mice as solid tumors via flank injections,
or were induced to undergo lung metastasis via tail vein injec-
tions. Then, we systemically administered 3-hydroxy-butyrate or
L-lactate via intra-peritoneal (i.p.) injections. Our results clearly
show that 3-hydroxy-butyrate or L-lactate “fuel” tumor growth
and metastasis, without a measurable increase in tumor angio-
genesis. Thus, our results provide metabolic/functional evidence
to directly support the “reverse Warburg effect.” Via an infor-
matics analysis of the existing raw transcriptional profiles of epi-
thelial cancer cells and adjacent stromal cells,'* we also provide
evidence for the upregulation of oxidative phosphorylation, the
TCA cycle and mitochondrial metabolism in human breast can-
cer cells in vivo.

Results

Ketones promote tumor growth, without any increase in angio-
genesis. To evaluate the potential tumor-promoting properties of
the products of acrobic glycolysis (such as 3-hydroxy-butyrate and
L-lactate), we used a xenograft model employing MDA-MB-231
breast cancer cells injected into the flanks of athymic nude mice.
Tumor growth was assessed by measuring tumor volume, at
three weeks post-tumor cell injection. During this time period,
mice were administered either PBS alone or PBS containing
3-hydroxy-butyrate (500 mg/kg) or L-lactate (500 mg/kg), via

daily intra-peritoneal (i.p.) injections.
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Interestingly, Figure 1 shows that 3-hydroxy-
butyrate is sufficient to promote an ~2.5-fold increase
in tumor growth, relative to the PBS-alone control.
Under these conditions, L-lactate had no significant
effect on tumor growth.

One mechanism that could account for the
tumor-promoting properties of 3-hydroxy-butyrate is
increased tumor angiogenesis. Thus, we evaluated the
status of tumor vascularity using antibodies directed
against CD31. Interestingly, Figure 2 shows that the
vascular density (number of vessels per field) was not
increased by the administration of either 3-hydroxy-
butyrate or L-lactate. Thus, other mechanisms, such
as the “reverse Warburg effect” may be operating to
increase tumor growth.

Ketones and lactate function as chemo-attrac-
tants, stimulating cancer cell migration. Next, we
assessed whether 3-hydroxy-butyrate or L-lactate
can function as chemo-attractants, using a modified
“Boyden Chamber” assay, employing Transwell cell
culture inserts. MDA-MB-231 cells were placed in
the upper chambers and 3-hydroxy-butyrate (10 mM)
or L-lactate (10 mM) were introduced into the lower
chambers. Interestingly, using this assay system, both
3-hydroxy-butyrate and L-lactate promoted cancer cell
migration by nearly 2-fold (Fig. 3). Thus, the meta-
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Figure 1. Ketones promote tumor growth. We used a xenograft model employ-
ing MDA-MB-231 breast cancer cells injected into the flanks of athymic nude mice
to evaluate the potential tumor promoting properties of the products of aerobic
glycolysis (such as 3-hydroxy-butyrate and L-lactate). Tumor growth was assessed
by measuring tumor volume, at 3-weeks post tumor cell injection. During this time
period, mice were administered either PBS alone or PBS containing 3-hydroxy-
butyrate (500 mg/kg) or L-lactate (500 mg/kg), via daily intra-peritoneal (i.p.) injec-
tions. Note that 3-hydroxy-butyrate is sufficient to promote an ~2.5-fold increase in
tumor growth, relative to the PBS-alone control. Under these conditions, L-lactate
had no significant effect on tumor growth. *p < 0.05, PBS alone versus 3-hydroxy-
butyrate (Student’s t-test). N = 8 tumors for the PBS group. N = 10 tumors each, for L

bolic products of acrobic glycolysis can also function as

lactate and 3-Hydroxy-butyrate groups

chemo-attractants for cancer cells, probably via a form
of nutrient sensing.

Lactate fuels lung metastasis. Finally, we tested the effect of
3-hydroxy-butyrate and L-lactate on cancer cell metastasis. For
this purpose, we used a well-established lung colonization assay,
where MDA-MB-231 cells are injected into the tail vein of athy-
mic nude mice. After 7 weeks post-injection, the lungs were har-
vested and the metastases were visualized with India ink staining.
In this method, the lung parenchyma stains black, while the
tumor metastatic foci remain unstained and appear white. For
quantitation purposes, the number of metastases per lung lobe
was scored.

Figure 4A shows that relative to PBS-alone, the administra-
tion of L-lactate stimulated the formation of metastatic foci by
~10-fold. Under these conditions, 3-hydroxy-butyrate had no
effect on metastasis formation. Representative examples of lung
metastasis in PBS-alone controls and L-lactate-treated animals
are shown in Figure 4B. Note that the metastatic foci formed in
L-lactate treated animals are more numerous, and are also larger
in size.

Thus, 3-hydroxy-butyrate fuels tumor growth, while L-lactate
stimulates lung metastasis. As such, the “tumor-promoting”
effects of 3-hydroxy-butyrate and L-lactate are remarkably spe-
cific to a given phase of tumor progression.

Human breast cancer epithelial cells in vivo show the induc-
tion of mitochondrial oxidative phosphorylation, relative to
adjacent tumor stromal cells. To further validate the model that
human breast cancer cells show a shift towards mitochondrial oxi-
dative metabolism, we re-interrogated raw transcriptional profiling
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data obtained by laser-capture micro-dissection of human breast
cancer samples. In this data set, breast cancer epithelial cells and
adjacent tumor stroma were isolated from the same tumors,"
allowing their direct comparison by transcriptional profiling.

For this purpose, we generated a list of genes that were tran-
scriptionally upregulated in human breast cancer epithelial cells,
relative to the adjacent stromal cells (Suppl. Table 1). Then, this
list of genes was intersected with existing databases to deter-
mine the cellular processes that were upregulated in epithelial
cancer cells, relative to adjacent stromal cells. Interestingly,
using this approach, we see that numerous gene sets associated
with oxidative mitochondrial metabolism are indeed increased
or “enriched” in human breast cancer cells, relative to adjacent
stromal cells (Table 1). Conversely, this means that oxidative
mitochondrial metabolism is downregulated in the tumor stro-
mal compartment, relative to the cancer cells, consistent with the
“reverse Warburg effect.”

Moreover, the genes that were upregulated in epithelial cancer
cells were also downregulated in response to starvation, hypoxia
and Alzheimer disease/aging (associated with oxidative stress)
(Table 1). This is a strong indication that these epithelial cancer
cells are not experiencing starvation, hypoxia or oxidative stress,
as they are presumably being “fed” by glycolysis in adjacent stro-
mal cells.

Interestingly, the number one gene upregulated in cancer
cells, relative to stromal cells, is a subunit of the mitochondrial
enzyme isocitrate dehydrogenase (IDH3B; ~7.5-fold increased;
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Figure 2. Ketones promote tumor growth without any increase in angiogenesis. Tumor angiogenesis could account for the tumor-promoting proper-
ties of 3-hydroxy-butyrate. Thus, we next evaluated the status of tumor vascularity using antibodies directed against CD31. However, the vascular
density (number of vessels per field) was not increased by the administration of either 3-hydroxy-butyrate or L-lactate. Thus, other mechanisms, such
as the “reverse Warburg effect” may be operating to increase tumor growth. (A) Quantitation; (B) Representative images of CD31 immuno-staining in

p = 3.2 x 10"°) which catalyzes the oxidative de-carboxylation
of isocitrate to 2-oxoglutarate, in the TCA cycle (Suppl. Table
1). During hypoxia, 2-oxoglutarate would accumulate, leading
to HIF-stabilization via inhibition of the prolyl-hydroxylases.
However, this appears not to be the case in the epithelial cancer
cells, as the genes that cancer cells upregulate are downregulated
in response to hypoxia and/or HIFla activation (Table 1). This
is a further indication that the epithelial cancer cells are indeed
using oxidative mitochondrial metabolism.

These results provide independent clinically-relevant evidence
that human epithelial breast cancer cells in vivo use oxidative
mitochondrial metabolism in patients.

Discussion
Here, we provide the first evidence that the end-products of aero-

bic glycolysis (namely, 3-hydroxy-butyrate and L-lactate) can fuel
tumor growth and metastasis, when administered systemically in
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a human tumor xenograft model. More specifically, we show that
3-hydroxy-butyrate is sufficient to promote a 2.5-fold increase in
tumor volume, without any significant increase in angiogenesis.
Although L-lactate did not increase tumor growth, it had a signifi-
cant effect on lung colonization/metastasis, resulting in a 10-fold
increase in the formation of metastatic tumor foci. Our results are
consistent with the idea that human breast cancer cells can re-uti-
lize the energy-rich end-products of glycolysis for oxidative mito-
chondrial metabolism. Consistent with these functional xenograft
data, we also show, using a transcriptional informatics analysis,
that oxidative mitochondrial metabolism is indeed upregulated in
human breast cancer cells, relative to adjacent stromal tissue.
Ketones and tumor growth: The diabetes-cancer connec-
tion. Ketones are a “super-fuel” for mitochondria, producing
more energy than lactate and simultaneously decreasing oxygen
consumption.”"” In fact, because of these properties, ketones
have been used to prevent ischemic tissue damage, in animal
models undergoing either myocardial infarctions or stroke,
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leading to dramatically smaller ischemic/necrotic lesion area.'®¥

So, just as ketones are a “super-fuel” under conditions of ischemia
in the heart and in the brain, they could fulfill a similar function
during tumorigenesis, as the hypoxic tumor exceeds its blood sup-
ply. Stromal ketone production could obviate the need for tumor
angiogenesis. Once ketones are produced and released from stro-
mal cells, they could then be re-utilized by epithelial cancer cells,
where they could directly enter the TCA cycle, just like lactate.
In this sense, ketones are a more powerful mitochondrial fuel, as
compared with lactate.

Thus, our current observations may also explain the close and
emerging association between diabetes and cancer susceptibil-
ity.® A number of elegant studies have been carried out in mouse
animal models to assess this association and chemical induction
of diabetes in rats with streptozocin is sufficient to enhance tumor
growth.? Similarly, acute fasting in rodent animal models is also
sufficient to dramatically increase tumor growth.? Both of these
experimental conditions (diabetes and fasting/starvation) are
known to be highly ketogenic and, thus, are consistent with our
current hypothesis that ketone production fuels tumor growth.
Finally, given our current findings that ketones increase tumor
growth, cancer patients and their dieticians may want to re-con-
sider the use of a “ketogenic diet” as a form of anti-cancer therapy.

Lactate drives metastatic disease progression: Quercetin
and lactated Ringer’s solution. Tumor lactate production, serum
lactate levels and serum LDH levels have long been known as
biomarkers for poor clinical outcome in many different types of
23 In fact,

lactic-acidosis (due to the over-production and/or accumula-

human epithelial cancers, including breast cancer.

tion of serum lactate) is often the cause of death in patients with
metastatic breast cancer, or other types of metastatic cancer.**
However, a causative role for L-lactate production in tumor meta-
static progression has not yet been suggested or demonstrated.

Here, we have directly demonstrated that L-lactate can play a
causative role in breast cancer cell metastasis, by increasing the
number of lung metastatic foci by ~10-fold. This provides the
necessary evidence that mitochondrial oxidative metabolism can
also fuel cancer cell metastasis. This may have important clini-
cal implications, as MCT/lactate transport inhibitors could be
used therapeutically to suppress tumor metastasis. Our findings
could also explain the multiple therapeutic activities of quercetin.
Quercetin is a naturally occurring dietary flavenoid (available as
an over-the-counter supplement) that functions both as an MCT/
lactate transport inhibitor and inhibitor of TGFbeta signaling.>*->
One explanation for these dual activities is that L-lactate uptake
into tumor cells somehow metabolically activates TGFbeta sig-
naling. As such, the inhibitory effects of quercetin on TGFbeta
signaling may be due to its ability to inhibit the uptake of L-lactate
into tumor cells, presumably resulting in reduced cell migration
and metastasis. Further studies will be necessary to address this
attractive possibility.

Finally, given the pro-metastatic activity of L-lactate, its medi-
cal use in cancer patients should be restricted. However, nearly
every oncology surgeon worldwide uses “lactated Ringer’s”
(which contains 28 mM L-lactate) as an intravenous (i.v.) solution
in cancer patients, before, during and after tumor excision and
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Cell Migration Assay
*p < 0.05, Control versus 3-Hydroxy-butyrate or L-Lactate (10 mM)
T 1

1.6-fold
140 1.7-fold  *

120

100

80

60

40

# Cells Migrating

20

Control  3-Hydroxy-butyrate  L-Lactate

Figure 3. Ketones and lactate function as chemo-attractants, stimulat-
ing cancer cell migration. We assessed whether 3-hydroxy-butyrate or
L-lactate can function as chemo-attractants, using a modified “Boyden
Chamber” assay, employing Transwell cell culture inserts. MDA-MB-231
cells were placed in the upper chambers and 3-hydroxy-butyrate (10
mM) or L-lactate (10 mM) were introduced into the lower chambers.
Note that both 3-hydroxy-butyrate and L-lactate promoted cancer

cell migration by nearly 2-fold. *p < 0.05, control (vehicle alone) versus
3-hydroxy-butyrate or L-lactate (10mM) (Student’s t-test).

possibly during the entire extended post-operative hospital stay.
Based on our current studies, the use of “lactated Ringer’s” in
cancer patients may unnecessarily increase their risk for progres-
sion to metastatic disease. Thus, oncology surgeons may wish to
re-consider using “lactated Ringer’s” solution in cancer patients.

Materials and Methods

Materials. Antibodies for immuno-staining were obtained
from commercial sources: CD31 (cat# 550274, BD Biosciences,
Inc.). Sodium L-lactate and the ketone 3-Hydroxybutyric
acid, sodium salt (3-hydroxy-butyrate) were purchased from
Sigma-Aldrich. MDA-MB-231 (GFP*) cells were the gener-
ous gift of Dr. A. Fatatis (Drexel University, Philadelphia, PA).
Migration assays were performed using modified non-coated
Boyden chambers (cat#354578) (Transwells; BD Biosciences,
San Jose, CA). The Streptavidin-HRP kit was from Dako
(Carpinteria, CA).

Animal studies. All animals were housed and maintained
in a pathogen-free environment/barrier facility at the Kimmel
Cancer Center at Thomas Jefferson University under National
Institutes of Health (NIH) guidelines. Mice were kept on a
12-hour light/dark cycle with ad libitum access to chow and
water. Approval for all animal protocols used for this study was
review and approved by the Institutional Animal Care and Use
Committee (IACUC). For primary tumor formation, tumor cells
[MDA-MB-231 (GFP*) (1 x 10° cells)] were re-suspended in 100
wl of sterile PBS and injected into the flanks of athymic NCr
nude mice (NCRNU; Taconic Farms; 6-8 weeks of age). At 3
weeks post-injection, mice were sacrificed and the tumors were
carefully excised and sized using calipers. The formula (X?Y)/2,
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A Lung Metastasis Assay
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Figure 4. Lactate fuels lung metastasis. To examine the effect of
3-hydroxy-butyrate and L-lactate on cancer cell metastasis, we used a
well-established lung colonization assay, where MDA-MB-231 cells are
injected into the tail vein of athymic nude mice. After 7 weeks post-
injection, the lungs were harvested and the metastases were visualized
with India ink staining. Using this approach, the lung parenchyma stains
black, while the tumor metastatic foci remain unstained and appear
white. (A) Quantitation. The number of metastases per lung lobe was
scored. Note that relative to PBS-alone, the administration of L-lactate
stimulated the formation of metastatic foci by ~10-fold. Under these
conditions, 3-hydroxy-butyrate had no effect on metastasis formation.
*p < 0.01, PBS alone versus L-lactate (Student’s t-test and ANOVA); *p <
0.05, PBS alone versus L-lactate (Mann-Whitney test). N = 20 lung lobes
counted for each group (B) Images of Lung Metastases. Representative
examples of lung metastasis in PBS-alone controls and L-lactate-treated
animals are shown. Note that the metastatic foci formed in L-lactate

treated animals are more numerous, and are also larger in size.

where X is the width and Y is the length, was used in order to esti-
mate tumor volume. The systemic administration of L-Lactate
(500 mg/kg/mouse) and 3-hydroxy-butyrate (500 mg/kg/mouse)
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was performed by daily intra-peritoneal (i.p.) injections, over a
period of 3 weeks. Vehicle alone (PBS) was injected in control
mice.

Quantitation of tumor angiogenesis. To quantify neo-vas-
cularization, we performed CD31 immuno-histochemistry on
frozen tumor sections, as previously described. Briefly, frozen tis-
sue sections (6 pm) were fixed with acetone at -20°C for 5 min
and air dried. After blocking, the sections were incubated over-
night at 4°C with a rat anti-mouse CD31 antibody at a dilution
of 1:200, followed by a biotinylated rabbit anti-rat IgG (1:200)
antibody and streptavidin-HRP. Immuno-reactivity was revealed
with 3,3'diaminobenzidine. Micro-vessel density was determined
by counting CD31-positive vessels in six different fields for each
tumor and average counts were recorded. Images were captured
using a 20x objective lens and an ocular grid (0.25 mm? per field
X6 fields) for a total of 1.5 mm?.

Experimental metastasis (lung colonization assay). For the
metastasis study, tumor cells [MDA-MB-231 (GFP*) (5 x 10°
cells)] re-suspended in 100 pl of sterile PBS were injected via
the tail vein of athymic nude mice and divided in three groups.
Individual treatments, starting the same day of cell injection, with
L-lactate (500 mg/kg/mouse), 3-hydroxy-butyrate (500 mg/kg/
mouse) and PBS-alone as a control, were performed. After seven
weeks of every-other-day intra-peritoneal injections, the lungs
were removed and insuflated with 15% India Ink dye, washed
in water and bleached in Fekete’s solution (70% ethanol, 3.7%
paraformaldehyde, 0.75 M glacial acetic acid). Surface lung colo-
nies were counted in a blinded manner, under low power, using
a Nikon (Tokyo, Japan) SMZ-1500 stereo-microscope. p-values
were determined by applying Mann-Whitney statistical analysis,
which does not assume a Gaussian distribution (non-parametric
test).

Cell migration assay. The effects of L-lactate and 3-hydroxy-
butyrate on the migratory potential of MDA-MB-231 cells was
measured in vitro using a modified Boyden chamber assay. Briefly,
MDA-MB-231 cells in 0.5 ml of serum-free Dulbecco’s modified
Eagle’s medium were added to the wells of 8 pm pore uncoated
membrane of modified Boyden chambers. The lower chambers
contained 10% fetal bovine serum in Dulbecco’s modified Eagle’s
medium to serve as a chemo-attractant. Cells were incubated at
37°C and allowed to migrate throughout the course of 6 hours.
Cells were removed from the upper surface of the membrane by
scrubbing with cotton swabs. Chambers were stained in 0.5%
crystal violet diluted in 100% methanol for 30 minutes, rinsed
in water and examined under a bright-field microscope. Values
for migration were obtained by counting five fields per membrane
(X20 objective) and represent the average of three independent
experiments. The metabolites L-lactate and 3-hydroxy-butyrate
were individually placed in the lower chambers, at the concentra-
tion of 10 mM.

Statistical analysis of animal studies and cell migration. In
general, statistical significance was examined using the Student’s
t-test. Values of p < 0.05 were considered significant. Values were
expressed as means + SEM.

Gene set enrichment analysis. Using raw transcriptional
profiles,' we first composed a list of genes that are upregulated
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Table 1. Breast cancer epithelial cells show a transcriptional shift towards oxidative mitochondrial metabolism, relative to adjacent stromal tissue
Gene set Description p-value

Oxidative Phosphorylation

HSA00190_OXIDATIVE_PHOSPHORYLATION Genes involved in oxidative phosphorylation Less than 1.00E-16
MOOTHA_VOXPHOS Oxidative Phosphorylation Less than 1.00E-16
ELECTRON_TRANSPORT_CHAIN Genes involved in electron transport Less than 1.00E-16
OXIDATIVE_PHOSPHORYLATION OXIDATIVE_PHOSPHORYLATION 3.81E-14
UBIQUINONE_BIOSYNTHESIS UBIQUINONE_BIOSYNTHESIS 1.55E-06
Mitochondrial Genes

MITOCHONDRION Genes annotated by the GO term GO:0005739. Less than 1.00E-16

A semiautonomous, self replicating organelle that occurs in varying numbers, shapes and sizes in the cytoplasm of virtually all eukaryotic cells. It is
notably the site of tissue respiration.

HUMAN_MITODB_6_2002 Mitochondrial genes Less than 1.00E-16
MITOCHONDRIA Mitochondrial genes Less than 1.00E-16
MITOCHONDRIAL_PART Genes annotated by the GO term GO:0044429. 2.22E-16

Any constituent part of a mitochondrion, a semiautonomous, self replicating organelle that occurs in varying numbers, shapes and sizes in the cyto-
plasm of virtually all eukaryotic cells. It is notably the site of tissue respiration.

MITOCHONDRIAL_MEMBRANE Genes annotated by the GO term GO:0031966. 3.77E-15
Either of the lipid bilayers that surround the mitochondrion and form the mitochondrial envelope.

MITOCHONDRIAL_ENVELOPE Genes annotated by the GO term GO:0005740. 1.17E-14
The double lipid bilayer enclosing the mitochondrion and separating its contents from the cell cytoplasm; includes the intermembrane space.
MITOCHONDRIAL_INNER_MEMBRANE Genes annotated by the GO term GO:0005743. 2.01E-13
The inner, i.e., lumen-facing, lipid bilayer of the mitochondrial envelope. It is highly folded to form cristae.

MITOCHONDRIAL_MEMBRANE_PART Genes annotated by the GO term GO:0044455. 1.53E-12

Any constituent part of the mitochondrial membrane, either of the lipid bilayers that surround the mitochondrion and form the mitochondrial
envelope.

MITOCHONDRIAL_RESPIRATORY_CHAIN Genes annotated by the GO term GO:0005746. 4.42E-07

The protein complexes that form the mitochondrial electron transport system (the respiratory chain). Complexes I, Ill and IV can transport protons if
embedded in an oriented membrane, such as an intact mitochondrial inner membrane.

MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_|  Genes annotated by the GO term GO:0005747. 2.09E-05

A part of the respiratory chain located in the mitochondrion. It contains about 25 different polypeptide subunits, including NADH dehydrogenase (ubi-

quinone), flavin mononucleotide and several different iron-sulfur clusters containing non-heme iron. The iron undergoes oxidation-reduction between
Fe(ll) and Fe(lll), and catalyzes proton translocation linked to the oxidation of NADH by ubiquinone.

NADH_DEHYDROGENASE_COMPLEX Genes annotated by the GO term GO:0030964. 2.09E-05

An integral membrane complex that possesses NADH oxidoreductase activity. The complex is one of the components of the electron transport chain.
It catalyses the transfer of a pair of electrons from NADH to a quinone.

RESPIRATORY_CHAIN_COMPLEX_| Genes annotated by the GO term GO:0045271. 2.09E-05

Respiratory chain complex | is an enzyme of the respiratory chain. It consists of at least 34 polypeptide chains and is L-shaped, with a horizontal arm
lying in the membrane and a vertical arm that projects into the matrix. The electrons of NADH enter the chain at this complex.

TCA/Citric Acid Cycle

TCA Tricarboxylic acid related genes 6.10E-06
CITRATE_CYCLE_TCA_CYCLE CITRATE_CYCLE_TCA_CYCLE 1.35E-05
KREBS_TCA_CYCLE KREBS_TCA_CYCLE 1.99E-05
HSA00620_PYRUVATE_METABOLISM Genes involved in pyruvate metabolism 3.32E-05
HSA00020_CITRATE_CYCLE Genes involved in citrate cycle (TCA cycle) 3.82E-07
Biosynthesis and Energy

CELLULAR_BIOSYNTHETIC_PROCESS Genes annotated by the GO term GO:0044249. 3.56E-13
The chemical reactions and pathways resulting in the formation of substances, carried out by individual cells.

BIOSYNTHETIC_PROCESS Genes annotated by the GO term GO:0009058. 4.74E-1

The energy-requiring part of metabolism in which simpler substances are transformed into more complex ones, as in growth and other biosynthetic
processes.
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Table 1. Breast cancer epithelial cells show a transcriptional shift towards oxidative mitochondrial metabolism, relative to adjacent stromal tissue

Gene set
MACROMOLECULE_BIOSYNTHETIC_PROCESS

Description

Genes annotated by the GO term GO:0009059.

p-value

2.38E-10

The chemical reactions and pathways resulting in the formation of macromolecules, large molecules including proteins, nucleic acids and carbohydrates.

ATP_SYNTHESIS
PURINE_METABOLISM
PYRIMIDINE_METABOLISM
Nutrient Starvation
PENG_LEUCINE_DN
PENG_GLUTAMINE_DN
PENG_GLUCOSE_DN

Alzheimer’s Disease and Aging

ATP_SYNTHESIS

ALZHEIMERS_DISEASE_DN

PURINE_METABOLISM
PYRIMIDINE_METABOLISM

Genes downregulated in response to leucine starvation
Genes downregulated in response to glutamine starvation

Genes downregulated in response to glucose starvation

Downregulated in correlation with overt Alzheimer’s Disease, in the CA1
region of the hippocampus

Downregulated in correlation with incipient Alzheimer’s Disease, in the

1.64E-05
1.21E-06
6.39E-05

Less than 1.00E-16

Less than 1.00E-16
2.09E-08

Less than 1.00E-16

ALZHEIMERS_INCIPIENT_DN el e 3.05E-10

AGED_ RHESUS_DN Downregulated in the vastus lateralis muscle of aged vs. young adult 3.30E-09
rhesus monkeys

AGED_ MOUSE_CORTEX_DN Downregulated in the cerebral cortex of aged (22 months) BALB/c mice, 2.78E-06
compared to young (2 months) controls

OLD_FIBRO_DN Downregulated in fibroblasts from old individuals, compared to young 2.42E-05

Hypoxia

MANALO_HYPOXIA_DN Genes downregulated in human pulmonary endothelial cells under 1.38E-06

hypoxic conditions or after exposure to AACA5, an adenovirus carrying constitutively active hypoxia-inducible factor 1 (HIF-1alpha).

in cancer epithelial vs. stromal cells for N = 28 breast cancer
patients. For each gene, we computed its differential expression
in epithelial vs. stromal cells (normalized by the standard devia-
tion) and its p-value, using a one-sided t-test. This list of upregu-
lated genes was then tested for enrichment in gene sets contained
in the latest release of Molecular Signatures Database (MSigDB
v2.5, April 2008,). MSigDB is a database of gene sets:

* collected from various sources, such as online pathway data-
bases, publications and knowledge of domain experts,

e comprising genes that share a conserved cis-regulatory motif
across the human, mouse, rat and dog genomes,

¢ identified as co-regulated gene clusters by mining large col-
lections of cancer-oriented microarray data and

e annotated by a common Gene Ontology (GO) term.

The enrichment analysis consisted of computing p-values for
the intersections between a gene list of interest X and each gene
set Y in MSigDB. First, we computed the overlap between X and
Y. Then, we computed the probability (p-value) that the observed
overlap between sets X and Y is less than or equal to the overlap
between set X and a randomly-chosen set of size equal to the size
of set Y. This probability was calculated by applying the cumula-
tive density function of the hypergeometric distribution on the
size of set X, the size of set Y, the observed overlap between X and
Y and the total number of available genes. In order to account
for multiple hypothesis testing, we used randomly selected gene
lists of the same size as the list under consideration to estimate
the false discovery rate at a given p-value threshold. The final

www.landesbioscience.com
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list of significant MSigDB gene sets was determined by setting a
p-value threshold which ensures that the false discovery rate does
not exceed 5%. Additionally, we tested several gene lists each one
consisting of the n-most upregulated genes for different values of
n and found that the number of significant MSigDB gene sets
maximized for n = 3,000 at a 5% false discovery rate. Therefore,
our final results are based on the top 3,000 upregulated genes.
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