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Abstract

Breast cancer brain metastasis is resistant to therapy and a
particularly poor prognostic feature in patient survival. Altered
metabolism is a common feature of cancer cells, but little is known
as to what metabolic changes benefit breast cancer brain metasta-
ses. We found that brain metastatic breast cancer cells evolved the
ability to survive and proliferate independent of glucose due to
enhanced gluconeogenesis and oxidations of glutamine and
branched chain amino acids, which together sustain the nonox-
idative pentose pathway for purine synthesis. Silencing expression

of fructose-1,6-bisphosphatases (FBP) in brain metastatic cells
reduced their viability and improved the survival of metastasis-
bearing immunocompetent hosts. Clinically,we showed that brain
metastases from human breast cancer patients expressed higher
levels of FBP and glycogen than the correspondingprimary tumors.
Together, our findings identify a critical metabolic condition
required to sustain brain metastasis and suggest that targeting
gluconeogenesismayhelperadicate thisdeadly feature in advanced
breast cancer patients. Cancer Res; 75(3); 554–65. �2014 AACR.

Introduction
Cancer cells consume excess nutrients and energy as compared

with their nonmalignant counterparts due to altered metabolism
(1, 2). Enhanced glucose metabolism accompanied by fermen-
tation (aerobic glycolysis), commonly known as the Warburg
effect, is exhibited almost universally by cancer cells (3, 4). Amino
acids, such as glutamine, can also be utilized for energy produc-
tion (5). Enhanced oxidation of branched chain amino acids
(BCAA), valine, leucine, and isoleucine, can occur in late-stage
cancers (6–8). The driving force of altered metabolism in cancer
cells is multifactorial. One factor is the intrinsic high demand of
malignant tumor cells for biosynthetic intermediates, such as
amino acids for protein synthesis, nucleic acids for DNA and

RNA syntheses, and fatty acids for membrane structures (4).
Another complementary driving force is the extrinsic tissue envi-
ronmental pressure, such as the presence of hypoxia or low levels
of glucose (9). These pressures exist in the microenvironment to
which metastatic cancer cells migrate, which could be quite
different from the primary site in regard to nutrient and growth
factor availability (10, 11).

The microenvironments of different tissues are diverse. Meta-
static tumor cells extravasate from their primary site and reach
multiple organs, but can only proliferate in specific sites (10). The
fate of such metastatic cells is in large part determined by the
compatibility between these cells and the microenvironment of
the host tissue. Studies, for example, have shown that cancer-
associated stromal cells can be reprogrammed to favor metabo-
lizing lactate secreted by cancer cells (11, 12).

Breast cancer frequently metastasizes to the brain parenchyma.
The microenvironment of the brain plays a key role in the
development of therapeutic resistance of brain metastases (13).
Distribution of energetic substrates and nutrients in the body is
not uniform. Interstitial glucose levels of most organs are lower
than that of the blood (14, 15). Glucose level in the brain
interstitial space is lower than that of the blood (16–23). Brian
interstitial space contains high levels of glutamine (24) and
BCAAs (25, 26). Glutamine and BCAAs can serve as energy
substrates (5). Their abundance may contribute to the survival
of cancer cells growing in the brain. Although expression levels of
glycolytic enzymes were found to increase in cancer cells growing
in the brain (27, 28); however, enhanced glucose uptake is not a
feature of breast cancer brain metastasis (29–32), suggesting that
glucose may not be the only primary energy substrate for brain
metastasis. The role of nonglucose carbon sources in the survival/
growth of brain metastatic breast cancer cells is unknown. At the
early phase of brain metastasis development, cancer cells may
have to survive and grow in the low glucose brain interstitial space
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before achieving sufficient prosurvival modifications on the
microenvironment and necessary metabolic reprogramming
within cancer cells.

To determine the impact of the brainmicroenvironment on the
metabolism of breast cancer brain metastases, we compared the
brain metastatic breast cancer cell line MDA-MB-231Br3 (derived
fromMDA-MB-231 cells by three rounds of selection from a brain
metastasis subsequent to orthotopic implantation of MDA-MB-
231 cells into the brain of nudemice; ref. 33) with its parental cell
line MDA-MB-231. We compared the ability of these cells to
utilize three types of carbon substrate for survival and growth:
glucose, glutamine, and BCAAs. We questioned whether a sub-
stantial shift in the utilization of these carbon sources could occur.
We found that, unlike parental cancer cells, brain metastatic cells
could proliferate in the absence of glucose by acquiring the ability
to carry out gluconeogenesis and enhanced oxidation of BCAAs
and glutamine, and exhibited upregulation of fructose-1,6-
bisphosphatase (FBP).We also validated the findings using breast
cancer cells directly derived from a human brain metastasis
(MDA-MB-361), as well as clinical specimens of brain metastasis.
Finally, we determined the role of FBP in tumor growth and
survival of immunocompetent mice bearing orthotopic breast
cancer brain metastasis formed by the 4T1 cells.

Materials and Methods
Reagents and chemicals

The glucose/glutamine/glutamate/BCAAs-free MEMwas made
by Life Technologies. Glucose, glutamine, 13C-glutamine, a-keto-
glutarate, valine, leucine, isoleucine, epigallocatechin gallate
(EGCG), a-ketoglutaric acid sodium, fatal calf serum, rabbit
polyclonal antibodies against b-actin, GLUD1, GLUD2, BCKDK,
FBP1, FBP2, PEPCK1, and PEPCK2 were from Sigma-Aldrich.
Anti-pan-cytokeratin antibody was from Abcam. Universal con-
trol shRNA, shRNA-FBP2, and shRNA-BCKDH-E1 were from
Sigma-Aldrich. The vector to express the negative control and
target shRNA was from Genescript (Cat# SD1211). 14C-leucine
and hydroxide haymine were purchased from Thermal Fisher
Scientific. FBP2 expression plasmidwas purchased fromAddgene.
MTT assay kit was purchased from Invitrogen. MDA-MB-231,
MDA-MB-361, and 4T1 cell lines were originally purchased from
ATCC. All cell lines are authenticated by short tandem repeat
sequencing 2 months before usage and matched with 100%
accuracy to the ATCC database. The MDA-MB-231Br3 cell line
was established by three round of in vivo selection as described
previously (33), and was from the stock of Dr. Isaiah J. Fidler's
laboratory at the MD Anderson Cancer Center (MDACC; Hous-
ton, TX).

Target sequences of shRNAs are: For FBP2 (human) at exon 5,
GATCCGCAAACAGTGTGCT; at 30-UTR, GCCACAGGCGATTC-
TATGG and CTGCTTACGACAGGTTTGG; for BCKDH-E1
(human) at exon 5, GGAACGCCACTTCGTCACT; for FBP1/2
(mouse) at exon 3, GATGAGCCTTCTGAGAAGG.

Injection of tumor cells into the mammary gland fat pad
MDA-MB-231Br3 or MDA-MB-231 cells were injected (5,000

cells/100 mL/injection) into the fat pad of mammary glands of
female nude mice (34). Twelve weeks later, the brains of tumor-
bearingmice were harvested, fixed in cold 4% paraformaldehyde.
Paraffin-embedded tissues were exhausted by serial sectioning
and slides were stained with hematoxylin/eosin for histologic

analysis. For 4T1 cells, 50,000 cells were implanted in each
animal, and animals were terminated at times when tumor
reached 1.0 cm3 in size.

Orthotopic model of brain metastasis
Female wild-type BALB/c mice (6–8 weeks old) were used to

produce metastatic brain tumors. Luciferase-expressing 4T1 cells,
control-shRNA 4T1 cells, and FBP-shRNA 4T1 cells were injected
(10,000 cells/100 mL/injection) into the internal carotid artery as
previously described (35). Animals were imaged 10minutes after
D-luciferin injection to ensure consistent photon flux using an
IVIS 100 in vivo imaging system (Caliper Life Sciences).

Antibody production
Peptides, CYRIGHHSTSDDSS and CYRIGHHpSTSDDSS, were

used for productions of rabbit polyclonal antibodies against the
total BCKDH-E1 and pSer293-BCKDH-E1, respectively (36). The
antibodies were produced by Genscript USA Inc.. Recombinant
BCKDH-E1 and BCKD were purchased from Globozymes.

Transfections
All cell transfections were carried out using 2 mg DNA (or

shRNA)/mL on cells at 70% confluence cultured in one well of
a 6-well plate. Transfection reagent Genejuice was used according
to the protocol provided by the manufacture (Roche).

Cell culture and cell survival assay
Glucose-free DMEM supplemented with formulary essential/

nonessential amino acids including or excluding BCAAs were
customized by Invitrogen. FBS was dialyzed in glucose-free or
glucose/BCAA-free medium using a dialysis bag with a cut-off
molecular weight of 2K (Thermo Scientific). Glucose-containing
medium was made by adding glucose into medium at a final
concentration of 5 mmol/L. For cell survival assay, cells were
collected at indicated time points and stained with Trypan blue.
Viability counting was counted by Countess Automated Cell
Counter (Invitrogen).

Immunohistochemistry
Paraffin-embedded clinical specimens of breast cancer brain

metastases were from MDACC tissue bank with the approval of
Institutional Review Board. Immunohistochemistry (IHC) stain-
ing was carried out according to protocols provided by the
manufactures of the antibodies.

Periodic acid-Schiff and PAS-diastase staining
Periodic acid-Schiff (PAS) and PAS-diastase (PAS-D) staining

was performed according to the protocol provided by the man-
ufacture of the reagents (Sigma-Aldrich). Glycogen content was
quantified using the imaging analysis software NIS-Elements
(Nikon), and normalized to values of PAS-D (set as 1.0).

Mitochondria extraction
Mitochondrial samples were isolated using mitochondrial iso-

lation kit purchased from Thermo scientific Inc following the
protocol provided by the manufacture.

Western blot assay
Standard Western blot protocol was used to determine the

expression levels of BCKDH-E1, pSer293-BCKDH-E1, BCKDHK,
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FBP1, FBP2, caspase-3, LC3, COX II, COX IV, PEPCK1, PEPCK 2,
PARP, GLUD1, GLUD2, and b-actin.

Glycolysis/fermentation assay
Glycolytic activity of cancer cells was determined bymeasuring

glucose consumption and lactate production. Cell culture medi-
um was sampled at 200 mL at three time points with 3-hour
intervals. The glucose and lactic acid concentrations of the cell
culture medium were measured using a Dual-Channel Biochem-
istry Analyzer-2700D (YSI Life Sciences). Cell numbers were
counted with a Beckman Coulter analyzer to normalize the
glucose and lactic acid concentrations.

High-performance liquid chromatography measurement of
amino acids in cell culture medium

The levels of amino acids, glutamine, glutamate, valine, leu-
cine, and isoleucine were measured by high-performance liquid
chromatography (HPLC) at the cofacility of Medical Genetics
Laboratories of Baylor College of Medicine, Houston, TX.

14C-Leucine oxidation assay
To determine the activity of BCAA oxidation, 14C-leucine was

added into the cell culture medium at a concentration of 2.0
mmol/L. To absorb CO2, a filter paper pad of 2.5 cm diameter
soaked with 1 mL hydroxide of haymine was inserted into the
ventilation cap of the T-75 cell culture flask. After 8 hours of
culturing, the filter paper pads were removed and inserted into
scintillation counter vials containing 4 mL scintillation liquid.
The radioactivity of 14C was measured by a Liquid Scintillation
Analyzer, Tri-Carb 2810TR (PerkinElmer).

Extraction of metabolites from cells
Cells were cultured in glucose-free medium for 12 hours before

medium was replaced by glucose-containing for 12 hours or
glucose-free medium containing 2.0 mmol/L of 13C-glutamine
for 6 hours. Metabolites were extracted according to the protocol
described previously (37).

Targeted mass spectrometry
13C-labeled carbohydrates were measured by LC/MS as

described previously (38). 13C-labeled xanthine, hypoxanthine,
thymine, and cytosine were determined by LC/MS as described
previously (37).

Statistical analysis
The Student two-tailed t test was used to compare the values

(mean� SD) of control and experimental groups. c2 test was used
in analyzing results of glycogen staining and IHC staining. Log-
rank test was used to analyze the Kaplan–Meier survival curves.
P < 0.05 is considered as significant difference.

Results
MDA-MB-231Br3 cells proliferate in the absence of glucose

To compare the ability of metastasis to the brain between the
MDA-MB-231Br3 cells and the parental MDA-MB-231 cells, we
implanted 5,000 viable MDA-MB-231Br3 cells or MDA-MB-231
cells orthotopically into the mammary gland fat pad of immu-
nodeficient femalemice (n¼5 in each group). After 3months, the
mice were sacrificed and the brains harvested for histologic
examination. Micro-metastases were observed in three of the five

brains of MDA-MB-231Br3 cells injected in mice (Fig. 1A) and in
none of the mice injected with MDA-MB-231 cells.

We then questioned whether the survival of themetastatic cells
could be due to altered metabolism. We first investigated the
effects of cell-autonomous glucosemetabolism. To test the role of
glucose in the survival of the parental MDA-MB-231 and MDA-
MB-231Br3 cells, we first determined the activity of aerobic
glycolysis of these cells by measuring glucose consumption
and lactate production by cells cultured in media containing 5
mmol/L glucose. As shown in Fig. 1B and 1C, the MDA-MB-
231Br3 cells consumed less glucose andproduced less lactate than
the parental cells. To test the dependency of these cells on glucose
for survival, we removed glucose from the cell culture medium.
More than 95% of the parental MDA-MB-231 cells died within 72
hours of cell culture, whereas the brain metastatic MDA-MB-
231Br3 cells remained viable and proliferative (Fig. 1D–F). These
data suggest that a significant metabolic shift from glucose-
dependent to -independent viability occurred in the brain met-
astatic cells. To probe the cause of cell death ofMDA-MB-231 cells
cultured in glucose-free medium, we performed Western blot
analyses on markers of apoptosis, caspase-3, and of autophagy,
cleaved microtubule-associated protein 1A/1B-light chain 3
(LC3). As shown in Fig. 1G, only the procaspase-3 (30 kDa) but
not the cleaved form of caspase-3 (20kDa) was detected in MDA-
MB-231 and MDA-MB-231Br3 cells starved from glucose; how-
ever, a significant shift of LC3 from LC3I to LC3II occurred in
MDA-MB-231 cells but not in MDA-MB-231Br3 cells (Fig. 1H),
indicating that autophagy was associated with the death of
parental cells in the absence of glucose.

Glutamine and BCAAs are needed for the glucose independent
survival of MDA-MB-231Br3 cells

In addition to glucose, amino acids can also serve as energetic
substrates. Considering the high levels of glutamine andBCAAs in
the interstitial space of the brain (24, 25), we hypothesized that
the catabolism of these two classes of amino acids might play an
important role in the survival of brainmetastatic cells. Glutamine
can be metabolized to glutamate by glutaminase, and glutamate
can be further oxidized by glutamate dehydrogenases (GLUD1
and GLUD2; ref. 39) to the citric acid cycle intermediate a-keto-
glutarate (a-KG) in themitochondria. We therefore measured the
changes of extracellular levels of glutamine and glutamate of
parental MDA-MB-231 and brain metastatic MDA-MB-231Br3
cells cultured for 24 hours in glucose-freemedium.We found that
in the absence of glucose, the MDA-MB-231Br3 cells consumed
more glutamine and produced more glutamate than the parental
cells (Fig. 2A and B), indicating that the brain metastatic cells had
an enhanced glutamine metabolism. Next, we determined the
expression levels ofGLUD1 andGLUD2 in isolatedmitochondria
by Western blot analysis. As shown in Fig. 2C, the MDA-MB-
231Br3 cells expressed a higher amount of GLUD1 and GLUD2
than the MDA-MB-231 cells, supporting that the brain metastatic
cells have enhanced glutamine oxidation.

The BCAAs (valine, leucine, and isoleucine) also exist in abun-
dance in the brain. To examine their role in the survival of brain
metastatic cancer cells, we determined the consumption of BCAAs
by MDA-MB-231 and MDA-MB-231Br3 cells cultured in the
glucose-free cell culture media. As shown in Fig. 2D–F, the
MDA-MB-231Br3 cells consumed an increased amount of BCAAs
than theMDA-MB-231 cells during 48 hours of cell culture. These
data suggest that the brain metastatic cells, but not the parental
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cells, consumed BCAAs in the absence of glucose. To measure the
BCAA-oxidizing abilities of these two cell types, we added 14C-
Leucine to the culture media and measured 14CO2 production
after 8 hours. As shown in Fig. 2G, the brain metastatic cells
exhibited a significantly higher BCAA-oxidation rate than the
parental cells. We then compared the levels of the rate-limiting
enzymes of BCAA oxidation in the parental and brain metastatic
cells: the branched-chain ketoacid dehydrogenase E1 subunit
(BCKDH-E1); the inactivated form of BCKDH-E1, pSer293-
BCDKH-E1 (phosphorylated at serine 293 of the E1 subunit);
and the BCKDH-inactivating kinase, the branched chain ketoacid
dehydrogenase kinase (BDK; ref. 40). The total amounts of
BCKDH-E1 and BDK were found to be equal in these two types
of cells, but the brain metastatic cells have a significantly lower
level of pSer293-BCKDH-E1 (Fig. 2H), supporting that the
brain metastatic cells have higher BCAAs oxidation capacity.
To determine the relationship between prosurvival roles of
BCAAs and glutamine, we performed cell death rescue experi-
ments. TheMDA-MB-231Br3 cells were first starved from glucose/
BCAAs/glutamine for 6 hours, and then supplemented with
increasing amounts of glutamine (1–4 mmol/L) with/without

BCAAs (800 mmol/L). Cell viabilities were measured at 12 hours
after glutamine addition. As shown in Fig. 2I, BCAAs and gluta-
mine synergistically increased the survival of MDA-MB-231Br3
cells. These data suggest that the brain metastatic cells own
enhanced ability of utilizing glutamine and BCAAs to survive
under low glucose condition.

Gluconeogenic fructose-1,6-bisphosphatase 2 is upregulated in
MDA-MB-231Br3 cells

Although the brain metastatic cells grow and survive in the
absence of glucose, it remains unclear which carbon sources
constitute the basic building blocks for proliferation, especially
ribose production in the absence of glucose.Onepossibility is that
the brain metastatic cancer cells have acquired the ability to carry
out gluconeogenesis. There are two critical families of enzymes
within the gluconeogenesis pathway: phosphoenylpyruvate car-
boxykinases (PEPCK1 and PEPCK2), which convert oxaloacetate
to phosphoenolpyruvate (PEP) and FBPs (FBP1 and FBP2),which
convert fructose-1,6-biphosphate to fructose-6-phosphate. We
compared the expression levels of these two enzymes in the
parental and brain metastatic cancer cells. As shown in Fig. 3A,
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in MDA-MB-231Br3 cells, PEPCK2 expression was unchanged,
FBP1 and PEPCK1 were significantly downregulated, and FBP2
was significantly upregulated, suggesting a shift favoring mito-

chondrial PEPCK2 for PEP production and FBP2 for fructose-6-
phosphate production in the brainmetastatic cells.We then tested
the survival ofMDA-MB-231Br3 cells after knockdownof FBP2 by
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shRNA. Knocking down FBP2 resulted in a significant amount of
apoptotic cell death (as indicated by the increase of cleaved PARP)
of the MDA-MB-231Br3 cells cultured in glucose-free medium
(Fig. 3B), which was quantified by cell counting (Fig. 3C), sug-
gesting that gluconeogenesis is critical for the survival of the brain
metastatic cells. To demonstrate that this phenotype was not due
to an off-target effect of the shRNA, we expressed an exogenous
FBP2 that does not contain the 30-untranslated region (UTR)
sequence inMDA-MB-231Br3 cells treated with shRNAs targeting
the 30-UTR of endogenous FBP2 (Fig. 3D). It was found that the
exogenous FBP2 significantly rescued cell death caused by FBP2
knock down (Fig. 3E).

MDA-MB-361 cells exhibit glucose-independent phenotypes
similar to the MDA-MB-231Br3 cells

MDA-MB-231Br3 cells were derived by in vivo selection of
orthotopically established brain metastases in the brain of nude
mice (33). To determine whether glucose-independent survival is
generalizable to spontaneous breast cancer brain metastatic cells,
we test the glucose dependence of another breast cancer cell line
isolated from a human brain metastasis, the MDB-MB-361 cells
(34). Like the MDA-MB-231Br3 cells, the MDA-MB-361 cells are
completely viable in the absence of glucose (Fig. 4A). Similar to

the MDA-MB-231Br3, the MDA-MB-361 cells have higher levels
of total BCKDH-E1 and lower levels of pSer293-BCDKH-E1 as
compared with the MDA-MB-231 cells; however, the BDK level is
higher than that of the MDA-MB-231 parental cells (Fig. 4B). In
addition, theMDA-MB-361 cells have significantly higher levels of
PEPCK1, PEPCK2, FBP1, FBP2, GLUD1, and GLUD2 (Fig. 4B),
indicating that they have an even stronger gluconeogenic capacity
than that of theMDA-MB-231Br3 cells. These data suggest that the
brain metastatic breast cancer cells derived from metastases of
mouse brain and the human brain all have gained, although to a
different degree, the ability to survive and grow independent of
glucose and adopted similar metabolic alterations, such as
enhanced abilities of gluconeogenesis andoxidation of glutamine
and BCAAs.

Metabolic characterization of brain metastatic breast cancer
cells upon glucose deprivation

Knowing the brain metastatic cells, MDA-MB-231Br3 and
MDA-MB-361 cells, exhibit enhanced ability of metabolizing
glutamine and BCAAs, we thought to determine the contribution
of glucose, glutamine, and BCAAs to the growth of these cells in
comparison with the MDA-MB-231 cells. Cells were cultured in
mediumdevoid of one type of the aforementioned nutrients. Cell
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numbers were counted every 48 hours after medium shift to each
type of nutrient restrict media. As shown in Fig. 5A–D, in the full
medium or in the medium devoid of glutamine/BCAAs, all types
of cells could grow (Fig. 5A and B); in the absence of glucose only,
the brain metastatic cells grew and the MDA-MB231 cells did not
(Fig. 5C). Although the brain metastatic MDA-MB-231Br3 and
MDA-MB-361 cells are different in origin, compared with the
MDA-MB-231 cells, they again exhibited a similar phenotype of
glucose-independent growth (Fig. 5C). To validate whether the
brain metastatic cancer cells carried out gluconeogenesis in the
absence of glucose using amino acids as substrates, we first
cultured MDA-MB-231, MDA-MB-231Br3, and MDA-MB-361
cells in glucose-free medium for 6 hours, then added 13C-gluta-
mine into the glucose-free cell culture medium and cultured cells
for another 12 hours before extraction of metabolites. The 13C-
labeledmetabolites weremeasured by tandemmass spectrometry
(LC/MS; refs. 37, 38, 41, 42) with a focus on tricarboxylic acid
cycle (TCA), gluconeogenesis, pentose phosphate pathway (PPP),
andmetabolisms of purine and pyrimidine. Levels of intracellular
intermediate metabolites fluctuate with metabolic activities of
upstream and downstream pathways as well as with cell prolif-
erative status, thus increase or decrease of a metabolite does not
necessary represent the activity of themetabolic pathway inwhich
the metabolite is produced. The activity of a metabolic pathway
can be reflected by several key metabolites within the pathway.
Some relevant key intermediate metabolites that were consistent-
ly labeled by 13C in the brain metastatic cells, in comparison with
the parental MDA-MB-231 cells, are presented in Fig. 5D–N (the
values of these metabolite are also provided as Supplementary
Table S1). The metabolomic results show that, in the absence of
glucose, all three types of cells were able to conduct TCA cycle as
well as partial gluconeogenesis as reflected by the production of
13C-labeled a-ketoglutarate, fumarate, pyruvate (Fig. 5D–E).
Interestingly, all cells are able to produce lactate from glutamine
(Figure 5G), suggesting that aerobic fermentation (conversion of

pyruvate to lactate) is independent of glucose availability. Impor-
tantly, the MDA-MB-231 cells are inactive in gluconeogenesis as
evidenced by the levels of labeled PEP (Fig. 5H) and glyceralde-
hydes-phosphate (Fig. 5I), defective in PPP as indicated by the
levels of ribose phosphate (Fig. 5J), and defective in purine
synthesis as evidenced by the levels of labeled xanthine (Fig.
5K), and hypoxanthine (Fig. 5L). Pyrimidines, such as thymine
and cytosine, whose synthesis does not depend on ribose, were
labeled in all cells (Fig. 5MandN). Themajor differences between
MDA-MB-231 cells and the brain metastatic cells, and the sim-
ilarities between the two types of brainmetastatic cells, all reside at
the enhanced gluconeogenesis, which sustains the nonoxidative
pentose phosphate pathway (NOX-PPP) and thepurine synthesis.
These data indicate that, in the absence of external glucose, brain
metastatic cancer cells are able to perform de novo purine synthesis
for proliferation, which is sustained by the NOX-PPP.

FBP2 is upregulated in breast cancer brain metastasis
To further characterize the role of FBP2 in breast cancer brain

metastasis, we measured the expression of FBP in clinical speci-
mens of breast cancer brain metastases (n¼ 5) and their matched
cancer tissues from the primary sites (n ¼ 2), and the tumors
formed by injection of MDA-MB-231 in the mammary gland fat
pad and in the brain of nudemice, by IHC. As shown in Fig. 6, the
brainmetastases, but not the correspondent primary tumors,were
positive for FPB2, suggesting that upregulation of FBP2 might be
an adaptive event. When the status of FBP2 expression is com-
pared between the brain metastases and unmatched primary
breast cancer samples (n ¼ 34), it was found that there were
11 out of the 34 primary cancers that contain more than 2.0%
FBP2-positive cells, and the difference between the brain metas-
tasis and these unmatched primary cancers is significant (P <
0.001; Fig. 6L). Considering the evidence of enhanced gluconeo-
genic activity in brain metastasis, we further tested whether the
brain metastases store glycogen. We used PAS staining to deter-
mine glycogen levels in the tissues of human breast cancer brain
metastases (n¼ 5) and primary breast cancer tissue samples (n¼
34) on a tissue microarray. We found that the human brain
metastases contained a significantly higher amount (P <
0.0001) of PAS-positive cancer cells than that of the primary
cancers (Supplementary Fig. S2). These data indicate that the
brain metastases produce and store glycogen.

Knocking down FBPs prolonged survival of immunocompetent
mice bearing orthotopic breast cancer brain metastasis

To further determine and evaluate the generalizability of the
role of FBP in the development of breast cancer brain metastasis,
we used another breast cancer cell line, the murine 4T1 cells,
which was derived from a spontaneous mouse mammary tumor
of a BALB/cmouse (43).We first compared the expression of FBPs
in the 4T1 tumors formed in the mammary fat pad (MFP) and in
the orthotopic brain metastases (produced by intracarotid artery
injection of the 4T1 cells). As shown in Fig. 7A, FBP1 and FBP2
were weakly expressed in the MFP tumors, but significantly
upregulated in thebrainmetastases.We then stably simultaneous-
ly knocked down FBP1 and FBP2 in the mouse breast cancer 4T1
cells (expressing the firefly luciferase for in vivo imaging; Fig. 7B),
and orthotopically implanted the intact 4T1 cells, and the 4T1
cells stably expressing either the control shRNAor the FBPs shRNA
into the brains of female BALB/c mice (10,000 cells/mouse). We
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monitored the tumor growth by luciferase-based in vivo live
imaging and the survival of these mice. As shown in Fig. 7C and
D, knockingdownFBPs significantly inhibited the growthof brain
metastasis and prolonged the survival of animals bearing brain
metastasis, while the survival rates of mice bearing primary
tumors are not different (Fig. 7E, mice were terminated at times
when tumor size reached 1.0cm3). These data support that FBP-

dependent de novo gluconeogenesis is important for the develop-
ment of breast cancer brain metastasis within the brain.

Discussion
Mutual adaptation between metastatic cancer cells and the

microenvironment of a host organ has to be achieved for a
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successful establishment of cancer metastasis (10). Alterations at
levels of gene expression and activities of signaling pathways in
cells of both cancer metastasis and host organ have been well
documented (44–46). Our data revealed that breast cancer brain
metastatic cells can utilize gluconeogenesis and oxidation of
BCAAs for growth independent of glucose, which is important
for the growth of breast cancer brain metastasis in vivo.

The brain interstitial space is a unique metabolic microenvi-
ronment. Because of the premetabolizing functions of astroglial
cells that bridge blood vessels with neurons, the interstitial
compartment of the brain is characterized with low levels of
glucose (16, 22) and high levels of glutamate (24) and branched
chain a-ketoacids (the first intermediate metabolite of BCAA
oxidation; ref. 26). Passing through the blood–brain–barrier,
glucose is mainly taken up by astroglial cells and preprocessed
in the astroglia for neuronal energy needs (47),which results in an
interstitial glucose level that is lower than the glucose level in the
blood (16–23). The elevated expression of mRNA of genes
involved in glycolysis in brain metastatic cells (27) might be a
compensatory response to the low levels of glucose in the inter-
stitial space of the brain. The high rate of glutamate synthesis in
the brain requires an amino group donor that is readily transa-
minated. At least two thirds of the amino groups of brain gluta-
mate are derived from BCAAs (24). The constant large-scale
uptake of BCAAs by the brain is sustained by large neutral amino
acid transporters, which are highly expressed in the endothelial

cells of brain vessels (48). Brian is one of the high glucose
consuming organs in the body. Astroglial cells produce glutamine
for neurons via transfer of an amino group from BCAA to
glutamate, which is derived from a-ketoglutarate from the TCA
cycle, and the resulting branched chain a-ketoacid byproducts are
released to the interstitial space, where they can be taken up by
neurons for glutamine metabolism by deamination (24). The
contribution of BCAAs to the survival of cancer brainmetastasis is
further supported by the fact that higher sensitivity was found by
tracing 11C-BCAA for brain metastasis imaging than using the
glucose analogue tracer 18FDG (29–32, 49–52), suggesting that
brain metastatic cells take up a high amount of BCAAs. After
extravasation from the brain blood vasculature, brain metastatic
cancer cells face a challenge to survival and grow in a low glucose
environment. This environmental pressure that persists before the
metastatic microenvironment has been sufficiently altered in
favor of providing a maximum nutritional support. Gaining the
ability of utilizing amino acids for survival and growth by the
brain metastatic cells provides further evidence that the organ
microenvironment plays a critical role in the development of
cancer metastasis. The two types of brain metastatic cancer cells
(MDA-MB-231Br3 andMDA-MB-361) examined in this study are
different in origin. However, these brainmetastatic cells exhibited
the following common features: survival and growth independent
of glucose, increased expression of enzymes for glutamine and
BCAAs oxidation, upregulation of FBP(s), and enhanced
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gluconeogenesis. The data that upregulation of FBP2 in the
clinical specimens of brain metastasis and the growth-inhibitory
effect of knocking down FBPs on the orthotopic brain metastasis
formed by 4T1 cells, strongly support that activation of FBP-based
gluconeogenesis is critical for the development of breast cancer
brain metastasis.

Gluconeogenic activity is not normally presented in cells that
are not originated from liver, kidney, intestine, or muscle (53).
The glycogenic feature of brain metastatic cells enables another
prosurvival ability to these cells, glucose storage, which helps
cancer cells to resist external metabolic stresses. Gaining gluco-
neogenic/glycogenic ability and increasing amino acid oxidation

provides brain metastatic cells with survival and proliferation
power independent of external glucose. Although the molecular
mechanisms bywhich the brainmetastatic cancer cells achieve the
adaptive metabolic switches warrant further investigations, this
study suggests that targeting amino-acid–dependent gluconeo-
genesis may be a novel approach for the treatment of fatal brain
metastasis.
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