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Breast cancer is the most common cancer type for women in
the western world. Despite decades of research, the molecular
processes associated with breast cancer progression are still
inadequately defined. Here, we focus on the systematic alter-
ation of metabolism by using the state of the art metabolomic
profiling techniques to investigate the changes of 157 metabo-
lites during the progression of normal mouse mammary epithe-
lial cells to an isogenic series of mammary tumor cell lines with
increasing metastatic potentials. Our results suggest a two-step
metabolic progression hypothesis during the acquisition of
tumorigenic and metastatic abilities. Metabolite changes ac-
companying tumor progression are identified in the intracellu-
lar and secreted forms in several pathways, including glycolysis,
the tricarboxylic acid cycle, the pentose phosphate pathway,
fatty acid and nucleotide biosynthesis, and the GSH-dependent
antioxidative pathway. These results suggest possible biomark-
ers of breast cancer progression as well as opportunities of inter-
rupting tumor progression through the targeting of metabolic
pathways.

Approximately 40,000 American women succumb to breast
cancer each year, with metastasis causing the overwhelming
majority of these deaths (1). Metastasis is a multistep process,
requiring tumor cells to intravasate into the bloodstream, sur-
vive in the circulation, adhere to and extravasate from the vas-
cular network in the secondary organ, and finally adapt to a
foreign microenvironment (2). Recent functional transcrip-
tomics studies identified genes that play important roles in
individual steps of breast cancer metastasis with the MDA-MB-
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231 xenograft model (3—6) or the 4T1 syngeneic mouse models
(7). However, studies with metabolomic approaches to identify
key metabolites that characterize metastasis progression are
still scarce (8). Metabolic reprogramming was linked to the
major hallmarks of cancer, including tissue invasion and meta-
stasis (9). However, its functional role in tumor progression and
metastasis remains largely undefined. In a recent study,
metabolomic profiling identified increased sarcosine synthesis
as a functionally important metabolic alteration during pros-
tate cancer progression (10). Similar efforts to identify impor-
tant metabolic changes during breast cancer progression hold
the potential for providing putative diagnostic and prognostic
biomarkers as well as new therapeutics targets. In the current
study, we used the 4T'1 syngeneic mouse model of breast cancer
to systematically identify metabolite changes.

EXPERIMENTAL PROCEDURES

Cell Culture—All cell lines used were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 7.5% dialyzed
fetal bovine serum (Thermo Fisher Scientific HyClone).

Quenching of Metabolism and Metabolite Extraction—All
cells were grown in 10-cm tissue culture dishes, and the media
were replaced 24 and 2 h prior to metabolite extraction. All
samples were harvested at subconfluence. Metabolism was
quenched, and metabolites were extracted by aspiration of
media and immediate addition of 4 ml of 80:20 methanol:water
at —80 °C to simultaneously lyse cells and quench metabolism.
After 15 min of incubation at —80 °C, cell remnants were
scraped from the tissue culture dish and transferred, along with
the methanol:water, into a 15-ml conical centrifuge tube. The
resulting mixture was centrifuged at 5000 X g for 5 min, and the
supernatant was moved to a new tube. The remaining pellet was
re-extracted twice more with 500 ul of 80:20 methanol:water at
—80 °C, and all the supernatants were combined with the orig-
inal supernatant. Ten microliters of the extract were injected
into each of the liquid chromatography-tandem mass spec-
trometry (LC-MS/MS)* separations. Extraction of metabolites
in conditioned media was performed by combining 1 volume of
24-h conditioned media with 4 volumes of cold methanol, spin-
ning down, and taking supernatant for analysis. Fresh media
unconditioned by cells yet placed in the same incubator for 24 h
were used as control.

Targeted Liquid Chromatography-Mass Spectrometry—Two
different liquid chromatography (LC) separations were coupled
by electrospray ionization (ESI) to triple quadrupole mass spec-
trometers operating in multiple reaction monitoring mode.
The LC method coupled to positive mode ESI was hydrophilic
interaction chromatography on an aminopropyl column at
basic pH as reported previously (11). The LC method coupled
to negative mode ESI was reversed phase chromatography with
an amine-based ion pairing agent, with the method used a var-

*The abbreviations used are: LC-MS/MS, liquid chromatography-tandem
mass spectrometry; ESI, electrospray ionization; DMEM, Dulbecco’s modi-
fied Eagle’s medium.
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iant of one reported previously (12), with additional reactions
to monitor more metabolites and identical stationary and
mobile phases but an altered gradient: £ = 0, 0% B; £ = 5, 0% B;
t=10,20% B; t = 20,20% B; t = 35,65% B; £ = 38,95% B; t = 42,
95% B, t = 43,0% B; ¢ = 50, 0% B, where B refers to the methanol-
containing mobile phase. LC instrumentation was an LC-20 AD
high pressure liquid chromatography system (Shimadzu),
autosampler temperature 4 °C, injection volume 10 ul. MS instru-
mentation was a TSQ Quantum Ultra or a Discovery Max triple-
quadrupole mass spectrometer (Thermo Fisher Scientific). Mass
spectrometry parameters were as reported previously (11).

Data Collection and Processing—Cells were allowed to grow
to subconfluence, at which time the metabolites were metha-
nol-extracted. Four biological replicates prepared over two sep-
arate days were used for each cell line. Metabolite extraction
and LC-MS/MS analysis were performed. Metabolite signals
were normalized to total protein levels within each cell line as
well as to the signal in NMuMG from the same experimental
day and log,-transformed. Metabolite signals of conditioned
media were normalized to the geometric mean for the day the
samples were run and log,-transformed.

RESULTS

Intracellular Metabolite Changes Clustering Cell Lines—To
identify intracellular metabolic changes during tumorigenesis
and metastasis, we used LC-MS/MS to profile the levels of 157
different small molecule metabolites (13) in the well character-
ized 4T1 series of cell lines of a murine mammary cancer model
(14). This series includes five isogenic tumorigenic lines (67NR,
168FARN, 4TO7, 66cl4, and 4T1) that originated from one
spontaneous tumor in the BALB/cfC,H mouse. Each cell line
displays unique tumorigenic and metastatic capabilities (Fig.
1A). We also included a normal murine mammary gland epi-
thelial cell line, NMuMG (15), as the baseline control to observe
metabolic changes correlated with tumorigenesis. The normal-
ized intracellular metabolite signals are listed in supplemental
Table 1. Unsupervised hierarchical clustering of the normalized
metabolite intensities showed clear separation of the non-tu-
morigenic line NMuMG from other tumorigenic lines (Fig. 1B).
In the tumorigenic branch, the non-metastatic line 67NR was
separate from the metastatic lines (168FARN, 4TO7, 66¢l4, and
4T1). There was no further subgrouping among the four meta-
static lines that was consistent with the increased metastatic
potential. These clustering results are consistent with the possibil-
ity that metabolic reprogramming is required both during the ini-
tial transformation process and during the acquisition of meta-
static potential. No further metabolic changes were observed
correlated with the quantitatively increased metastatic potential,
suggesting that acquisition of enhanced metastatic potential did
not, at least in these cell lines, require further systematic metabolic
reprogramming. Important patterns in the clustering heat map
(Fig. 1B, colored bars) are described below.

Metabolites Associated with Transformation—When com-
pared with NMuMG, all five tumorigenic lines contained a set
of metabolites that were significantly more abundant (Fig. 24).
Several intermediates in glycolysis increased in tumorigenic
lines, including hexose phosphate (i.e. glucose-6-phosphate
and fructose-6-phosphate) and fructose-1,6-bisphosphate,
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Line# ID Primary Metastasis

1 NMuMG No No

2 67NR Yes No

3 168FARN - Micrometastases
lymph node

4 4TO7 Vs Micrometastases
lymph node, lung

5 66cl4 Yes Overtimetastases
limited sites

6 4T1 Vs Overt metastases

many sites

FIGURE 1. Metabolomic profiling clustering mouse mammary cells with
different tumorigenic potentials. A, six mouse cell lines (represented with
numbers throughout the figure) with distinct tumorigenic and metastatic
abilities. ID, cell line identification. B, hierarchical clustering of metabolomic
profiles of the six cell lines identified subsets of metabolites that correlated
with tumorigenicity and metastatic ability. Each cell line has four biological
replicates labeled above the heat map with numbers as indicated in A. Red,
green, and blue bars indicate three patterns of metabolites examined in Fig. 2,
A, B, and D, respectively.

consistent with the “Warburg effect” of increased glycolysis
rate in tumor cells (16). Additionally, ribose phosphate was sig-
nificantly higher in these cells when compared with NMuMG
(Fig. 2A). Ribose phosphate is a product of the pentose phos-
phate pathway, which also produces NADPH. Ribose is neces-
sary for nucleic acid biosynthesis, and NADPH is the major
reductant in fatty acid and steroid synthesis. The building block
of fatty acids, malonyl-CoA, was also significantly more abun-
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FIGURE 2. Characteristic metabolic changes during transformation and metastasis. A, metabolites
increased in transformed cells. B, metabolites decreased in transformed and metastatic cells. C, GSH and GSSG
levels in six cell lines. Data represent average *+ S.D. on log, scale. D, metabolites increased in cells with
metastatic potential. £, simplified schematic of glycolysis and tricarboxylic acid cycle (TCA cycle) showing in red
the metabolites that are elevated in metastatic cell lines. Six cell lines were labeled with numbers in the same

scheme as in Fig. 1. PEP, phosphoenolpyruvate.

dant in tumorigenic lines (Fig. 24). This result was consistent
with the finding of active fatty acid synthesis in tumor tissues
(17). The Warburg effect includes increased lactate production.
However, we noticed that lactate was not universally higher in
tumorigenic cells (Fig. 2A4). This may reflect non-universality of
the Warburg effect (18), in vitro culture condition (19), or met-
abolic plasticity in response to hypoxia (20).

Cellular transformation was also characterized by decreased
levels of a set of metabolites, which were lower in five tumori-
genic lines than NMuMG (Fig. 2B). Most notably, the levels of
GSH and the oxidized form of glutathione (GSSG) were
decreased in tumorigenic lines (Fig. 2C). GSH and GSSG are
crucial regulators of the cellular reduction/oxidation (redox)
state, with GSH protecting cells from oxidative stress (21).
Thus, the lower GSH levels in transformed cells suggest that
reduced antioxidant activity may sometimes occur early in
oncogenesis, perhaps predisposing cells to reactive oxygen spe-
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cies-induced mutations necessary
for full-fledged oncogenesis. Con-
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ability as there was a further de-
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Sitiats TCA tors may be used. For example,
creatine phosphate fumerate  Cycle  jsogirate  treatment of NMuMG with methio-
malate ) 4 nine sulfoximine, an inhibitor of
ADP succinate

orketoglutarate y-glutamylcysteine synthetase (22),

could be used to determine whether
GSH depletion might facilitate the
transformation of the cells. Treat-
ment of the tumorigenic cells with
GSHest, a permeable compound
that can increase the intracellular
content of GSH (23), might help
restore the redox status and
decrease tumorigenesis and meta-
static abilities.

Metabolites Associated with Meta-
static Ability—Metastatic ability-
related metabolites were recognized as those differentially rep-
resented in the metastatic cell lines (168FARN, 4TO7, 66c¢l4,
and 4T1) when compared with both NMuMG and 67NR. A
subset of investigated metabolites showed such a pattern; they
are significantly more abundant in the metastatic lines than
NMuMG and 67NR (Fig. 2D). The majority of these metabo-
lites fall into two groups: the tricarboxylic acid cycle or nucleo-
tides. In addition, three of the four metabolites in the last steps
of glycolysis were enriched in metastatic cells, 3-phosphoglyc-
erate, phosphoenolpyruvate (PEP), and pyruvate, suggesting
differences in lower glycolysis when compared with NMuMG
and 67NR (Fig. 2E). Although the exact mechanism is not clear,
these findings in lower glycolysis may relate to the pivotal role
of specific pyruvate kinase isozymes in oncogenesis (24). Mov-
ing down from pyruvate, several tricarboxylic acid cycle (TCA
cycle) intermediates were enriched in the metastatic lines,
including aconitate, citrate, isocitrate, and malate (Fig. 2E). The

succinyl- o
CoA
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metabolites, growth media condi-
tioned by cells for 24 h were profiled
(supplemental Table 2). Largely
consistent with the intracellular
metabolite clustering, the extracel-
lular metabolites also clustered
metastatic lines (168FARN, 4TO7,
66cl4, and 4T1) in one branch, sep-
arated from the branch containing
NMuMG and 67NR as well as the
unconditioned media control (Fig.
3A). This result suggested quantita-
tive differences in extracellular
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Nucleotide metabolism

metabolites between non-meta-
static cells and metastatic cells, yet
the influence of transformation was
not revealed, possibly due to the
limited number of metabolites pro-
filed. One challenge in interpreting
the results is to distinguish which
metabolites were secreted by tumor
cells and which were left over from
the consumption of the media.
Because the growth media were
Dulbecco’s modified Eagle’s me-
dium (DMEM) with 7.5% dialyzed
fetal bovine serum, all the small

(iso)leucine
valine
methionine
tryptophan
phenylalanine
arginine
unknown
unknown
choline
unknown
unknown
unknown

Normal | GSHIGSSG Primary tumor

Warburg effects suggest that tumor cells prefer aerobic glycol-
ysis to the tricarboxylic acid cycle for producing ATP and
reductants. Our observation that tricarboxylic acid intermedi-
ates are exclusively up-regulated in metastatic cell lines suggests
that invasive cancer cells are using the tricarboxylic acid cycle dif-
ferently than the non-metastatic cells. It is unclear, however,
whether these differences are associated with increased tricarbox-
ylicacid cycle flux, and if so, whether this flux is driven primarily by
glucose or glutamine. Fluxomic analysis is well suited for answer-
ing these questions in future studies (25).

The changes of nucleotide species follow an interesting pat-
tern. Levels are lower in the non-metastatic tumor cells (67NR)
than in the non-transformed cells, perhaps due to enhanced
nucleotide consumption to feed growth and DNA replication in
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| GSHIGSSG

FIGURE 3. Characterization of metabolite changes in conditioned media. A, hierarchical clustering of
metabolomic profiles of the conditioned media identified subsets of metabolites that correlated with meta-
static ability. Each cell line has four biological replicates (except 4TO7 with two samples) labeled above the heat
map with numbers as indicated in Fig. TA. Number 0 represents the unconditioned media. Blue, orange, green,
and purple bars indicate patterns further examined. B, metabolites increased in most of the metastatic cells.
C, metabolites increased in more metastatic cells when compared with the non-tumorigenic NMuMG and the
non-metastatic 67NR (represented by 7 and 2) as well as the weakly metastatic 168FARN (represented by 3).
D, metabolites with lower abundance in conditioned media of cells with metastatic potential. £, schematic of
the two-step metabolic progression hypothesis. PPP, pentose phosphate pathway.

>
>

molecule compounds should derive
from DMEM (amino acids, vita-
mins, glucose, and inorganic salts).
Among the metabolites not
included in the DMEM compo-
nents, ie. secreted from cells, two
interesting patterns were noted (Fig.
3A, blue and orange bars). In the
cluster of metabolites highlighted
by the blue bar, several metabolites
were more abundant in the metastatic lines (Fig. 3B). In partic-
ular, malate and fumarate were consistently higher in all four
metastatic lines, whereas citrate/isocitrate and aconitate were
higher in at least three of the lines. These metabolites all belong
to the tricarboxylic acid cycle, consistent with the increased
levels of these compounds as the intracellular form in the meta-
static cell lines (Fig. 2, D and E). Another interesting pattern,
highlighted by the orange bar, was the higher level of several
nucleotide metabolism players, including guanine, xanthine,
hypoxanthine, and deoxyguanosine, in the more metastatic cell
lines 4TO7, 66cl4, and 4T1 when compared with NMuMG,
67NR, and the weakly metastatic 168FARN (Fig. 3C). Again,
this trend was consistent with the finding of changes of intra-
cellular nucleotide species (Fig. 2D). Overall, the data reinforce

Metastasis
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the conclusion from the analysis of intracellular metabolites;
tricarboxylic acid cycle and nucleotide metabolism alterations
accompany the acquisition of metastatic potential in the cell
line series. Several amino acids showed significantly less abun-
dance in the metastatic cell conditioned media (Fig. 34, green
bar, and Fig. 3D), presumably due to more consumption of
amino acids by the more aggressive cells; thus, they were not
considered as changes of secreted metabolites. Another group
of metabolites showed a similarly higher level in all cell lines
when compared with the unconditioned media (Fig. 34, purple
bar) and were not further scrutinized.

DISCUSSION

Malignant transformation of normal epithelial cells and me-
tastatic ability acquisition have usually been studied with the
aim to identify genes and proteins that play tumor-promoting
or suppressive roles (26 —28). The pace of finding such mole-
cules has been tremendously accelerated with the development
of transcriptomics and proteomics to look for transcripts and
proteins with altered abundance during malignancy. Another
aspect of molecular changes, altered metabolism, was less
explored, although the phenomenon of aerobic glycolysis was
one of the first major discoveries in cancer research (16). For-
tunately, the situation is improving because of the recent tech-
nical advances in global analysis of metabolites using mass
spectrometry or high resolution 'H nuclear magnetic reso-
nance spectroscopy (8). High throughput metabolomic analysis
allows simultaneous quantification of hundreds of metabolites
belonging to a diverse array of metabolic pathways in a panel of
cell lines or tissues. As illustrated in this study, 157 metabolites
were profiled in six cell lines with progressively increased
tumorigenicity and metastatic ability. The analysis of intracel-
lular metabolites clustered the lines into three categories: nor-
mal, tumorigenic (but non-metastatic), and metastatic in gen-
eral. Results from the analysis favor a two-step metabolic
progression hypothesis during mammary tumor progression
(Fig. 3E). The first step accompanies the acquisition of tumori-
genicity and includes altered glycolysis, pentose phosphate
pathway (PPP), and fatty acid synthesis, as well as decreased
GSH/GSSG redox pool; the second step is correlated with the
gain of the general metastatic ability and includes further
changes in glycolysis and tricarboxylic acid cycle (TCA cycle),
further depletion of the glutathione species, and increased
nucleotides. No further metabolite alterations correlated with
stepwise increase of metastasis potential in the four metastatic
lines were resolved in the analysis. This model suggests that the
fine regulation of the ability to colonize distant organs in breast
cancer may not require further dramatic biochemical repro-
gramming and may instead rely more on alterations in gene
expression regulation and cellular behaviors, although we can-
not rule out the potential importance of metabolomic changes
in metastatic lesions in vivo in different target organs. Our anal-
ysis of extracellular metabolites identified increased abundance
of tricarboxylic acid cycle components as well as nucleotide
metabolism intermediates, similar to the intracellular results.
Our findings agree with a recent study profiling a more limited
set of metabolites in the MCF10 model of mammary carcinoma
(19). Both studies find evidence for increased pentose phos-
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phate pathway, tricarboxylic acid cycle, and fatty acid biosyn-
thetic activity in transformed and/or metastatic cells (19). Fur-
ther efforts should investigate the universality of our findings
with other in vitro and in vivo preclinical models as well as with
human samples. Confirmed altered metabolic pathways may
open new therapeutic avenues for treating malignant breast
cancer. Several secreted metabolites accompanying the
increased metastatic potential (malate, fumarate, deoxy-
guanosine, guanine, xanthine, and hypoxanthine) should be
tested for their value as diagnostic and prognostic biomarkers
of malignant breast cancer in future studies.
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