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Inflammatory breast cancer (IBC) is an extremely lethal can-
cer that rapidly metastasizes. Although the molecular attributes
of IBC have been described, little is known about the underlying
metabolic features of the disease. Using a variety of metabolic
assays, including 13C tracer experiments, we found that
SUM149 cells, the primary in vitro model of IBC, exhibit meta-
bolic abnormalities that distinguish them from other breast can-
cer cells, including elevated levels of N-acetylaspartate, a metab-
olite primarily associated with neuronal disorders and gliomas.
Here we provide the first evidence of N-acetylaspartate in breast
cancer. We also report that the oncogene RhoC, a driver of met-
astatic potential, modulates glutamine and N-acetylaspartate
metabolism in IBC cells in vitro, revealing a novel role for RhoC
as a regulator of tumor cell metabolism that extends beyond its
well known role in cytoskeletal rearrangement.

Inflammatory breast cancer (IBC)? is a highly aggressive can-
cer that affords the lowest 5-year survival rate of any breast
cancer diagnosis, with a large proportion of patients exhibiting
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nodal metastases at diagnosis (1). IBC disproportionally affects
both younger women and African American women and is typ-
ically characterized by rapid and specific changes in skin
appearance, such as peau d’orange, erythema, skin thickening,
and rapid enlargement of the affected breast (2). Instead of
forming solid masses, IBC cells tend to form abundant tumor
emboli that have the capacity to rapidly invade the lymphatic
system and spread to distant sites. Although the molecular
attributes of IBC are well described and are suggestive of con-
stitutive adaptation to hypoxia (3), little is known about the
underlying metabolic features of the disease.

Metabolic reprogramming is increasingly recognized as a
fundamental hallmark of cancer, and efforts to identify clini-
cally viable drugs that target cancer metabolism are underway
(4). It is well established that many tumor cells consume glucose
and produce lactate at significantly higher rates than the sur-
rounding tissue, even when sufficient oxygen is present, via a
phenomenon known as aerobic glycolysis or the Warburg effect
(5). It was originally hypothesized that cancer cells utilize aer-
obic glycolysis because of mitochondrial respiratory dysfunc-
tion. However, even though a number of mitochondrial defects
in tumor cells have been reported, evidence suggests that most
tumor cells have functional tricarboxylic acid (TCA) cycles and
electron transport chains (6, 7).

In addition to increased glucose uptake, many cancer cells
also consume glutamine at higher rates than normal cells, both
in culture and in vivo (8, 9). The Rho GTPase family of proteins
has recently been linked to the regulation of glutaminase activ-
ity (10). The oncogene RhoC, a GTPase involved in cytoskeletal
rearrangement and cell motility, is a driver of the metastatic
phenotype exhibited by IBC (11, 12). RhoC expression
increases with tumor stage, is a robust predictor of breast can-
cer aggressiveness and survival (13), and has been demon-
strated to partially recapitulate the IBC phenotype (12). In addi-
tion to a role in breast cancer metastasis, RhoC increases the
metastatic potential in lung, melanoma, pancreatic, and blad-
der cancers (14—17).To better understand the metabolic alter-
ations associated with IBC, we probed the metabolic pheno-
types of a set of breast cancer cell lines, including IBC-derived
SUM149 cells, which is the primary in vitro model for the study
of IBC. Our results indicate that SUM 149 cells exhibit a number
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of metabolic abnormalities that distinguish them from other
breast cancer cells, including a near-complete conversion of
glucose to lactate, low mitochondrial respiratory capacity, and a
large reductive carboxylation flux from glutamine-derived
a-ketoglutarate (AKG) to citrate under normal culture condi-
tions. We also discovered that RhoC is a potent regulator of
both glutamine and N-acetylaspartate (NAA) metabolism in
SUM149 cells. Although NAA has long been considered a
brain-specific metabolite (18), it was recently linked to ovarian
cancer (19-21). Here we provide the first evidence of elevated
NAA in breast cancer cells and demonstrate that RhoC modu-
lates NAA levels in IBC cells in vitro. Taken together, these
findings suggest a number of potential metabolic and molecular
vulnerabilities in IBC cells that warrant additional exploration
as therapeutic targets.

Experimental Procedures

Cell Culture and Reagents—MCF10A cells were maintained
in 50:50 DMEM:F12 medium supplemented with 5% horse
serum, 10 pwg/ml insulin, 0.5 pwg/ml hydrocortisone, 0.02 ug/ml
epidermal growth factor, and 0.1 ug/ml cholera toxin. MCF7
cells were maintained in DMEM, and MDA231 cells were
maintained in RPMI1640, both supplemented with 10% FBS.
SUM149 and SUM149 shRNA cells were maintained in F12
medium supplemented with 5% FBS, 5 ug/ml insulin, and 1
pg/ml hydrocortisone. Cells were grown in 5% CO, except the
SUM149 WT and SUM149 shRNA cell lines, which were grown
in 10% CO.,. For the '*C isotope, extracellular flux, and prolif-
eration assay experiments, all cells were grown in base DMEM
(Sigma-Aldrich, D5030) lacking glutamine, glucose, sodium
bicarbonate, and pyruvate, which was supplemented with the
cell line-specific supplements described above and 44 mwm
sodium bicarbonate as well as glutamine, glucose, and sodium
pyruvate as indicated. RhoC (3430), Cdc42 (2466), and citrate
synthase (14309) antibodies were purchased from Cell Signal-
ing Technology. RhoA (sc-418), pyruvate carboxylase (sc-
67021), GLS1 (sc-100533), GLS2 (sc-168424), and Actin
(sc-1616) antibodies were purchased from Santa Cruz Biotech-
nology, and HIF-1« (610958) antibody was purchased from BD
Biosciences. The GS (Invitrogen, PA5-29737) antibody was
a gift from Robert W. O’Rourke (University of Michigan).
Cobalt(II) chloride hexahydrate (255599) was purchased from
Sigma-Aldrich.

Extracellular Flux Measurements—Glucose, lactate, and glu-
tamine concentrations were measured in media using a YSI
2950D biochemistry analyzer. The difference in metabolite
concentrations in conditioned cell culture media from concen-
trations in incubated control medium not exposed to cells (but
otherwise treated the same) were normalized to total protein.
Oxygen consumption rates (OCRs) were measured using a Sea-
horse XF24 flux analyzer and XF Cell Mito stress test kits (Sea-
horse Bioscience) according to the protocol of the manufac-
turer. Cells were seeded on 24-well assay plates at a density of
50,000 cells/well, except for MDA231 cells, which were seeded
at 80,000 cells/well, and allowed to adhere overnight. Growth
medium was replaced with unbuffered, serum-free DMEM
supplemented with 11 mm glucose, 2.5 mMm glutamine, and 10
mM sodium pyruvate.
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shRNA Stable Cell Lines—Stable shRNA cell lines were gen-
erated via lentiviral transduction using pGIPZ shRNA clones
(GE Healthcare). Following infection, cells were sorted for GFP
expression and grown as a population of transduced cells.
SUM149 shRhoC pSM2c has been described previously (22).
Both SUM149 shRhoC pGIPZ and pSM2c contain the same
shRNA sequence. SUM149 shRhoC pSM2c was used for iso-
tope labeling experiments and extracellular flux experiments.
SUM149 shRhoC pGIPZ was used for extracellular flux mea-
surements and RT-qPCR.

!3C Labeling Experiments—Cells were grown to ~60-70%
confluence in 6-cm dishes in unlabeled growth media. Prior to
the start of the experiment, cells were incubated for 1 h in fresh
unlabeled DMEM (except where indicated). Cells were
changed to fresh DMEM containing '*C-labeled substrate(s).
An equivalent number of additional plates of each cell line were
grown in parallel in chemically identical media for total protein
analysis. After 5 h (unless otherwise indicated), cells were rap-
idly washed with double-distilled H,O, quenched with liquid
nitrogen, and stored at —80 °C for subsequent LC-MS and
GC-MS analysis. Samples were extracted using an organic sol-
vent/water mixture and analyzed by LC-MS as described pre-
viously (23). A second portion of the sample extracts was also
used for GC-MS analysis as described previously (24). Reported
metabolites were measured by LC-MS, except pyruvate, gluta-
mine, glutamate, and AKG, which were measured by GC-MS.
Reported citrate data represent the sum of citrate and isocitrate
pools. MO, M1, M2, M3, M4, M5, and M6 reported from LC-MS
and GC-MS analysis indicate the presence of 0 — 6 **C-enriched
atoms. For total metabolite pool sizes, the average of the total
peak intensities was normalized by total protein. All data were
corrected for natural abundance of stable isotopes (25, 26). For
steady-state labeling experiments, 5 h was selected as the treat-
ment time after verification that an isotopic steady state was
achieved between 4 and 6 h in the cell lines used in this study.

RT-qPCR—RT-qPCR was carried out essentially as described
previously (27). For preparation of cDNA, total RNA was iso-
lated from the indicated cells using the RNeasy mini kit (Qia-
gen) following the instructions of the manufacturer. Reverse
transcriptase reactions were carried out using the reverse tran-
scription system (Promega) following the protocol of the man-
ufacturer. Quantitative PCR analysis employed the following
primers (5 — 3’): ASPA, CCAAGATATCAGCTCTC-
AGAACC (forward) and TCCCTCAAATATGCGACCAC
(reverse); RIMKLA, CTGATGGACGGATGCAGAG (for-
ward) and AGGAGATCAATGCCACAGAAG (reverse);
RIMKLB, GAGGCTGAAGTTCTGGAGTTC and TCATGG-
CGAATAAGATGGCT (reverse); NAT8L, CGAGCAGTACT-
ACATGAAGCC (forward) and AACGTGAGTCCACAGA-
CATC (reverse); RPL22, TGCTCITGCTCCTTTCGATG
(forward) and GAAGATGGAATCATGGATGCTG (reverse);
and RPL30, CACCAGTTTTAGCCAACATAGC (forward)
and GATCAGACAAGGCAAAGCGA (reverse). qPCR was
performed using the QuantiTect SYBR Green PCR kit (Qiagen)
and a Step-One Plus real-time PCR system (Applied Biosys-
tems). All qPCR reactions were performed in triplicate. Ct val-
ues were normalized to RPL22 and RPL30. Analysis of three
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biological replicate experiments was performed using REST
2009 software (Qiagen).

Proliferation Assay—Assays that measured the incorporation
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (Sigma) were carried out as described previously (12).
Prior to the start of the assay, SUM149 WT and shRhoC cells
were plated at 6000 and 5000 cells/well, respectively, and grown
in normal growth medium for 48 h. At day 0, cells were changed
to DMEM containing either 20 mm glucose, 4 mm glutamine, or
both. Medium was replaced at day 3 to replenish glucose and/or
glutamine. Three independent experiments consisting of five
technical replicates at each time point were performed.

Imaging—Cells were plated on coverslips and mounted in a
flow chamber (Warner Instruments) on an Olympus IX71
inverted microscope equipped with a X60/1.2 numerical aper-
ture water immersion objective. The chamber was perfused at
0.3 ml/min, and the temperature was maintained at 33 °C using
inline solution and chamber heaters (Warner Instruments).
Excitation was provided by a TILL Polychrome V monochro-
mator set to 10% output. Pyruvate kinase M2 activity reporter
(PKAR) mCerulean-mCitrine FRET biosensors (28) were
excited by light filtered with an ET430/24 X bandpass filter and
reflected via an ET-CFP/YFP/mCherry dichroic (Chroma). Flu-
orescence emission was split with a 495LP dichroic mounted in
a DV2 beamsplitter (Photometrics) and reported as the ratio of
emission through ET535/30m and ET470/24m bandpass filters
(R535/470). A 458LP dichroic (Semrock Inc.) was used to mea-
sure NADH and NADPH, collectively referred to as NAD(P)H,
excited by 365 nm. Emission through an ET470/24m filter
(Chroma) was collected with a Photometrics QuantEM:512SC
camera at 0.2 Hz.

Statistics—Statistical analysis was performed using GraphPad
Prism software (San Diego, CA). When total protein normal-
ization was performed, reported mean * S.E. values also
include propagated uncertainty from total protein measurements.

Results

SUM149 Cells Operate Near Maximal Glycolytic and Mito-
chondrial Capacity—Glucose uptake and lactate production
were measured in MCF10A (normal-like mammary epithelial),
MCEF7 (estrogen and progesterone receptor-positive breast
cancer), MDA-MB-231 (MDA231, metastatic triple-negative
breast cancer), and SUM149 (metastatic triple-negative IBC)
cells by quantifying changes in glucose and lactate concentra-
tions in cell culture media after a 24-h incubation period
(Fig. 1A).

The very aggressive MDA231 and SUM149 cells produced
the most lactate over this time period. The 24-h lactate conver-
sion ratio (defined as lactate production rate divided by glucose
consumption rate) for SUM149 cells was 1.98 = 0.08 (n = 3)
(Fig. 1B), which is nearly identical to the stoichiometric ratio of
2.0 expected when all glucose taken up by a cell is converted to
lactate. These data suggest that very little glucose consumed by
SUM149 cells undergoes mitochondrial oxidization. We next
probed mitochondrial respiratory capacity using a Seahorse
XF24 extracellular flux analyzer. Although SUM149 cells
exhibited the lowest basal and lowest maximal oxygen OCRs
among the tested cell lines (Fig. 1C), these cells also used most
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of their mitochondrial respiratory capacity. Basal OCR as a pro-
portion of maximal OCR was 81.9% = 12.3% in SUM149 cells.

To further probe glycolytic and metabolic capacity, we
measured NADH and NADPH, collectively referred to as
NAD(P)H, which are spectrally inseparable metabolites that
are strongly fluorescent in their reduced forms (29). NAD(P)H
fluorescence provides a readout of the reduction of NAD and
NADP generated by glycolysis, the oxidative branch of the pen-
tose phosphate pathway, and reactions associated with the
TCA cycle in the mitochondria. Potassium cyanide (KCN)
treatment rapidly blocks mitochondrial oxygen consumption
by strongly inhibiting cytochrome ¢ oxidase/complex IV. Glu-
cose-deprived cells were stimulated with 20 mm glucose fol-
lowed by addition of 5 mm KCN after 12 min. Compared with
MCF10A, the NAD(P)H fluorescence in MCF7 and SUM149
increased at a significantly higher rate immediately following
stimulation with 20 mm glucose. However, SUM149 cells were
least affected immediately following the inhibition of mito-
chonderial respiration via KCN (Fig. 1D). These data indicate
that SUM149 cells rely heavily on non-mitochondrial
NAD(P)H production compared with MCF10A or MCF7 cells.

SUM 149 Cells Have High Pyruvate Kinase M2 Activity—The
end products of glycolysis are NADH, ATP, and pyruvate. Pyru-
vate can be further oxidized in mitochondria or converted to
lactate in the cytosol. In either case, glucose-derived carbon is
first shunted through a rate-limiting glycolytic reaction cata-
lyzed by pyruvate kinase (PK) that converts phosphoenolpyru-
vate to pyruvate. Studies show that decreased activity of the M2
isoform of PK (PKM2) promotes cellular proliferation during
tumorigenesis (30-32). The activity of PKM2 is linked to its
quaternary structure. The tetrameric forms of all PK isoforms
have high catalytic activity, whereas the monomeric and
dimeric forms of the M2 isoform have low catalytic activity (33,
34). PKAR biosensors provide a FRET-based readout of the
PKM2 tetramer-to-dimer (or monomer) ratio in living cells
(28). PKAR FRET directly correlated with the extent of lactate
production observed in the MCF10A, MCF7, and SUM149 cell
lines (Fig. 1E). The highest PKAR FRET was observed in
SUM149 cells, indicating that these cells exhibited the most
PKM2 oligomerization and, therefore, were inferred to have the
highest PKM2 activity. This result is consistent with the high
lactate conversion ratio observed in SUM149 cells.

Glucose Is Not A Predominant Source of Acetyl-CoA in
SUM149 Cells—To directly probe steady-state intracellular
metabolic fluxes, cells were cultured in one of two forms of
13C-labeled growth media identified as either M* or M** to
indicate the presence of one or two labeled substrates, respec-
tively, for 5 h. Medium formulations contained 2.5 mm
[U-"3C]glutamine and either 10 mm unlabeled glucose (M*) or
10 mm [1,2-'3C]glucose (M**). Under the M** condition, '*C
enrichment is expected in the M2 isotopomer of fructose 1,6-
bisphosphate (FBP) and dihydroxyacetone phosphate (DHAP)
because of the presence of [1,2-'*C]glucose. The cleavage of
FBP (labeled on the first two carbons) into DHAP and glyceral-
dehyde phosphate (GAP) will result in labeling of the second
and third carbon positions of DHAP and no labeling in GAP. If
DHAP isomerizes to GAP, then the second and third carbons of
GAP become labeled. M2 GAP can then give rise to M2 pyru-
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FIGURE 1. SUM149 cells are highly glycolytic. A, extracellular glucose consumption and lactate production rates were measured after 24 h (n = 3). B, the
lactate conversion ratio was calculated by dividing lactate production by glucose consumption in A. C, basal and maximal OCRs were measured via mitochon-
drial stress tests. Data are from three to six independent experiments. D, NAD(P)H fluorescence was measured in response to 20 mm glucose and 20 mm glucose +
5 mm KCN, which inhibits cytochrome c oxidase. Cells were deprived of glucose for 30 min prior to recording. Data represent the average of eight to nine fields
for each cell line with >100 cells/field. The initial rate of NAD(P)H production is plotted for the first 3 min of glucose and glucose + KCN application. E, cytosolic
pyruvate kinase M2 activity was measured with a FRET reporter (PKAR). Representative images of cells transfected with the FRET PKAR are presented for three
cell lines. The higher the FRET reading, the more likely PKM2 is in the highly active tetrameric state. Cytosolic PKM2 activity was quantified based on the FRET
efficiency (R535/470) of PKAR. Values are the mean = S.E. Statistical differences within groups were confirmed by ANOVA, and pairwise differences were
assessed via Tukey's (Band E) or Sidak’s (Cand D) multiple comparison tests. *, p < 0.05; **,p < 0.01; ***, p < 0.001; ****, p < 0.0001; NS, not significant. Reported
pairwise differences are compared with MCF10A, except in D, where differences between glucose and glucose + KCN are reported.

vate, lactate, and acetyl-CoA via downstream metabolic reac- between the M2 fraction of acetyl-CoA under the M* and M**
tions (Fig. 24). conditions was statistically significant in MCF10A, MCF7, and

Under the in M* condition, all four cell lines exhibited asmall MDA231 cells. In contrast, there was no statistical difference
proportion of '*C enrichment in FBP and little to no '>C enrich- ~ between the M2 fractions in SUM 149 cells. These data indicate
ment in either lactate or pyruvate. Under the M** condition, all  that the majority of M2 acetyl-CoA was derived from glutamine
four cell lines exhibited non-negligible levels of '*C enrichment ~ in SUM149 cells (Fig. 2, E and F). Moreover, the total pool sizes
in FBP, lactate, and pyruvate (Fig. 2, B-D). The difference of FBP, pyruvate, and lactate were higher in SUM149 compared
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FIGURE 2. Glucose is not a predominant of source of acetyl-CoA in SUM149 cells. Cells were cultured for 5 h in medium containing 2.5 mm

[U-"3C]glutamine and 10 mm unlabeled glucose (M*) or 2.5 mm [U-

3Clglutamine and 10 mm [1,2-'3C] glucose (M**). A, glucose-derived MO acetyl-CoA

(ACOA) is possible under either the M* or M** conditions. Under the M** condition, glucose-derived M2 ACOA can be formed when M2 DHAP isomerizes
to M2 GAP. Dashed arrows leading from DHAP indicate potential DHAP flux toward triglyceride synthesis. Red circles indicate *C, and blue circles indicate
12C. B-E, the mass isotopomer distributions of FBP (B), pyruvate (C), lactate (D), and ACOA (E) after M* and M** labeling are presented along with total
metabolite pool sizes. For total pool data, the four M* and four M** replicate peak intensities were averaged prior to normalization by total protein.
Differences in total pool sizes were assessed by one-way ANOVA and Sidak’s multiple comparison tests versus MCF10A. F, M2 ACOA fractional abun-
dances are compared for each cell line. Values are mean = S.E. (n = 4, except total pool data, which are n = 8). Pairwise differences between M* and M**
conditionsin M2 ACOA were assessed by a two-tailed Student’s t test and the Holm-Sidak method for multiple comparison correction. *, p < 0.05; **,p <

0.01; ***, p < 0.001; **** p < 0.0001; NS, not significant.

with the other cell lines, providing further evidence that
SUM149 cells are highly glycolytic relative to the other two
breast cancer cell lines studied.

Given the high rate of glycolysis, low mitochondrial respira-
tory capacity, and large glutamine to acetyl-CoA flux of
SUM149 cells, we wondered whether there was a defect in
mitochondrial pyruvate transport. We therefore performed a
separate labeling experiment where cells were exposed to
medium containing 10 mm [2,3-">C]pyruvate with unlabeled
glucose and glutamine. After 1 h, M2 lactate and M2 acetyl-
CoA represented 74.3% * 2.4% and 40.0% * 3.4% of the total
lactate and acetyl-CoA pools, respectively, in SUM149 cells
(Fig. 3, A and B), providing evidence that mitochondrial acetyl-
CoA production from pyruvate is functional in SUM149 cells.
However, the SUM149 citrate pool was completely unlabeled
and very small (Fig. 3C) compared with the other cell lines dur-
ing this time period. These data indicate that, despite lack of
evidence of impaired mitochondrial pyruvate transport in
SUM149 cells, pyruvate is not a primary source of citrate pro-
duction in these cells.
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SUM149 Cells Reductively Carboxylate Glutamine-derived
a-Ketoglutarate—M4 and M6 citrate are expected to form from
the condensation of M4 oxaloacetate (OAA) with MO or M2
acetyl-CoA, respectively, in the presence of [U-'>C]glutamine
(Fig. 4A). M5 citrate can form from the reductive carboxylation
of M5 AKG with unlabeled CO, (35, 36). In SUM149 cells, M5
citrate represented 22.6% and 23.3% of the total citrate pool
under the M* and M** labeling conditions, respectively.
MCF10A produced the next highest M5 citrate abundance
(4.2% under the M** condition) after SUM149 (Fig. 4, B and C).

Another possible source of M5 citrate in the presence of
[U-"3C]glutamine may be mitochondrial condensation of M2
acetyl-CoA and M3 OAA. In this scenario, M3 pyruvate would
form from the decarboxylation of M4 malate by malic enzyme.
M3 pyruvate would then produce M2 acetyl-CoA and M3 OAA
via reactions catalyzed by pyruvate dehydrogenase and pyru-
vate carboxylase, respectively (35). M3 pyruvate was not
observed in SUM149 cells under either the M* or M** growth
conditions (Fig. 2C), however, providing strong evidence that
SUM149 cells reductively carboxylate glutamine-derived AKG.
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Citrate exported from the mitochondria can be cleaved into
acetyl-CoA and OAA via cytosolic ATP citrate lyase. Cytosolic
acetyl-CoA can then be used to fuel fatty acid synthesis. In
SUM149 cells, M5 citrate (Fig. 4C), M3 aspartate (Fig. 4D), and
M3 malate (Fig. 4E) were very high relative to the other cell lines
under both labeling conditions. The cleavage of glutamine-
derived M5 citrate by ATP citrate lyase will produce cytoso-
lic M2 acetyl-CoA and M3 OAA (36). M3 OAA can then be
converted to M3 aspartate or M3 malate. In SUM149 cells,
the high proportion of M3 malate and M3 aspartate corre-
lated with the high proportion of M5 citrate observed.
Together, these data strongly suggest that SUM149 cells rely
on reductive carboxylation of glutamine-derived AKG to
produce cytosolic acetyl-CoA.

At the molecular level, the lack of >C enrichment observed
in citrate in the presence of [2,3-'*C]pyruvate (Fig. 3C) or [1,2-
3Clglucose (Fig. 4B) in SUM149 cannot be explained by
reduced levels of the mitochondrial enzymes citrate synthase
or pyruvate carboxylase. Measured levels of pyruvate carbox-
ylase (which catalyzes the carboxylation of pyruvate to form
OAA) were similar across MDA231, MCF7, and SUM149
cells (Fig. 4F). Although levels of citrate synthase (which

13720 JOURNAL OF BIOLOGICAL CHEMISTRY

catalyzes the condensation of acetyl-coA and OAA to form
citrate) did appear to be reduced in SUM149 cells compared
with MCF10A cells, they were comparable with levels in
MDAZ231 cells, which demonstrated robust flux into the
TCA cycle (Figs. 3C and 4B). Thus, citrate synthase levels
alone cannot explain the altered TCA cycle phenotype
observed in the SUM149 cell line.

The extent of labeling in glutamine (Fig. 4G), which rep-
resented ~95% of the total pool, was uniform across the four
cell lines under both the M* and M** labeling conditions.
However, differences in the mass isotopomer distributions
(MIDs) of glutamate (Fig. 4H), AKG (Fig. 41), and 2-hydroxy-
glutarate (Fig. 4/) produced under the M* and M** condi-
tions were observed in MCF10A, MCF7, and MDA231 cells.
In contrast, very little difference in the MIDs of these metab-
olites was observed in SUM149 cells when the two labeling
conditions were compared. Thus, the addition of labeled glu-
cose had very little impact on the '*C enrichment of gluta-
mate, AKG, 2-hydroxyglutarate, and citrate in SUM149 cells,
which strongly suggests that glutamine is the primary carbon
source used in the production of AKG and citrate in these
cells.
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Additionally, SUM149 cells were grown for 72 h in unlabeled
DMEM with 8 mm glucose and 2 mm glutamine. Immediately
following a PBS wash, cells were changed into fresh DMEM con-
taining either 10 mm [U-"*C]glucose and 2.5 mm unlabeled gluta-
mine or 10 mum unlabeled glucose and 2.5 mm [U-"*C]glutamine.
Cells were harvested after 1, 3, or 6 h. SUM149 cells exposed to
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[U-">C]glucose exhibited elevated labeling in glycolytic metabo-
lites (Fig. 5, A and B) and little to no labeling in TCA cycle metab-
olites (Fig. 5, C—F). Conversely, TCA cycle metabolites were highly
labeled in cells exposed to [U-"?C]glutamine (Fig. 5, C-F), provid-
ing further evidence that glutamine is the primary carbon source
for TCA cycle metabolism in SUM149 cells.
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FIGURE 5. Glucose is not a significant contributor to TCA cycle flux in SUM149 cells. Cells were cultured in medium containing either 10 mm [U-"3Clglucose
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malate (D), AKG (E), and glutamate (F) are presented.

Disruption of HIF-1a Increases Oxygen Consumption in
SUM 149 Cells—Molecular evidence suggests that IBC cells are
highly adapted to hypoxia at the molecular level partly because
of VEGF overexpression and elevated hypoxia-inducible factor
la (HIF-1a) levels (3). Under hypoxic conditions, levels of
HIF-1a protein increase rapidly, triggering the up-regulation of
a variety of hypoxia-associated genes, including several glyco-
lytic enzymes (37). Knockdown of HIF-1a in SUM149 cells was
recently shown to significantly decrease tumor size in mice,
demonstrating a potential role for HIF-1a in SUM149 cell pro-
liferation (38). We therefore hypothesized that the metabolic
phenotype observed in SUM149 under normal culture condi-
tions may be regulated by HIF-1« stabilization. In contrast to
the three cancer cell lines, the non-tumorigenic MCF10A cell
line did not exhibit detectable levels of HIF-1« upon treatment
with CoCl,, which was used to prevent the proteolytic degrada-
tion of HIF-1a (37) (Fig. 6A). Because RhoC is a critical deter-
minant of metastatic potential in breast cancer and is overex-
pressed in virtually all IBCs (11), we also hypothesized that
RhoC regulates the metabolic phenotype observed in SUM149
cells. Thus, stable shRNA cell lines with depletion of HIF-1«
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(Fig. 6B) or RhoC (Fig. 6C) were produced to test these
hypotheses.

HIF-1a depletion resulted in higher basal and maximal OCR
values compared with the WT cell line (Fig. 6D). In contrast,
depletion of RhoC did not alter basal OCR values compared
with the WT. However, the SUM149 shRhoC cell line failed to
respond to carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone treatment, an uncoupler of mitochondrial respiration, in
any of five independent experiments or in a separate experi-
ment with carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone titration concentrations that ranged from 300 to 2.9 mm
(data not shown). As a consequence, the calculated mitochon-
drial reserve capacity, which is the difference between basal and
maximal OCR, was negative for SUM149 shRhoC cells (Fig. 6E).

RhoC Modulates Carbon Flux in SUMI149 Cells—To probe
the effects of depletion of HIF-1a or RhoC proteins on meta-
bolic flux, we repeated the 5 h M** isotope labeling experiment
with the stable shRNA cell lines. SUM149 shRhoC cells exhib-
ited altered **C enrichment compared with SUM149 WT in
virtually every metabolite measured by LC-MS. In the case of
citrate, the M5 isotopomer was significantly reduced in shRhoC
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cells (Fig. 7A), indicating that RhoC depletion modulated the
reductive carboxylation of AKG. Moreover, SUM149 shRhoC
cells contained approximately twice as much MO glutamate as
the SUM149 WT (Fig. 7B). Similar labeling alterations were
observed in other metabolites, including malate (Fig. 7C) and
FBP (Fig. 7D), indicating that RhoC depletion not only altered
TCA cycle flux but also glycolytic flux. In contrast, shHIF-1«
cells exhibited only small labeling deviations compared with
SUM149 WT, suggesting that HIF-1«a depletion had little effect
on carbon flux.

RhoC Modulates Glutamine Uptake in SUM149 Cells—The
extracellular flux of glucose, lactate, and glutamine in SUM149
WT, shScr, shHIF-1a, and shRhoC cells was measured as
described previously. No statistical differences in glucose
uptake or lactate production were observed in the shRNA cell
lines compared with the WT. Like SUM149 WT cells (Fig. 1B),
shScr, shHIF-1«, and shRhoC cells produced lactate at approx-
imately twice the rate as they consumed glucose (Fig. 8A).
There was, however, a marked decrease in glutamine uptake in
shRhoC cells (Fig. 88). Although the difference between WT
and shRhoC glutamine uptake after 5 h was not significant at
a = 0.05 (p = 0.098), the difference between shScr and shRhoC
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was significant (p = 0.042). After 72 h, however, the glutamine
uptake in the shRhoC cell line was significantly different from
WT, shScr, and shHIF-1a« cell lines (data not shown). In a sep-
arate experiment, where extracellular glutamine was measured
at 24, 48, and 72 h (Fig. 8C), glutamine uptake was significantly
reduced in the shRhoC cells compared with the WT at all three
time points, indicating strong modulation of glutamine uptake
in these cells after RhoC depletion. The large increase observed
in the MO glutamate pool in SUM149 shRhoC compared with
WT cells (Fig. 7B) is likely a direct result of decreased uptake of
labeled glutamine.

To test for glutamine-dependent growth in SUM149 cells, we
grew cells for 5 days with glucose and glutamine, with glucose
alone, or with glutamine alone (Fig. 8D). We found that
SUM149 WT cells required glucose and glutamine for growth,
indicating that glutamine is necessary but not sufficient for pro-
liferation in these cells. Depletion of RhoC did not alter this
requirement, suggesting that the RhoC-depleted cells remain
very reliant on glutamine despite a reduction in uptake flux.

We next probed the effect of RhoC knockdown on enzymes
involved in the reversible conversion of glutamine to glutamate
(Fig. 8E). RhoC knockdown resulted in a marked increase in
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tests versus SUM149 WT (*** p < 0.001; **** p < 0.0001), shScr (####, p < 0.0001), and shHIF-1« (++++, p < 0.0001).

glutamine synthetase (GS) levels, but it did not have an effect on RhoC Regulates N-Acetylaspartate Production in SUMI149
glutaminase (GLS1, Fig. 8F). There was also no effect on gluta-  Cells—Using an untargeted metabolomics screen performed as
minase 2 (GLS2) levels because this enzyme was not detected in ~ described previously (40), NAA levels were found to be very
any SUM149 cells lines (data not shown). high in SUM149 cells compared with MCF10A and MDA231

13724 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB

VOLUME 291+NUMBER 26+JUNE 24, 2016



RhoC Regulates Glutamine and N-Acetylaspartate Metabolism

5h 72h Glutamine consumption Glutamine consumption
2.5+ 10 101 kK
L *
€ 2.0 : =8 g|  Exx
5 © = WT
? 1.54 S 2 6 shRhoC
> 2 3
S 1.0 = E 4
o g =
2 =
8 0.5 24
Q
©
~ 0.0 0
24h 48h 72h
SUM149
D 15+ 151
(+) glucose (-) glutamine (-) glucose (+) glutamine
i = < - WT
104 104
3 E H -m- shRhoC pGIPZ
) ) ) -+ shRhoC pSM2c
o ke o
] 7l =7 —t:/’é
5
GLS ‘
glutamate _,‘_ glutamine —

SUM149

FIGURE 8. RhoC modulates glutamine uptake in SUM149 cells. A, the lactate conversion ratio was calculated by dividing the lactate production by glucose
consumption after 5 h (n = 4) and 72 h (n = 3). The extracellular glutamine consumption rate was measured after 5 h (n = 4, B) and after 24,48,and 72 h (n =
3, ). Values are mean = S.E. D, SUM149 and shRhoC cell lines were grown for 5 days in medium containing 20 mm glucose (center panel), 4 mm glutamine (right
panel), or both (left panel). Cell proliferation was measured at 1, 3, and 5 days. Data are the average of three independent experiments. E, enzymes involved in
the reversible conversion of glutamine to glutamate. F, representative Western blots of GLS1 and GS in the SUM149 WT and shRNA cell lines. Statistical
differences within groups were confirmed by ANOVA and Tukey’s multiple comparison tests (A and B) or Sidak’s multiple comparison tests (C) versus SUM149

WT (¥, p < 0.05; ***, p < 0.001) and shScr (#, p < 0.05).

cells. Although NAA has long been considered a brain-specific
metabolite (18), it was recently linked to ovarian cancer (19—
21). NAA was subsequently quantitated via targeted LC-MS,
which confirmed that NAA levels are very high in SUM149 WT
relative to MCF10A, MCF7, and MDAZ231 cells. Like SUM149
WT cells, SUM149 shScr and shHIF-1a cells produced very
high levels of NAA relative to MCF10A. In contrast, SUM149
shRhoC cells produced low levels of NAA that were not statis-
tically different from MCF10A (Fig. 94).

NAA is synthesized from aspartate and acetyl-CoA in a con-
densation reaction catalyzed by aspartate-N-acetyltransferase
(Asp-NAT). NAA can also form via hydrolysis of N-acetyl-as-
partylglutamate (NAAG) (Fig. 9B). The expression of genes that
encode for enzymes involved in NAA metabolism was mea-
sured via the RT-qPCR in SUM149 WT, shScr, and shRhoC cell
lines. ASPA, the gene that encodes aspartoacylase, which cata-
lyzes cleavage of NAA, was not detected in any of the SUM149
cell lines. RIMKLA and RIMKLB encode enzymes that catalyze
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the formation of NAAG from NAA and glutamate. RIMKLB
expression did not change significantly upon depletion of
RhoC, whereas RIMKLA expression was often below the detec-
tion limit of the assay.

A significant decrease in NAT8L expression (the gene that
encodes Asp-NAT), however, was observed in shRhoC cells
(Fig. 9C). Moreover, the levels of acetyl-CoA and aspartate
remained relatively fixed in all four SUM149-derived cell lines
(Fig. 9, D and E). These data indicate that the decreased NAA
levels observed in RhoC-depleted cells may be a result of
reduced Asp-NAT levels rather than a consequence of depleted
precursor substrates.

Inall cell lines, including MCF10A, MCF7, and MDA231, the
NAA pool was mostly unlabeled (Fig. 9F). A large unlabeled
metabolite pool may arise when the initial pool size at the start
of the experiment is very large. A large unlabeled NAA pool was
observed in all cell lines, even in those with very small NAA pool
sizes (Fig. 9A).
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[U-*C] glucose

Among the SUM149-derived cell lines, NAA was less labeled
in shRhoC cells (Fig. 9F). After 5 h, the percentage of labeled
NAA in shRhoC cells was 12.9% * 1.3% compared with 18.2% =
0.4%,21.5% *+ 0.4%, and 23.5% * 0.4%, respectively, in SUM149
WT, shScr, and shHIF-1« cells. Additionally, NAA synthesis in
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SUM149 cells is predominantly derived from glutamine
because incubation in [1,2-'*C]glucose medium failed to signif-
icantly label NAA in WT, shScr, or shRhoC cells (Fig. 9G). The
decreased NAA labeling observed in shRhoC cells may be
attributed in part to the decrease in aspartate labeling (i.e. an
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increased MO mass isotopomer) in shRhoC cells (Fig. 9E). The
closely related metabolite NAAG was substantially less labeled
than NAA (Fig. 9H) and was present at much lower levels than
NAA in all cell lines (Fig. 94).

Importantly, we observed that the NAA pool in SUM149 WT
cells was depleted after 72 h, concurrent with glucose and glu-
tamine reduction in the growth medium (Fig. 91). These data
suggest that when extracellular nutrients are depleted, these
cells may break down NAA to facilitate continued survival.
NAA-depleted SUM149 WT cells were next incubated in fresh
medium containing either [U-'>C]glucose or [U-">C]glutamine
for 1, 3, or 6 h (Fig. 9/). Under these conditions, NAA synthesis
was again observed to be primarily glutamine-derived in
SUM149 WT cells.

Discussion

The molecular characteristics of IBC cells are highly sugges-
tive of a phenotype constitutively adapted to hypoxia. IBC-de-
rived SUM149 cells are resistant to protein synthesis inhibition
under hypoxia, IBC tumor emboli have higher intratumoral
microvessel density than other tumors, and IBC cells overex-
press VEGF and IL-8 growth factors that strongly promote
angiogenesis (3, 41). These and other molecular adaptations
may be the primary mechanism by which IBC emboli invade the
poorly oxygenated lymphatic system and promote neolymp-
hangiogenesis under hypoxia (3, 42). Using SUM149 cells, the
primary in vitro model for the study of IBC, we have provided
the first in-depth investigation into the underlying metabolic
alterations associated with these adaptations.

We found that, under normal culture conditions (~20% O.,),
SUM149 cells convert nearly all consumed glucose to lactate,
exhibit very low mitochondrial respiratory capacity, and per-
form reductive carboxylation of glutamine-derived a-ketogl-
utarate to form citrate. Citrate is used to maintain anaplerotic
reactions in the TCA cycle as well as to fuel fatty acid synthesis
upon cleavage by ATP citrate lyase. Under sufficient oxygen,
normal cells generate citrate from glucose-derived acetyl-CoA
following condensation with OAA. However, our data indicate
that glucose-derived acetyl-CoA is not a significant source of
citrate in SUM149 cells (Figs. 2, 3, and 5).

Under hypoxic conditions, glutamine can become a primary
source of citrate via reductive metabolism in cancer cells (36),
and several studies have demonstrated the importance of
glutamine-dependent reductive carboxylation of AKG in
aggressive cancers (36, 43—45). In this type of metabolism, the
conversion of glutamine-derived AKG to isocitrate and CO, is
catalyzed by isocitrate dehydrogenase (IDH) running in the
“reverse” direction to form isocitrate that isomerizes to citrate,
which is then used for fatty acid synthesis. A variety of muta-
tions in isoforms of IDH have been identified in cancer cells (36,
43, 44), underscoring the importance of this reaction to cancer
metabolism. We found no mutations in the IDHI, IDH?2, or
IDH3a genes sequenced from ¢cDNA templates purified from
the cell lines studied in this work, however. Thus, SUM149 cells
reductively carboxylate AKG under normal culture conditions
(~20% O,) in the presence of wild-type IDH.

Because SUM149 cells exhibit elevated levels of HIF-1« (Fig.
6A4) (38), we initially hypothesized that HIF-1« stabilization was
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a driver of the observed metabolic phenotype. However,
although a moderate increase in basal and maximal oxygen
consumption rates in HIF-la-depleted SUM149 cells was
observed (Fig. 6D), HIF-1a depletion had very little effect on
carbon flux and no observable effect on reductive carboxylation
of AKG to citrate (Fig. 7, A-D). Our data instead strongly point
to RhoC as a potent regulator of carbon metabolism and gluta-
mine uptake in SUM149 cells. Given the decrease in glutamine
uptake (Fig. 8, Band C) and increase in MO glutamate observed
after RhoC depletion (Fig. 7B), it is possible that RhoC directly
or indirectly regulates glutamine transport. Activation of Rho
GTPases by addition of the Rho-family GEF Dbl was recently
shown to regulate the activity of GLS (10), however. Thus,
another potential mechanism for RhoC’s modulation of gluta-
mine flux is via direct regulation of glutaminase. We did not
observe a modulation in GLS protein levels when RhoC was
depleted, however. In contrast, an appreciable increase in GS
(the enzyme that operates in the reverse direction) was appar-
ent (Fig. 8F) after RhoC depletion, suggesting RhoC may regu-
late GS rather than GLS in SUM149 cells.

This work also revealed for the first time that RhoC plays an
integral role in the regulation of NAA metabolism in SUM149
cells. NAA, which is the second most abundant free amino acid
in mammalian nervous systems, produces very high signals in
MRI in vivo (18). Abnormalities in the MRI peak of NAA are
associated with a number of neuronal disorders (46) and glio-
mas (47). Although generally considered brain-specific, NAA
was found in an ovarian mucinous cystadenoma sample (19)
and in the cystic fluid of serous ovarian tumors (21). Moreover,
in a large-scale metabolomics analysis of 100 ovarian tumor
biopsy samples, NAA and NAAG levels were found to increase
with ovarian cancer aggressiveness (20). Recent work has fur-
ther implicated elevated NAA and NATS8L levels as markers of
decreased survival in ovarian cancer (48).

In our study, ~20% of the total NAA pool was labeled in
SUM149 WT cells, and almost no label was detected in NAAG
after 5 h of growth in [U-**C]glutamine and [1,2-**C]glucose
(Fig. 9, Fand H). The most likely explanation for the large unla-
beled pools of NAA and NAAG is a high proportion of NAA
stored in microsomes or other subcellular compartments (49)
that do not directly participate in the carbon-based metabolism
probed over the course of the 5-h labeling experiment. Never-
theless, the very large NAA pool in SUM149 cells suggests that
NAA plays an active metabolic role in these cells. The large
reductive carboxylation flux in these cells may generate an
excess of acetyl-CoA and acetate that is stored as NAA until
needed for fatty acid synthesis. Indeed, when we grew SUM149
cells for 72 h, we found that the NAA pool was depleted along
with glucose and glutamine levels (Fig. 91). Although NAA has
been proposed as a potential marker for neuronal loss and mito-
chondrial dysfunction (50), its precise function is still debated.
Nonetheless, there is evidence that NAA is used as an acetyl
donor to myelin lipid synthesis in neuronal tissue (18, 49). Our
data, combined with other recent work, point toward NAA
functioning as an oncometabolite (20, 48, 51) that may promote
tumor progression by providing a potential reservoir to accom-
modate varying nutritional needs during the diverse steps of the
metastatic process.
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The plasticity of SUM149 cells renders them highly adaptive
to new environments. NAA storage may help promote survival
when resources are scarce. In contrast, the RhoC-depleted
SUM149 cell line, with its lower glutamine uptake and
decreased reductive carboxylation flux, would be expected to
have far less free acetate available for fatty acid synthesis and
thus would lack elevated levels of NAA. If the model of NAA as
a storage metabolite for acetate is correct, then RhoC-depleted
SUM149 cells likely funnel their glutamine-derived acetyl-CoA
directly to fatty acid synthesis rather than to storage as NAA.

IBC is an extremely lethal cancer that rapidly metastasizes.
The 5-year survival rate after diagnosis with metastatic breast
cancer is only 24% compared with more than 80% for other
stages of breast cancer (39). Continued research into the
increasingly complex role RhoC plays in driving the molecular
and metabolic adaptations that promote metastasis as well as
the functional role of NAA in tumor cells has the potential to
yield novel clinical interventions for highly lethal malignancies
such as IBC.
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