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Comparative Metabolic Flux Profiling of Melanoma Cell Lines
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Metabolic rewiring is an established hallmark of cancer, but
the details of this rewiring at a systems level are not well charac-
terized. Here we acquire this insight in a melanoma cell line
panel by tracking metabolic flux using isotopically labeled nutri-
ents. Metabolic profiling and flux balance analysis were used to
compare normal melanocytes to melanoma cell lines in both
normoxic and hypoxic conditions. All melanoma cells exhibited
the Warburg phenomenon; they used more glucose and pro-
duced more lactate than melanocytes. Other changes were
observed in melanoma cells that are not described by the War-
burg phenomenon. Hypoxic conditions increased fermentation
of glucose to lactate in both melanocytes and melanoma cells
(the Pasteur effect). However, metabolism was not strictly gly-
colytic, as the tricarboxylic acid (TCA) cycle was functional in all
melanoma lines, even under hypoxia. Furthermore, glutamine
was also a key nutrient providing a substantial anaplerotic con-
tribution to the TCA cycle. In the WM35 melanoma line gluta-
mine was metabolized in the “reverse” (reductive) direction in
the TCA cycle, particularly under hypoxia. This reverse flux
allowed the melanoma cells to synthesize fatty acids from gluta-
mine while glucose was primarily converted to lactate. Alto-
gether, this study, which is the first comprehensive comparative
analysis of metabolism in melanoma cells, provides a foundation
for targeting metabolism for therapeutic benefit in melanoma.

Metabolism in cancer cells differs from that of normal non-
proliferative cells. Perhaps the most common variation from
the norm in cancer metabolism is “aerobic glycolysis” or the
Warburg effect. Under the Warburg effect, metabolism of glu-
cose is largely fermentative rather than respiratory, with
increased production of lactate, in normal atmospheric oxygen
conditions (1). This is also associated with increased uptake of
glucose, a common characteristic of cancers detectable in
tumors in patients via '®F-deoxyglucose-PET (2). However, the
extent to which the Warburg effect represents a rebalancing of
metabolism (increasing fermentation while decreasing respira-
tion) versus an amplification of metabolism (increasing fermen-
tation while maintaining, or even increasing, respiration) is the
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subject of debate (3, 4). The Warburg effect contrasts with the
Pasteur effect, in that the latter describes the switch from fer-
mentation to respiration when oxygen is plentiful, and its rever-
sal when oxygen is limiting (5), while the Warburg effect
describes fermentative activity of cancer cells irrespective of
oxygen. In the progression of tumors, cancer cells are subject to
a range of oxygen concentrations, and low oxygen induces
hypoxia-inducible factor (HIF),> which leads to a metabolic re-
wiring of cancer cells, resulting in a more glycolytic metabolism
(6). Therefore, cancer cells may potentially demonstrate both
Warburg and Pasteur effects. Furthermore, beyond glycolysis,
altered oncogene expression has strong effects on other
branches of central carbon metabolism. For instance, c-Myc
expression leads to increased glutamine catabolism providing
an alternative input of nutrients into the tricarboxylic acid
(TCA) cycle (anaplerosis) (7).

Melanoma is a severe disease if not detected early, but
allowed to progress to the deadly metastatic stage (8). Mela-
noma metabolism likely has specific features, apart from those
of general cancer metabolism, controlled by its environment
and specific signaling mutations. In terms of environment, the
normal cells that give rise to melanoma, melanocytes, are
located in a naturally mildly hypoxic environment (10% or less
0O,) (9), which may pre-adapt melanoma to hypoxia. In signal
transduction pathways, melanomas typically are mutated in
BRAF or NRAS (10). Both of these mutations may affect metab-
olism via HIF or other mechanisms (9). In contrast to numerous
studies of melanoma-associated signaling cascades, relatively
little effort has been invested so far in the analysis of melanoma
metabolism. Currently, there is only one agent in clinical trials
for melanoma which targets central carbon metabolism (11,
12). Better understanding of metabolic changes associated with
melanoma incidence and progression is expected to assist in
pursuing novel diagnostic and therapeutic targets.

In a growing number of studies, the central carbon metabo-
lism of tumors is being explored as an interconnected system
(13, 14). Stable isotope (**C) tracking of central metabolic path-
ways provides a dynamic picture of metabolism, which comple-
ments metabolite pool size data that are typically assessed by
conventional targeted metabolomics. In previous studies we
used a comparative approach based on '*C-labeling to reveal
up-regulation of proline and fatty acid biosynthesis in meta-
static breast cancer (15, 16). Here we extended this methodol-
ogy to perform comparative profiling of metabolic fluxes in a

2 The abbreviations used are: HIF, hypoxia-inducible factor; TCA, tricarboxylic
acid; H3A, Hermes 3A; GC-MS, gas chromatography-mass spectrometry.
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panel of melanoma cell lines and melanocytes grown under
normoxic and hypoxic conditions. This analysis revealed a
number of common and distinctive features of melanoma cell
lines. Interesting differences were observed in the metabolic
response to hypoxia between melanocytes and the analyzed
melanoma lines. The melanoma cells showed the Warburg
effect, and an additional Pasteur effect with hypoxia, yet not all
glucose was consumed in glycolysis. Glutamine provided a
strong anaplerotic input to the TCA cycle and specifically con-
tributed to fatty acid synthesis in hypoxia via reductive flux
from a-ketoglutarate to citrate.

EXPERIMENTAL PROCEDURES

Cell Culture, Labeling, and Sample Collection—The follow-
ing melanoma cell lines were used: WM35, Mel501, UACC903,
WM793, Lul205, and MeWo (17-20). These cell lines were
cultured in RPMI with 10% fetal bovine serum. Immortalized
human melanocyte Hermes 3A (H3A) (21) and primary human
melanocytes (NEM-LP; Invitrogen) were cultured in media as
described (22). Melanoma cell lines and primary melanocytes
were cultured in 5% CO,/air and H3A melanocytes in 10%
CO,/air (both at 37 °C). Labeling was started with cell cultures
at ~40% confluency. At that point (¢) = 0 h, the medium was
replaced with MEM (Cellgro 15— 010: 1 g/liter glucose, no glu-
tamine) supplemented with 1 g/liter [U-'>C,]glucose (Sigma-
Aldrich), 10% (v/v) fetal bovine serum, 1 mMm L-glutamine, 1%
(v/v) antibiotic/antimycotic solution (Omega), and 1% v/v
MEM vitamins (Irvine Scientific). The final glucose concentra-
tion, factoring in dilution by serum, was 1.9 g/liter with 47%
[U-'3*C]glucose (confirmed by GC-MS analysis of medium
samples). Alternately, in some experiments, the same labeling
medium was used except that in MEM, 50% [U-'2C;]glutamine
(Sigma-Aldrich) replaced 50% [U-"?Clglucose. All cell lines
were passaged less than 10 times between thawing and the com-
pletion of [U-'?C]glucose labeling. During the labeling period,
cells were maintained in 5% CO,/air (“normoxia”) or 1% oxy-
gen/5% CO,/94% nitrogen (“hypoxia”).

A sample of the labeling media was taken at £ = 0 and stored
as a reference for analysis. Additional samples of the labeling
media were collected at 24 h. Following the 24-h labeling period
cells were rinsed with phosphate-buffered saline, detached with
trypsin and subjected to centrifugation at 500 X gfor 5 min. Cell
pellets were stored at —80 °C for subsequent analysis.

GC-MS—Cell pellets (1-5 X 10° cells) were resuspended in
0.6 ml of cold (—20 °C) 50% methanol (in water) containing 100
uM 2-amino-butyrate or 100 uM L-norvaline (internal stand-
ard), left to freeze on dry ice for 30 min, then thawed on ice for
10 min before centrifugation. The liquid phase was removed to
a separate tube, and 0.3 ml of chloroform with 4 ug/ml C17:0
fatty acid internal standard was added to the pellet. The tube
was vortexed (15 s X5), before centrifugation for 5 min at
14,000 rpm/4 °C. This chloroform extract was re-combined
with the initial methanol/water extract, vortexed, and centri-
fuged as above. The top (methanol extract) layer and lower
(chloroform) were divided into 2—3 separate lots, dried by cen-
trifugal evaporation and stored at —80 before analysis. Samples
of culture medium (0.1 ml) were processed similarly, except
that 0.5 ml of methanol-water mixture was added initially.
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Dried methanol extracts were derivatized first by addition of
50 wl 20 mg/ml methoxyamine-hydrochloride (Sigma, in dry
pyridine) and incubation for 20 min at 80 °C. After cooling, 50
ul N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(Sigma) was added and samples were re-incubated for 60 min at
80 °C before centrifugation for 5 min at 14,000 rpm/4 °C. The
supernatant was transferred to an autosampler vial for gas
chromatography-mass spectrometry (GC-MS) analysis. A Shi-
madzu QP2010 Plus GC-MS was programmed with an injec-
tion temperature of 250 °C, injection split ratio 1/10, with (typ-
ically) injection volume 0.5 ul. GC oven temperature started at
130 °C for 4 min, rising to 230 °C at 4 °C/min and to 280 °C at
20 °C/min with a final hold at this temperature for 2 min. GC
flow rate with helium carrier gas was 50 cm/s. The GC column
used was a 15 m X 0.25 mm X 0.25 um SHRXI-5ms (Shi-
madzu). GC-MS interface temperature was 300 °C and (elec-
tron impact) ion source temperature was 200 °C, with 70 V/150
A ionization voltage/current. The mass spectrometer was set
to scan m/z range 50—600, with ~1 kV detector sensitivity
(modified as necessary). For analysis of pyruvate, the derivatiza-
tion procedure was modified by the substitution of ethylhy-
droxylamine for methoxyamine, and the initial GC-MS oven
temperature was 110 °C for 4 min, rising to 230 °C at 6 °C/min
and thereafter as above. Glucose in medium extracts was ana-
lyzed using the aldonitrile derivatization method of Price (23).

To analyze fatty acids as methyl esters, dried chloroform
extracts were resuspended in 200 ul of 0.5 N HCl in methanol,
and heated for 30 min at 60 °C before drying and resuspension
in 100 pl of chloroform and transfer to autosampler vials.
GC-MS conditions were as above, except that typical injection
volume was 2 ul and GC oven temperature was initially 140 °C
for 4 min, rising to 210 °C at 4 °C/min and to 280 °C at 20 °C/
min with a final hold at this temperature for 2 min. The EI
source was tuned with 30 eV/20 uA ionization voltage/current,
and the mass spectrometer was set to scan m/z range 200 — 600,
with ~1.7 kV detector sensitivity (modified as necessary).

GC-MS data for polar metabolites were analyzed to deter-
mine **C-labeling and quantities of metabolites. Metabolites
were quantified on the basis of total ion count peak area or
specific mass ions, using standard curves generated from run-
ning standards in the same batch of samples. To determine
13C-labeling, mass information for known fragments of labeled
amino acids or other carboxylic acids was retrieved. These frag-
ments contained either the whole carbon skeleton of the
metabolite, or lacked the a-carboxyl carbon, or (for some
amino acids) contained only the backbone minus the side-chain
(24). For each fragment, the retrieved data comprised mass
intensities for the lightest isotopomer (without any heavy iso-
topes, M,), and isotopomers with increasing unit mass (up to
M) relative to M,,. These mass distributions were normalized
by dividing by the sum of M, to M, and corrected for the
natural abundance of heavy isotopes of the elements H, N, O, Si,
and C, using matrix-based probabilistic methods as described
(24, 25) implemented in Microsoft Excel (26). '*C-labeling data
are expressed as average percentage '*C-labeling per carbon in
a measured metabolite, or these average '*C-labeling data were
converted to percentage from glucose or glutamine by dividing
by percent labeling of glucose or glutamine.
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Mass data for [U-" Clglucose labeling of malate (which
showed similar mass distribution to aspartate and fumarate and
therefore was reasonably assumed to be in equilibrium with
oxaloacetate), were used to assess the relative inputs to malate
or oxaloacetate from the TCA cycle versus the anaplerotic reac-
tion pyruvate carboxylase. In broad terms, input from anaple-
rosis was apparent as a peak at M; in the labeling of malate,
indicative of incorporation of linked **C 3-carbon units arising
from pyruvate, while input from the TCA cycle appeared as a
peak at M, indicative of input of 2-carbon units originating as
acetyl-CoA. Input from the TCA cycle direction was estimated
based on the mass distribution of glutamate (C2-C5 fragment,
equivalent to the same fragment in a-ketoglutarate), and input
via pyruvate carboxylase was estimated as the combination of
lactate (for pyruvate) labeling plus CO,, assumed to be unla-
beled. Similarly with [U-**C]glutamine labeling, relative inputs
to citrate via citrate synthase or via reverse flux in the TCA cycle
were calculated by fitting the oxaloacetate plus acetyl-CoA
mass distributions (the latter inferred from the labeling of the
C2-C3 fragment of lactate) for input from citrate synthase, and
the glutamate (C1-C5) mass distribution plus unlabeled CO,
for the reverse input. Fitting calculations were done in Matlab.

To estimate relative ATP production from glucose or gluta-
mine, the following calculation was made. First, the relative
proportion of malate formed from either substrate via one for-
ward turn of the TCA cycle was calculated as (for glucose) the
ratio of [M, labeling of malate] to [labeling of input glucose];
(for glutamine) the ratio of [M, labeling of malate] to [labeling
of input glutamine]. As noted above, malate labeling was
assumed to match oxaloacetate labeling and could therefore be
used to calculate flux through the complete TCA cycle. Next, it
was assumed that one full turn of the TCA cycle produced the
equivalent of 10 molecules of ATP (from 3 NADH, plus FADH,,
plus GTP (27)), and that labeled malate was fully oxidized in the
TCA cycle, so the ATP yield from M,-labeled malate from glu-
tamine was twice the yield from M,-labeled malate from glu-
cose. ATP yield in the TCA cycle from glutamine was corrected
proportionately for the measured reverse flux from glutamine
to citrate by assuming the reverse flux consumed 2.5 molecules
of ATP, representing the equivalent of 1 molecule of NADH or
NADPH used in the reverse isocitrate dehydrogenase reaction.
Relative ATP production from glucose or glutamine in the TCA
cycle was then calculated as the ratio of (relative forward flux
from glucose x10) to (relative forward flux from glutamine X20
minus proportionate reverse flux from glutamine X2.5). For
ATP yield from total cellular metabolism, the yield from glu-
cose was adjusted by adding ATP derived from glucose in gly-
colysis en route to acetyl-CoA synthesis and the TCA cycle (2
NADH plus 1 ATP or 6 ATP equivalents per acetyl-CoA unit),
plus ATP from the fraction of glucose that was converted to
lactate or pyruvate (and excreted), and not oxidized in the TCA
cycle (2 ATP per lactate and 4.5 ATP (2 ATP and 1 NADH) per
pyruvate). A range of total ATP yield from glutamine was cal-
culated with glutamine input to the TCA cycle either being
routed 100% through glutamate dehydrogenase and therefore
generating an extra 1 NADH (2.5 ATP) per glutamine, or being
100% routed through alternate pathways (e.g. transaminases)
that produce no additional ATP.
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GC-MS mass distributions for fatty acid methyl esters for
C14:0 (myristate) and C16:0 (palmitate) fatty acids were cor-
rected for isotope natural abundance as above, and the cor-
rected isotope patterns were used to calculate the labeling of
acetyl-CoA as described before (15, 28), based on a binomial
probability distribution of the incorporation of labeled acetyl
units into the fatty acid chain.

To visualize results as heat maps, data were imported into
Gene Cluster 3.0 (29) (as revised by Michiel de Hoon) as tables
with samples along one axis and percent '*C-labeling of mea-
sured metabolites on the other axis. Data were centered, first
along the sample axis by subtraction of values in each row from
the row mean (this compensates for differences in overall label-
ing between samples), and secondly along the metabolite axis
by subtraction of values in each column from the column mean
(this compensates for general differences between labeling of
metabolites and prevents the clustering from being dominated
by highly labeled metabolites such as lactate). Data in both
directions (metabolite and sample) were hierarchically clus-
tered using Pearson’s correlation in Gene Cluster. Results were
visualized using Java TreeView 1.1.4r3 (30).

Quantification of Total Protein—The amount of protein
present in cell samples was determined using the DC Protein
Assay kit (Bio-Rad). The assay was performed generally accord-
ing to the manufacturer’s protocol in microplate format.
Briefly, 2.5 ul of cell lysate was added to 225 ul of reaction
mixture and incubated at room temperature for 30 min. The
reaction was monitored via UV absorbance at 650 nm using a
Bio-Rad 3550-UV microplate reader. Each measurement was
performed in triplicate. The protein concentration was calcu-
lated using a bovine serum albumin standard curve.

Quantification of Glucose and Glutamine Consumption and
Lactate Production—The amount of glucose present in the
media samples was determined using the Glucose Hexokinase
kit (GAGK-20) from Sigma. The assay was performed generally
according to the manufacturer’s protocol but scaled down to
microplate format. Briefly, 2 ul of medium was added to 95 ul of
enzyme mixture and incubated at 37 °C for 30 min. Glutamine
concentration in media samples was determined using a gluta-
mine assay kit (Megazyme), per manufacturer’s instructions
except that 20-ul samples were assayed in 250 ul of final assay
volume, and plates were incubated for 30 min at room temper-
ature after glutamate dehydrogenase addition, before reading
final absorbance at 340 nm.

The amount of lactate present in media samples was deter-
mined by generally following the Sigma Diagnostics Procedure
No. 826-UV. All components were purchased from Sigma. Nic-
otinamide adenine dinucleotide (10 mg) was dissolved in 2 ml
of glycine buffer, 4 ml of water, and 100 ul lactate dehydrogen-
ase (1000 units/ml). A sample of medium (2.5 ul) was added to
145 pl of this enzyme mixture and incubated at room temper-
ature for 30 min. The amount of lactate was calculated from the
observed decrease in absorbance at 340 nm.

RESULTS
Melanoma Cell Lines Exhibit the Warburg and Pasteur

Effects—Glucose uptake and lactate production were compared
in melanoma cells lines and melanocytes. Measurements were
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FIGURE 1. Flux from glucose to lactate in melanoma cells and melano-
cytes. Six melanoma lines and two melanocyte (Melcytes, H3A) lines were
incubated for 24 h in ['*Clglucose medium under normoxic (black bars) or
hypoxic (gray bars) conditions. Samples were analyzed for consumption of
glucose (A), production of lactate (B), and the percentage of consumed glu-
cose converted to lactate plus pyruvate (C). The small fraction of glucose
converted to pyruvate is indicated by the upper open sections of bars in panel
C. Melanocytes are not shown in panel C, because low glucose uptake and
lactate output rates yielded large errors. Error bars show range of results from
repeat assays.

made on conditioned medium after 24 h (Fig. 1, A and B). As
expected, glucose uptake and lactate output were greater in
melanoma cells than melanocytes. In all cases, more than 90%
of secreted lactate was produced from glucose (result not
shown). These observations are consistent with the Warburg
effect. Furthermore, in hypoxia, lactate production was greater
in all cells (Fig. 1B), consistent with the Pasteur effect (increased
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fermentation with reduced oxygen supply), although cell lines
WM793 and Lul205 did not match this with increased glucose
utilization (Fig. 1A4).

Using [**C]glucose labeling, we also determined the fraction
of glucose that was converted to lactate or pyruvate in condi-
tioned media. In melanoma cells, on average 75% of glucose was
converted to lactate or pyruvate in normoxia, and 93% in
hypoxia (Fig. 1C; metabolism to alanine was also calculated but
was relatively insignificant; data including flux to alanine are
shown in supplemental Table S1). This observation implied
that on average in hypoxia in melanoma cells, only 7% of uti-
lized glucose was potentially available for respiration via the
TCA cycle. Nevertheless, this fraction is significant because
oxidation of glucose via the TCA cycle yields ~30 molecules of
ATP (27). In contrast, conversion of glucose to lactate yields
only 2 molecules of ATP. Consequently, the small fraction of
glucose that was not converted to lactate or pyruvate could
potentially produce as much ATP if completely oxidized via the
TCA cycle.

Hypoxia Alters Central Carbon Metabolism in Melanoma
Cells More Than in Melanocytes—To study the effects of
hypoxia on the metabolism of melanoma cells and melanocytes
in more detail, the **C-labeling of metabolites of central metab-
olism in cell extracts from [**C]glucose cultures was analyzed
by GC-MS. Data were normalized to compensate for overall
differences in labeling between samples and between metabo-
lites (see “Experimental Procedures”). Normalized values were
clustered in an unsupervised manner and visualized as a heat
map (Fig. 2). The heat map thus provides a global picture of
relative flux from glucose to each metabolite (raw labeling data
are provided in supplemental Table S2). Not surprisingly, clus-
tering along the x axis resulted in association of biochemically
coupled metabolites. For example, lactate and alanine, which
are both end-products of glycolysis, clustered together. Simi-
larly, serine and glycine, which are linked through serine
hydroxymethyltransferase, were grouped, while a third cluster
included the remaining six metabolites, all components of, or
produced via, the TCA cycle. Beyond the clustering of metab-
olites, the heat map also reveals differences in the flux from
glucose. Lactate and alanine were generally highly labeled in
hypoxia. In contrast, metabolites of the TCA cycle and related
amino acids were labeled to a lower degree in hypoxia. These
findings are consistent with the high flux from glucose to lac-
tate, and reduced relative flux through the TCA cycle in
hypoxic conditions (see Fig. 1).

The most striking observation that is evident from the clus-
tering of cell samples (Fig. 2) is a significant division in samples
collected under normoxic versus hypoxic conditions. This dif-
ference is primarily driven by the opposite trends of relative flux
from glucose to glycolytic and TCA cycle metabolites in
response to hypoxia (as mentioned above). However, these
changes were much less pronounced (if present at all) in mela-
nocytes, where samples clustered together irrespective of oxy-
gen levels (Fig. 2). In melanocytes, flux from glucose into the
TCA cycle was relatively well maintained, while on the glyco-
lytic side of the balance, low synthesis of alanine from glucose
only slightly increased with hypoxia in melanocytes (Fig. 3A).
Indeed, a consistent difference between the melanocytes and
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FIGURE 2. Flux from glucose to intracellular metabolites in normoxia and
hypoxia. Cell samples from 24-h [*Clglucose labeling experiments as in Fig.
1 were analyzed by GC-MS for '*C-labeling of metabolites. Data were aver-
aged from 2 experiments and converted to a heat map as described under
“Experimental Procedures.” Shades of yellow indicate labeling above the
mean, and shades of blue indicate labeling below the mean of adjusted data.
The scale bar indicates variation from mean of adjusted data. Melanocyte line
names are as in Fig. 1. Normoxic samples are indicated as nmx, and hypoxic as
hpx. Source data (percent '*C-labeling) for this figure are given in supplemen-
tal Table S2.

melanoma cell lines was that, in melanocytes, a smaller fraction
of the alanine pool was produced from glucose (~5%) com-
pared with melanoma cells (>10%) (Fig. 3A). Data for extracel-
lular alanine production from glucose similarly showed greater
production by melanoma cells than melanocytes (supplemental
Table S1). Alanine and lactate are both potential end-products
of glycolysis, but no cell-specific difference in percentage of
lactate synthesized from glucose was observed (Fig. 3B), even
though melanocytes were quantitatively producing less lactate
than melanoma cells (Fig. 1). The lower alanine labeling in
melanocytes was not because they were consuming alanine
from the medium, as analysis of spent medium showed that all
cell lines studied were net producers of alanine (result not
shown), but might relate to low glutamine usage, and therefore
a lower requirement to excrete excess nitrogen in the form of
alanine.

The Melanoma TCA Cycle Continues to Function in Hypoxia—
In hypoxic melanoma cells, not all glucose was secreted in the
form of lactate or pyruvate (Fig. 1C), indicating that glucose
could still be channeled into the TCA cycle. In fact, metabolites
of the TCA cycle metabolites were labeled in hypoxia (supple-
mental Table S2). To assess the functionality of the TCA cycle
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FIGURE 3. Proportion of intracellular alanine and lactate derived from
glucose in melanoma cells and melanocytes. '>C-labeling of cell samples
(as in Fig. 2) was measured to determine the fraction of alanine or lactate
derived from glucose. Black bars, normoxia; gray bars, hypoxia. Error bars
show range of results from biological repeats. Melanocyte line names are asin
Fig. 1. A, alanine; B, lactate.

more critically, we analyzed the labeling of malate in normoxic
and hypoxic conditions. Malate is a suitable reporter because it
is synthesized in the TCA cycle, but can also be made indepen-
dently from pyruvate via oxaloacetate by the anaplerotic action
of pyruvate carboxylase. These two biosynthetic routes can be
distinguished in mass spectrometry because malate synthesized
within the TCA cycle contains 2 additional mass units from
glucose, but the pyruvate carboxylase reaction adds 3 mass
units (Fig. 4). Only in a few cases (most notably in melanoma
cell line UACC903 and to some extent in melanocytes) was a
measureable contribution from pyruvate carboxylase input
observed (Fig. 4). This analysis confirmed that the TCA cycle
operated in all cell lines even under hypoxia, and entry into the
cycle via pyruvate carboxylase was minor at most.

Glutamine Contributes a Strong Anaplerotic Flux in WM35
Melanoma Cells—The relatively low labeling of TCA cycle
metabolites by [*C]glucose suggested a substantial contribu-
tion from other nutrients. Glutamine is a known alternate car-
bon source for cancer cells, so we measured glutamine utiliza-
tion by melanoma cells and melanocytes (Fig. 5). Glutamine
uptake from the medium was greater in melanoma cells than in
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by the upper open sections of bars. Cell lines are as in Fig. 1. The inset cartoon
illustrates how the alternate inputs to malate produce '*C;-labeled or '3C,-
labeled malate via pyruvate carboxylase (PC) or via the TCA cycle, respec-
tively. '3C carbons are color-coded violet. Unlabeled carbons are color-coded
white. OAA: oxaloacetate; Ac-CoA: acetyl-coenzyme A.
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FIGURE 5. Glutamine utilization by melanoma cells and melanocytes.

Samples of medium from cell cultures as in Fig. 1 were assayed for consump-

tion of glutamine. H3A melanocytes are not shown as glutamine utilization
was negligible. Figure details are as in Fig. 1.

melanocytes, and particularly so under hypoxic conditions. To
assess the use of glutamine in melanoma, we labeled WM35
cells under normoxia and hypoxia with [**C]glutamine. Flux
from glutamine to each metabolite was quantified, and then
results were combined with flux from glucose (see Fig. 2) to
calculate the proportion of metabolites originating from each
substrate (Fig. 6). Interestingly, there was a clear demarcation
between the contributions of these two nutrients to different
parts of metabolism. Glucose was the primary carbon source
for glycolytic intermediates (black/gray bars in Fig. 6). Gluta-
mine made almost no contribution to these metabolites, indi-
cating the absence of gluconeogenetic flux. However, gluta-
mine was the primary source of carbon for metabolites of the
TCA cycle (red/pink bars in Fig. 6), so it made a major anaple-
rotic contribution. Hypoxia markedly increased the contribu-
tion from glutamine to TCA cycle intermediates. Using labeling
data and with certain assumptions as detailed under “Experi-
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mental Procedures,” we estimated the relative production of
ATP from glucose or glutamine in WM35 cells as 33-36% from
glucose/64-67% from glutamine in normoxia; 6-7% from
glucose/93-94% from glutamine in hypoxia. (Higher values for
glutamine assume oxidation via glutamate dehydrogenase;
lower values, other, non-ATP-generating pathways. ATP from
glutamine calculations include a correction for the “reverse”
TCA cycle flux from glutamine described in the next section.
The fraction of ATP production from glucose that was due to
fermentation to lactate or pyruvate and not full oxidation was
calculated as 12% in normoxia and 49% in hypoxia).

Glutamine Contributes to Fatty Acid Synthesis via Reverse
Flux through the TCA Cycle—Although in mammalian cells the
TCA cycle typically runs in the oxidative direction, several
recent studies reported the existence of the reverse (reductive)
flux between citrate and «-ketoglutarate (31-34). When
[U-'3C]glutamine is used as labeling substrate, reverse flux can
be identified by the presence of M, (+5 mass units) citrate (Fig.
7A). Indeed, we observed a significant M, fraction of citrate in
[**C]glutamine-labeled WM35 cells (Fig. 7B). Citrate mass dis-
tributions in normoxia and hypoxia were fitted to **C-labeled
inputs from the forward (citrate synthase) and reverse (isoci-
trate dehydrogenase/aconitase) directions to determine the
ratio of the inputs. These calculations showed that in normoxia
the reverse flux contributed 12%, and in hypoxia 38%, of the
total citrate synthesized. Because citrate is exported to the cyto-
sol where it is converted to acetyl-CoA (Fig. 7A), it can be a
source for fatty acid synthesis. Therefore, we quantified the
'3C-labeling of acetyl-CoA in fatty acids in these samples
labeled with ['*C]glutamine or ['*C]glucose (Fig. 7C). The only
route whereby glutamine could be directly converted to fatty
acids is via reductive carboxylation, given that glutamine did
not significantly label lactate or alanine (and therefore pyruvate
and acetyl-CoA; Figs. 6 and 7A). Going from normoxia to
hypoxia showed a reversal in the contribution of glucose and
glutamine as fatty acid precursors (Fig. 7C). Remarkably, the
increase in labeling from glutamine with hypoxia matched the
increase in reverse flux to citrate under the same conditions.
Overall, these results confirmed the role of glutamine as an
important carbon source providing an appreciable anaplerotic
flux not only in the oxidative but also in the reductive direction
of the TCA cycle, and especially in hypoxia.

DISCUSSION

Recent '?C-labeling studies have provided new insights in
the seemingly well-understood field of central metabolism.
Notable findings have included discovery of reverse flux in
pathways generally regarded as unidirectional (31, 35), and new
data on utilization of glutamine and other amino acids by can-
cer cells (36, 37). However, the scope of studies in cancer cells
has typically been limited to one or a few cell lines. A compar-
ative approach helps to reveal the most significant metabolic
changes potentially associated with a transformed phenotype
(15). In the present study we applied this approach to a panel of
several melanoma and melanocyte cell lines, and included a
multidimensional comparison of metabolite flux distributions
in normoxic versus hypoxic growth conditions and (for one of
the melanoma lines) ['*C]glucose and [**C]glutamine labeling.
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Although tracking individual metabolites in different cell lines
helps to diagnose changes in particular pathways, we found that
a global comparison of multiple metabolites allowed us to
assess overall metabolic status and the metabolic response
characteristic of a subset of cell lines. This type of comparative
analysis based on bi-directional clustering (illustrated in Fig. 2)
substantially improves the significance of observations that are
consistently reproduced in multiple samples. Flux-based signa-
tures of melanoma lines showed a strong correlation with oxy-
genation conditions. Interestingly, melanocytes did not follow
this trend, showing very little difference in flux distribution
between hypoxia and normoxia. It suggests that not only are
melanoma cells inherently more glycolytic than melanocytes
but that they are more capable of adapting their metabolic pro-
gram to environmental challenges. Generally, utilization of
major energy substrates glucose (Fig. 1) or glutamine (Fig. 5)
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was lower in melanocytes, and glutamine utilization was partic-
ularly low under hypoxia (Fig. 5). This could indicate an inabil-
ity to switch to glutamine for production of TCA metabolites
under hypoxia in melanocytes.

Alanine, another end point of glycolysis, has not received the
same amount of attention as lactate, the standard marker of glyco-
lytic activity in cancer cells. We found that although melanocytes
produced as much alanine as the melanoma cell lines, alanine '*C-
labeling was lower in these cells (Fig. 4), indicating less synthesis
from glucose (see also supplemental Table S1). The origins of the
extra unlabeled alanine in melanocytes requires further investiga-
tion, but it is unlikely to originate from glutamine, which is not
actively consumed by melanocytes (Fig. 5). Alanine overproduc-
tion in cancer cells is typically attributed to the need for excreting
excess nitrogen, which results from the use of glutamine as a car-
bon source (38). Conversion of glutamate to a-ketoglutarate, a
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commiitted step in the anaplerotic utilization of glutamine, may
proceed via glutamate dehydrogenase or transaminase reactions.
The former reaction generates free ammonia, which is not without
metabolic consequences, as it was recently shown to induce
autophagy in some cancer cell lines (39). Transaminases transfer
glutamate nitrogen onto keto-acids, generating a-ketoglutarate
and amino acids. Thus, alanine aminotransferase generates ala-
nine from pyruvate. Knockdown of the mitochondrial alanine
aminotransferase gene has been shown to reduce growth of
HCT116 colon cancer cells, an effect reversed by a cell-permeable
derivative of a-ketoglutarate (40). The observed increased produc-
tion of alanine from glucose in melanoma suggests that this
enzyme may strongly contribute to the active utilization of gluta-
mine, demonstrated here by the example of the WM35 line.

Our results show that the TCA cycle was functional in all
melanoma cell lines, even under hypoxia (Fig. 4), indicating that
melanoma metabolism is not purely glycolytic. Analysis of glu-
cose flux showed that, generally less than 100% of consumed
glucose (on average, 93%) was converted to lactate or other
glycolytic end point metabolites (Fig. 1C). Due to the energetic
inefficiency of glycolysis, oxidation of the remaining 7% glucose
via the TCA cycle could generate as much ATP as the glycolytic
93%. However, the relative labeling of TCA cycle intermediates
by ['*C]glucose typically decreased in hypoxic conditions (Figs.
2 and 4). The lowered input from glucose in hypoxia was
expected given the known stimulation of pyruvate dehydrogen-
ase kinase via HIF (41, 42), which leads to inhibition of pyruvate
dehydrogenase activity restricting flux between glycolysis and
the TCA cycle. Labeling of WM35 cells using [*C]glutamine
revealed a strong anaplerotic flux from glutamine via a-ketoglu-
tarate into the TCA cycle in normoxia, and this flux further
increased under hypoxia (Fig. 6). This shift with hypoxia toward
glutamine use in melanoma may be a mechanism to keep the TCA
cycle (and therefore ATP production) functioning when entry to
the cycle from glycolysis is restricted, but the metabolic advantage
of using glutamine rather than glucose as a primary metabolic pre-
cursor is unclear. The general importance of glutamine as a sub-
strate for cancer metabolism has been well recognized, but gluta-
mine metabolism in hypoxia has received little study (38).
However, as this manuscript was in preparation, the Gottlieb
group reported a similar maintenance of TCA cycle activity by a
hypoxic colon tumor cell line (43). The fact that we observe such a
pronounced anaplerotic contribution to the TCA cycle from glu-
tamine provides a key insight into how this cycle can still function
while being uncoupled from glycolysis by the Warburg effect.

An important driver of glutaminolysis in many cancer lines is
the c-Myc oncogene, and its expression is important in sup-
pressing senescence in melanoma cell lines with activating
BRAF or NRAS mutations (44). The additional effects of c-Myc
in cooperating with HIF in the inhibition of pyruvate entry to
the TCA cycle have led to the belief that it attenuates mitochon-
drial respiration under hypoxia (7). However, our results sug-
gest that c-myc expression might simply change the point of
entry into the TCA cycle.

Alternate labeling with ['*C]glutamine or [**C]glucose also
allowed us to observe and assess the relative contribution of a
reverse (reductive) flux in the TCA cycle (Fig. 7). Reductive
carboxylation between a-ketoglutarate and citrate has been

JOURNAL OF BIOLOGICAL CHEMISTRY 42633



Metabolic Flux Profiling in Melanoma

recently identified in various cell types (31-34), but it has been
generally overlooked as a direct metabolic route between glu-
tamine, citrate, and fatty acid synthesis (38). Our study for the
first time provides evidence of an appreciable contribution of
reductive carboxylation to fatty acid synthesis in a human
tumor cell line. This contribution appears to be particularly
important in hypoxia providing another aspect of the switch to
glutamine use. The particular cellular location of this “reverse
TCA cycle” flux and the enzymes responsible for the pathway
remain to be determined. The initial step of glutamine utiliza-
tion is driven by glutaminase, which is mitochondrial (45). Sub-
sequent steps, catalyzed by (in order) transaminases or gluta-
mate dehydrogenase; isocitrate dehydrogenase; aconitase,
could be performed by either cytosolic or mitochondrial
isoforms.

In summary, a multidimensional comparative analysis of
metabolites and metabolic fluxes performed in this study
allowed us to map unique and common metabolic features of
melanoma cell lines. All melanoma lines produced more lactate
and consumed more glucose than melanocytes, and also syn-
thesized more alanine from glucose. However, metabolism was
not strictly glycolytic, as all melanoma lines maintained TCA
cycle activity even under hypoxia. Labeling of WM35 cells with
glutamine showed that glutamine was an important anaplerotic
substrate for the TCA cycle, especially under hypoxia, but that
there was also reverse flux in the TCA cycle feeding from glu-
tamine via a-ketoglutarate to fatty acids. In addition to specific
novel findings, this study validated the applied comparative
methodology and provided an illustration of how stable isotope
labeling can complement conventional metabolomics studies
in the examination of metabolism under different conditions.
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