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Cancer cell growth requires fatty acids to replicate cellular mem-
branes. The kinase Akt is known to up-regulate fatty acid synthesis
and desaturation, which is carried out by the oxygen-consuming
enzyme stearoyl-CoA desaturase (SCD)1. We used 3C tracers and
lipidomics to probe fatty acid metabolism, including desaturation,
as a function of oncogene expression and oxygen availability. Dur-
ing hypoxia, flux from glucose to acetyl-CoA decreases, and the
fractional contribution of glutamine to fatty acid synthesis in-
creases. In addition, we find that hypoxic cells bypass de novo
lipogenesis, and thus, both the need for acetyl-CoA and the
oxygen-dependent SCD1-reaction, by scavenging serum fatty acids.
The preferred substrates for scavenging are phospholipids with
one fatty acid tail (lysophospholipids). Hypoxic reprogramming
of de novo lipogenesis can be reproduced in normoxic cells by Ras
activation. This renders Ras-driven cells, both in culture and in allog-
rafts, resistant to SCD1 inhibition. Thus, a mechanism by which onco-
genic Ras confers metabolic robustness is through lipid scavenging.
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Cancer cells require a constant supply of energy and structural
components to support their proliferation. Oncogenes actively
reprogram metabolism to facilitate this supply (1, 2). Two of the
most commonly activated pathways in human cancer are the
PI3K-Akt and the Ras pathways (3). The metabolic effects of
the PI3K-Akt pathway have been extensively studied, as, in ad-
dition to its role in cancer, this pathway is the primary effector of
insulin signaling. Akt activation promotes glucose uptake, gly-
colytic flux, and lactate excretion, i.e., the Warburg effect (2).
In addition, through downstream activation of mTOR, it in-
creases protein synthesis (4). Finally, Akt induces lipogenesis
through mechanisms including enzyme phosphorylation and
transcriptional activation, like mTOR-dependent activation of
SREBP1 (5, 6).

Fatty acids are a primary component of lipids. Their synthesis
requires the generation of cytosolic acetyl-CoA (Fig. 14). In
normoxia, a predominant pathway involves catabolism of glucose
to pyruvate, which is converted to mitochondrial acetyl-CoA by
pyruvate dehydrogenase. Acetyl-CoA is then exported to the
cytosol in the form of citrate, which is cleaved to generate cy-
tosolic acetyl-CoA by ATP-citrate lyase, a direct Akt target. In
hypoxia, pyruvate dehydrogenase is inactivated by pyruvate de-
hydrogenase kinase (7, 8), and glutamine-driven reductive car-
boxylation accounts for an increased fraction of citrate and thus
acetyl-CoA (9-11).

Subsequent steps in the fatty acid synthesis pathway are cat-
alyzed by acetyl-CoA carboxylase and fatty acid synthase, which
are SREBP targets, and yield palmitate (C16:0, where 16 refers
to the number of carbon atoms in the fatty acid, and 0 refers to
the number of double bonds). Palmitate, in turn, is a substrate
for various elongation and desaturation reactions to accommo-
date a cell’s need for a diversity of fatty acids, of which the most
abundant is the monounsaturated fatty acid oleate (C18:1) (12).
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Oleate is produced from palmitate by elongation to stearate
(C18:0) followed by desaturation by A9 stearoyl-CoA desaturase
(SCD)1, which requires oxygen as an electron acceptor. A spe-
cific ratio of oleate to stearate must be maintained by cells to
ensure proper membrane fluidity and thus cell integrity, and a
significant imbalance has been shown to induce apoptosis (13—
15). SCD1 is regulated by the PI3K-Akt-mTOR pathway (5)
and has been investigated as a pharmacological target for both
obesity and cancer (16-19).

Like PI3K-Akt pathway activation, Ras activation induces
glucose uptake and lactate excretion (20). Although Ras is known
to activate the PI3K-Akt pathway, recent findings suggest that
downstream metabolic effects may diverge. For example, Ras
reduces mitochondrial respiration (21). In addition, Ras induces
macropinocytosis and autophagy, thereby providing potential
alternative sources of metabolic substrates (22-24). In further
support of a divergent metabolic effect, mouse xenograft experi-
ments revealed a difference in sensitivity to caloric restriction
between Ras-driven tumors and tumors with PI3K-Akt activation
(25). In contrast to the prolipogenic effect of Akt, the impact of
Ras on lipid metabolism has not been investigated. Moreover,
the interplay of oxygen availability and oncogene signaling on
metabolism, including lipid metabolism, has not been exten-
sively explored.

Here, we use °C tracers and lipidomics to study lipogenesis in
transformed cells as a function of oncogene expression and ox-
ygen availability. We find that hypoxia reduces the requirement
for de novo fatty acid synthesis and desaturation by increasing
fatty acid import. Oncogenic Ras recapitulates the hypoxic meta-
bolic phenotype, and the increased reliance on fatty acid uptake
renders Ras-driven cancer cells resistant to SCD1 inhibition. A
major source of the imported fatty acids are serum lipids with
one fatty acid tail, lysolipids. The ability to catabolize lipids with
a single fatty acid tail was previously shown to be enhanced in
aggressive and Ras-driven cancers (26-28). The present results
show that related scavenging of lysolipids can be a major route of
fatty acid acquisition in both hypoxia and Ras-driven cancer cells.

Results

Source of Cellular Fatty Acids Can Be Probed with *C-Labeled
Glucose and Glutamine. Mammalian cells acquire fatty acids ei-
ther through uptake or de novo synthesis (Fig. 14). Fatty acid
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Fig. 1. Palmitate is mainly synthesized from glucose in normoxia, with in-
creased fractional contribution from glutamine in hypoxia. (A) Schematic
representation of de novo palmitate (C16:0) synthesis. ACC, acetyl-CoA car-
boxylase; ACL, ATP-citrate lyase; FAS, fatty acid synthase; FFA, free fatty
acids. (B) Labeling pattern of palmitate (C16:0) saponified from cellular lip-
ids, from MDA-MB-468 cells grown in [U-"3C]glucose and [U-'*C]lglutamine
for >five doublings. (C) Percentage of cellular palmitate (C16:0) fatty acid
tails acquired through de novo synthesis, based on '3C-labeling patterns as
per B. (D) Schematic of the contribution of glucose and glutamine to lipo-
genesis in normoxia and hypoxia. (E) Percentage of labeling of acetyl groups
from [U-"3Clglucose (Gluc) and [U-"3C]glutamine (GIn) in normoxia and
hypoxia (1% O,). Acetyl labeling from N-acetyl-glutamate and glutamate at
steady state; analysis of fatty acid labeling gives equivalent results. All data
are means + SD of n = 3.

synthase makes the saturated fatty acid palmitate (C16:0),
which can be desaturated and/or elongated to make a diversity
of fatty acids. The metabolic routes to such fatty acids can be
probed by supplying uniformly "*C-labeled glucose and gluta-
mine (to label acetyl-CoA) and subsequent mass spectrometry
analysis of saponified fatty acids (29). For palmitate, such
analysis at steady state labeling reveals an unlabeled fraction
(M peak) attributable to import of serum-derived fatty acids,
as well as labeled forms arising from de novo lipogenesis.
These labeled forms include [U-'*C]palmitate (M*'®) and
partially labeled forms which arise because of incomplete
acetyl-CoA labeling (Fig. 1B), with the relative abundance of
the partially and fully labeled forms sufficient to determine the
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fractional labeling of cytosolic acetyl-CoA. Applying this ap-
proach to five cancer cell lines with diverse origins demonstrates
that, in line with previous findings, in normoxic conditions, de
novo lipogenesis accounts for 75-90% of the cellular C16:0
pool (Fig. 1C) (30).

In normoxia, glucose is the primary source for lipogenic acetyl-
CoA. In contrast, in hypoxia (0.5-1% O,), pyruvate dehydroge-
nase is less active. In such conditions, an increased fraction of
citrate and thus acetyl-CoA is produced through glutamine-
driven reductive carboxylation (Fig. 1D) (9-11). Consistent
with this, when [U-'>C]glucose or [U-'*C]glutamine tracers are
supplied separately, we find that glucose-derived carbon is the
predominant acetyl-CoA source in normoxia, whereas glutamine-
derived carbon contributes more in hypoxia (Fig. 1E).

Hypoxic Cells Bypass SCD1 by Importing Fatty Acids. The most
abundant fatty acid in mammalian cells is oleate (C18:1), the
main product of SCD1. The SCD1-catalyzed reaction is oxygen-
dependent, and, therefore, we hypothesized that it might be
slowed in hypoxia (Fig. 24). To explore the effect of hypoxia on
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Fig. 2. Hypoxia decreases SCD1 flux and increases fatty acid import. (A)
Schematic of oleate (C18:1) synthesis. (B) Labeling patterns of C18:0 and
C18:1 from MDA-MB-468 cells grown in [U-'3Clglucose and [U-'3C]gluta-
mine, in normoxia and hypoxia (1% O,) for 72 h. (C) Desaturation index
(C18:1/C18:0) in normoxia and hypoxia (1% O, for MDA-MB-468 and Hela
cells and 0.5% for A549 cells). (D and E) Percentage of import of C18:0 (D)
and C18:1 (E) pools in normoxia and hypoxia, as measured by fatty acid la-
beling for 72 h, from [U-*Clglucose and [U-'*C]glutamine. All data are
means + SD of n = 3. *P < 0.05; **P < 0.01 (two-tailed t test).
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fatty acid synthesis, elongation, and desaturation, we simulta-
neously fed [U-"?C]glucose and [U-'*C]glutamine to hypoxic
cells and observed that fatty acid labeling was decreased com-
pared with normoxia, with increased unlabeled (M°) peaks in-
dicative of enhanced fatty acid import from serum (Fig. 2B and
Fig. S1). Consistent with impaired SCD1 activity, the decrease
in labeling was particularly profound for the monounsaturated
fatty acid C18:1 (Fig. 2B and Fig. S1). This decreased C18:1
labeling is also associated with an overall change in cellular
lipid composition, in the direction of saturated fatty acids (lower
C18:1/C18:0 ratio, or “desaturation index”; Fig. 2C). Thus, cel-
lular lipid composition per se is impacted by hypoxia, indicating
that import is insufficient to fully compensate for the impaired
SCDI1 activity.

In cells fed [U-'*C]glucose and [U-'*C]glutamine, C16:0
elongation to C18:0 usually adds labeled carbon. Thus, the only
major route to unlabeled C18:0, which is modestly increased in
hypoxia (Fig. 2D), is import from serum. In contrast, in addition
to direct uptake, unlabeled C18:1 can arise from desaturation of
unlabeled C18:0 (Fig. 24). To confirm that SCD1 activity is
decreased in hypoxia, we use the labeling data (where L..; equals
the fraction of a given cellular fatty acid that is labeled) to cal-
culate D, the fraction of C18:1 made by SCD1. Fractional import
I equals 1 — D. Because serum fatty acids are not labeled, the
only route to labeled C18:1 is desaturation of labeled C18:0:

Lo cis:1 = (D) (Leen c18:0) [1]

D =Leey c18:1/Leeit c18:0 [2]

We find that D is indeed decreased, and, thus C18:1 import in-
creased, in hypoxia (Fig. 2E).

Oncogenic Ras Recapitulates Hypoxic Metabolism. In addition to the
effects of hypoxia, we examined the contribution of specific
oncogenes to the balance between de novo lipogenesis and fatty
acid import. Like hypoxia, oncogenic Akt and Ras have been
implicated in increasing glucose uptake in transformed cells (3,
20). Whereas the PI3K-Akt pathway has been shown to promote
lipogenesis, the impact of Ras on fatty acid metabolism has not
been well studied. We, therefore, examined fatty acid metabo-
lism in an isogenic cellular model system: immortalized baby
mouse kidney (iBMK) cells with no oncogene (CTL); membrane-
targeted and, thus, activated Akt (myrAkt); or oncogenic H-Ras
(H-Ras"'?9) (31, 32). Introduction of myrAkt resulted in in-
creased de novo synthesis of monounsaturated (but not saturated)
fatty acids, as evidenced by an increased desaturation index
(C18:1/C18:0) and decrease in the fraction of monounsaturated

fatty acids coming from import (zFig. 3 A and B and Fig. S2).
In contrast, oncogenic H-Ras¥'?Y caused a decrease in the
desaturation index, indicating that Ras and Akt activation lead to
fundamentally different cellular lipid composition. In addition,
oncogenic H-Ras¥'?C increased the fraction of cellular fatty acids
acquired via import. This was most pronounced for C18:1, im-
plying reduced SCD1 flux. The increased utilization of serum-
derived fatty acids by Ras-driven cells was confirmed by direct
measurements of fatty acid uptake from medium (Fig. 3C).

To examine the generality of the impact of oncogenic Ras
on monounsaturated fatty acid uptake, we used human pan-
creatic nestin-expressing (HPNE) cells with no oncogene V(]CTL)
or oncogenic K-Ras (K-Ras®'?P). Like oncogenic H-Ras¥'?*% in
iBMK cells, expression of oncogenic K-Ras®'* in HPNE
cells led to a lower desaturation index, more incorporation of
serum C18:1 into cellular lipids, and faster serum C18:1 uptake
(Fig. 3 D-F).

We next examined the impact of Ras versus Akt on other
metabolic parameters impacted by hypoxia: glucose uptake, lactate
excretion, oxygen consumption, and glutamine metabolism. In
iBMK cells, both oncogenic Ras and Akt caused an increase in
glucose uptake and increased shunting of glucose-derived carbon
toward lactate (Fig. 3G). However, whereas Akt-transformed
cells maintained oxygen consumption at levels comparable to
control cells, Ras-transformed cells displayed a significant de-
crease in oxygen consumption and increased fractional contri-
bution of reductive carboxylation flux to citrate synthesis, as
evidenced by increased *Cs-labeled citrate in cells fed [U-'3C]
glutamine (Fig. 3 H and I) (33). Similar results were observed in
K-Ras®'?P transformed HPNE cells (Fig. 3 J-L). Taken together,
these results demonstrate that oncogenic Ras has an opposite
effect to Akt with respect to regulation of fatty acid metabolism in
general and SCD1 flux, in particular, and that it recapitulates
a metabolic phenotype of hypoxic cells.

Oncogenic Ras Confers Resistance to SCD1 Inhibition. SCD1 inhi-
bition can block the growth of cancer cells, both in vitro and in
xenografts (17, 19). In experiments with A549 lung cancer cells,
however, an SCD1 inhibitor dose (200 nM CAY10566) that
completely blocked C18:1 labeling (Fig. 44), did not impair cell
growth in a real-time cell proliferation assay (10% serum; Fig.
4B) or for the first 48 h of growth in standard cell culture con-
ditions (Fig. S3). Consistent with the persistent cell growth being
supported by serum lipids, switching to 2% serum rendered the
cells sensitive to SCD1 inhibition (Fig. 4B). Because A549 cells
naturally express oncogenic K-Ras (34), and Ras promotes C18:1
uptake, we hypothesized that constitutive Ras activation might
induce resistance to SCD1 inhibition. To explore this, we grew
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A B C C18:1 D E F C18:1
2.5 50 200 * % 3.5 50 70
* + £ * % *
e 2 S 40 = = e 3 S 40 =60
Q D Q @ . . _— . . . N
815 #% € 5o %%m g 2'25 v  E 30 %;53 Fig. 3. Oncogenic Ras mimics hypoxia, increasing fatty acid
. - = - = 4 . . N
=1 % 20 £ cwo T1s % 20 £, scavenging and acetyl-CoA labeling from glutamine and de-
3 &3 1L g3 . ) o
2 os c 0 . Eg X1 c S £ 2. creasing oxygen consumption. (A) Desaturation index (C18:1/
b ! “os = 10 C18:0) in iBMK isogenic cell lines engineered to express myrAkt
o S 0 o © 0(:\\/?%’.& © ° & 0 &0 0 & or H-Ras¥'?¢ versus vector control (CTL). (B) Percentage of im-
& 7;34"’ ((s‘@,;\\’ @*‘Q&,;\\’ Q@&N @&\’ Q@&N port of C18:1, as measured by steady-state fatty acid labeling
& R K ¥ ¥ & from [U-"3C]glucose and [U-"3C]glutamine. (C) Uptake rates of
G H I J K L C18:1, based on measurements of saponified lipids from fresh
0.67mlac c os 05 03 < oo 06 and spent medium (10% serum; 72 h of incubation). (D-F)
s U < O Kk - s O < O * % : : G12D
o= |osluec E= * @ = Iac 5= * Same measurements for HPNE cells with oncogenic K-Ras
53 S 0.2 = 0.4 L= gluc| s = S 0.5
€204 ES S €20, £ 2006 S04 versus vector control (CTL). (G) Glucose uptake and lactate
o 3 3 o 3 =9 p
%3 2 Zo1s 503 H3 23 s . o ;
£< CE Z 2 c< S S0.04 xx =03 excretion in iBMK cells. gluc, glucose; lac, lactate. (H) Oxygen
3 S 0. } S 3 . - . -
g ED S ® S go 5 - consumption. atio of citrate produced from reductive car-
g E£02 5 & I £01 gE £07 tion. (/) Ratio of citrate produced f duct
&2 2 20,05 50.1 fges & 20.02 =
° = 0 S o & 0 ] o boxylation of qutamini—derived a-ketoglutarate (M*®) to oxi-
; . + ;
é}ﬁ,\/{? C\}?\i@O éV&iéﬁ &0 C‘V@,WQ Q/\»e\,)/o dative metabolism (M™). (J-L) Same measurements in HPNE
N N3 &*Q:;» & & & cells. All data are means + SD of n > 3. *P < 0.05; **P < 0.01
X XY R ¥ ¥ ¥ (two-tailed t test).

8884 | www.pnas.org/cgi/doi/10.1073/pnas.1307237110

Kamphorst et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307237110/-/DCSupplemental/pnas.201307237SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307237110/-/DCSupplemental/pnas.201307237SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307237110/-/DCSupplemental/pnas.201307237SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307237110/-/DCSupplemental/pnas.201307237SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1307237110

L T

/

1\

=y

iBMK cells with H-Ras¥?S or myrAkt in the presence of SCD1
inhibitor. The inhibitor fully blocked SCD1 in both cell lines
(Fig. S4). Nevertheless, in 10% serum, whereas growth of myrAkt
cells was severely impaired, the H-Ras¥!2S cells grew almost
normally for three population doublings (Fig. 4C and Fig. S3).
To determine robustness against SCD1 inhibition in vivo,
athymic nude mice were injected with iBMK cells with myrAkt or
H-Ras¥'?%, After establishment of palpable tumors, the mice were
treated with vehicle or SCD1 inhibitor (2.5 mg/kg CAY10566
orally twice daily). The effect of SCD1 inhibition on the Akt-
driven tumors was greater than on the Ras-driven tumors (Fig. 4
D and E), with the mean tumor volume at day 13 or 14 post therapy,
relative to untreated tumors, 0.51 ¥/~ 0.04 and 0.67*'~ 0.05 respec-
tively (P = 0.01 for Ras-Akt comparison, by two-tailed # test). Thus,
oncogenic Ras (at least relative to activated Akt) confers re-
sistance to SCD1 inhibition, both in vitro and in allografts.

Imported Fatty Acids Originate from Lysophospholipids. The above
results demonstrate that oncogenic Ras increases import of ex-
ogenous fatty acids, conferring resistance against SCD1 inhibi-
tion. Although free (nonesterified) fatty acids have been shown
to rescue cell proliferation during SCD1 inhibition when supple-
mented in large enough quantities (13, 17), their levels in serum
are insufficient to account for the observed fatty acid uptake and
associated cell growth (Table S1).

To identify which lipids were the source for the scavenged
fatty acids, we profiled glycerophospholipid levels by mass
spectrometry in fresh and spent medium (Fig. 54). The levels of
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typical glycerophospholipids (i.e., glycerol with a head group and
two fatty acid tails) did not change substantially. However, we
observed a near total depletion of the glycerophospholipids with
only one fatty acid tail (lysophospholipids; Fig. 5B). The selective
lysophospholipid depletion was observed for all cell lines tested
(Fig. S5A4).

Lysolipids Support Growth of Ras-Driven Cells. Quantitative analysis
of lysolipid uptake suggests that lysophosphatidylcholine (LPC)
(18:1) plays a significant role in meeting cellular demand for
monounsaturated fatty acids: in iBMK-H-Ras" "% cells treated
with SCD1 inhibitor, the uptake of LPC(18:1) over 48 h was
comparable to the total cellular C18:1 incorporation during this
time period (Fig. 3C and Figs. S3 and S5), and depletion of serum
LPC(18:1) occurred simultaneous with growth inhibition (Figs. S3
and S5).

To further evaluate LPC(18:1) as a nutrient, we spiked the
medium of the iBMK cells with 20 pM LPC(18:1), half the con-
centration found in 100% serum (i.e., physiological conditions)
(35). The desaturation index (C18:1/C18:0), initially more than
twofold higher in iBMK-myrAkt cells than iBMK-H-Ras" 29
cells, increased significantly and selectively in iBMK-H-Ras"'*¢
cells upon addition of LPC(18:1) (Fig. 5C). This coincided with
the fraction of C18:1 derived from import, although increasing
for both cell lines with LPC(18:1) addition, being more than
twice as high in iBMK-H-Ras" % cells (Fig. 5D). Consistent with
a differential dependency on SCD1 relative to C18:1 import, LPC
(18:1) supplementation during SCD1 inhibition fully restored
proliferation for iBMK-H-Ras¥'*“ cells but only partially for
iBMK-myrAkt cells (Fig. 5 E and F). Similarly, a complete
rescue was observed for the Ras-driven A549 human cancer cell
line (Fig. 5G).

The analysis of serum lipid consumption suggested that lyso-
lipids provide a more accessible nutrient source than serum glyc-
erophospholipids. Consistent with this, in SCD1 inhibitor-treated
cells, supplementation with phosphatidylcholine (PC)(16:0,18:1)
did not restore cell growth (Fig. 5SE). A possible explanation is
the presence also of the saturated tail (C16:0). Indeed, supple-
mentation with saturated lysolipid LPC(18:0) caused stronger
growth inhibition than SCD1 inhibition alone. However, simul-
taneous incubation with LPC(18:1) and LPC(18:0) restored
growth, proving that the growth restoration with LPC(18:1) but
not PC(16:0,18:1) reflects greater cellular access to the lysolipid’s
monounsaturated fatty acid tail. Consistent with lysolipids being
preferred substrates for fatty acid scavenging, oleoyl-mono-
acylglycerol [MG(18:1)], also restored cell proliferation. Thus,
lysolipid scavenging can meet cellular monounsaturated fatty
acid needs.

Discussion

Tumors require fatty acids to replicate their cellular membranes
and thereby grow. It is commonly assumed that cancer cells
synthesize most of their nonessential fatty acids de novo. This
assumption is based primarily on cell culture experiments con-
ducted in 10% serum and normoxia. It is supported by the glucose-
dependent prolipogenic effects of one of the most important
oncogenic pathways, PI3K-Akt-mTOR. Because Ras activates
Akt (3, 36), Ras might also have a glucose-dependent proli-
pogenic role.

In contrast, here we find that Ras does not induce glucose-
dependent de novo lipogenesis but, instead, stimulates scaveng-
ing of serum fatty acids. Such scavenging is an intrinsic property
of all cells we studied and is further increased by Ras activation,
hypoxia, and addition to media of physiological concentrations
of lysophospholipid (i.e., phospholipids with only one fatty acid
tail). Enhanced scavenging renders Ras-driven cells resistant to
pharmacological inhibition of the main mammalian desaturase,
SCD1. Moreover, it may facilitate the growth of Ras-driven
tumors in hypoxic conditions by circumventing SCD1, which
requires molecular oxygen as an electron acceptor.
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Fig. 5. Fatty acids are scavenged from lysophospholipids. (A) Fold changes
in medium phospholipids during growth of A549 and iBMK-H-Ras""%¢ cells
(relative to fresh medium with 10% serum). (B) Structure of LPC(18:1). (C)
Effect of LPC(18:1) supplementation (20 pM; 72 h) on desaturation index
(C18:1/C18:0). (D) Percentage of contribution of import to the cellular C18:1
pool based on [U-"3C]glucose and [U-'3*C]glutamine labeling in iBMK-H-
Ras"'2% and iBMK-myrAkt cells. (E-G) Packed cell volume for iBMK-H-Ras"'2%
(E), iBMK-myrAkt (F), and A549 (G) cells [relative to untreated control (CTL)]
after 72 h of incubation with or without 200 nM SCDi (CAY10566), in the
presence of the indicated supplemented lipids (20 pM). PG, phosphatidyl-
glycerol; P, phosphatidylinositol. Data are mean n = 3 (A); means + SD of n =
3 (Cand D), and mean n = 2 (E-G). *P < 0.05; **P < 0.01 (two-tailed t test).

Both Ras activation and hypoxia, in addition to inducing fatty
acid scavenging, also increase the fraction of acetyl-CoA units
produced from glutamine. Moreover, Ras activation leads to
decreased oxygen consumption. What is the source of the metabolic
parallels between hypoxia and Ras activation? One possibility is
that both Ras and hypoxia activate hypoxia-inducible factor (HIF)
(or both converge on another signaling protein) (37), which, in
turn, produces the observed metabolic commonalities. Another
is that Ras activation, like hypoxia, directly impairs oxidative
phosphorylation, leading to increased NADH (or another me-
tabolite), which, in turn, leads to the lipid metabolic changes. In
support of this latter possibility, Ras has recently been shown to
migrate to the mitochondrion and inhibit complex I (21).

The key substrates of the fatty acid scavenging pathway are
serum lysophospholipids. In contrast to standard phospholipids
with two tails, lysophospholipids provide a readily accessible
fatty acid source for cells. For example, oleoyl-LPC, but not a
corresponding PC species with two fatty acid tails, rescues cells

8886 | www.pnas.org/cgi/doi/10.1073/pnas.1307237110

from SCD1 inhibition. Although free oleate (C18:1) can also
rescue cells from SCD1 inhibition, lysophospholipids are more
abundant than free fatty acids in serum and, thus, likely a more
important physiological source. For example, about 20% of se-
rum oleate is in the form of oleoyl-LPC compared with 5% in
the free fatty acid form.

The mechanism by which cells scavenge lysophospholip-
ids remains to be elucidated. Important questions include the
mechanisms of lipid import and subsequent metabolism. In-
triguingly, the enzyme MG lipase (MAGL), which generates
free fatty acids from monoacylglycerols, is highly expressed in
aggressive cancer cells and its over-expression enhances tumor-
igenicity (26). Its expression is also increased by the H-Ras and
the K-Ras-HIF pathways (27, 28). Although it has been pre-
viously hypothesized that the relevance of MAGL to cancer is via
enhancing the levels of protumorigenic lipid messengers such
as lysophosphatidic acid and PGE,, it may also contribute to
lysolipid scavenging.

The uptake and utilization of lysophospholipids by Ras-driven
cells is part of a more global “scavenger” metabolic phenotype.
Oncogenic Ras up-regulates both autophagy and macropinocytosis,
both involving uptake of bulk material into endocytotic vesicles
(22-24). The former consumes intracellular contents (cellular
cannibalism) and the latter extracellular ones. Both can provide
nutrition via macromolecule degradation, and it is possible that
macropinocytosis contributes directly to lysolipid uptake.

Irrespective of a potential role for macropinocytosis, scav-
enging is a metabolic hallmark of Ras-driven cancers. Whereas
tumors driven by the PI3K-Akt pathway wantonly engage in
biosynthesis and become metabolically vulnerable (38), those
driven primarily by oncogenic Ras instead have the capacity to
maintain rapid growth by using extracellular macromolecules to
obtain the required substrates for new macromolecule and lipid
production. This has therapeutic implications, rendering Ras-
driven tumors comparatively robust to inhibitors of anabolic
enzymes such as SCD1. At the same time, it raises hope that
scavenging pathway enzymes may be therapeutic targets for
Ras-driven cancers. Clear definition of the molecular steps of
scavenging pathways will lay the groundwork for testing this ex-
citing possibility.

Experimental Procedures

Cell Culturing, SCD1 Inhibition, and Lipid Supplementation. Cell lines were
from ATCC with the following exceptions: the iBMK cell lines were derived
from primary kidney epithelial cells from Bax~~/Bak ™'~ mice, immortalized
by E1A and dominant-negative p53 expression, and transfected with
control vector, human oncogenic H-Ras¥'?¢, or myrAkt (31); and HPNE
cells (a generous gift of A. Maitra, Johns Hopkins University, Baltimore) were
developed from human pancreatic duct by transduction with a retroviral
expression vector (pBABEpuro) containing the hTERT gene and transfected
with control vector or human oncogenic K-Ras®'?°. Cell lines were routinely
passaged in Dulbecco’s modified Eagle medium (DMEM) (Mediatech) with 25
mM glucose and 4 mM glutamine and supplemented with 10% (vol/vol) FBS
(HyClone), 25 IU/mL penicillin, and 25 pg/mL streptomycin (MP Biomedicals)
and split at 80% confluence. Metabolic experiments were performed in 6-cm
culture dishes with 3 mL of DMEM containing 10% dialyzed FBS (HyClone). For
isotope labeling, glucose and glutamine were replaced with their U-'*C-la-
beled forms (Cambridge Isotope Laboratories). Hypoxia experiments were
performed in a hypoxic glove box (0.5% or 1% O, as indicated, 5% CO, and
94-94.5% N; 37 °C) (Coy Laboratory Products). Cells and media were equil-
ibrated in low oxygen overnight before experiment initiation. CAY 10566
was from Cayman Chemical. Lipid supplements were from Avanti Polar
Lipids. LPC(18:1) and LPC(18:0) were dissolved in PBS; MG(18:1) was dis-
solved in methanol; and PC(16:0 to 18:1) was dissolved in 1:9 chloroform:
methanol. Organic solvents were <0.1% vol/vol in the medium.

Cell Proliferation Assays and Tumor Xenograft Studies. Cell proliferation was
determined with either packed cell volume tubes (Techno Plastic Products) or
with the xCELLigence system (Roche). Animal studies were performed fol-
lowing the guidelines for proper and humane use of animals in research
under an Institutional Animal Care and Use Committee-approved protocol at
Memorial Sloan-Kettering Cancer Center. To generate allografts, 1 x 107
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iBMK cells were implanted in Matrigel (BD Biosciences) into nu/nu athymic
female mice. After establishment of palpable tumors, mice were ran-
domized to receive 2.5 mg/kg CAY 10566 orally twice daily in 0.5% meth-
ylcellulose or vehicle control. Xenograft tumors were measured biweekly
and tumor volume calculated as volume = (length x width? x m)/6.

Lipid and Metabolite Measurements. For saponified fatty acid analysis from
cells, media were aspirated, cells were rinsed twice with 2 mL of room
temperature PBS, 1 mL of 50:50 MeOH/H,O0 solution with 0.1 M HCl at -20 °C
was added, and the resulting liquid and cell debris scraped into a microfuge
tube. For analogous measurements from media, 0.5 mL of medium was
mixed with 0.5 mL of MeOH with 0.2 M HCl. Chloroform (0.5 mL) was added,
the mixture was vortexed for 1 min and then centrifuged at 16,000 x g for
5 min, and the chloroform layer was transferred to a glass vial. The extract
was dried under N, reconstituted into 90:10 MeOH/H,0 containing 0.3 M
KOH, incubated at 80 °C for 1 h to saponify fatty acids, acidified with 0.1 mL
of formic acid, extracted twice with 1 mL of hexane, dried under N, and
reconstituted into 1:1:0.3 MeOH:chloroform:H,0O (1 mL of solvent per 2 pL of
packed volume for cells, and 2 mL of solvent total for the medium samples)
for liquid chromatography-mass spectrometry (LC-MS) analysis. Separation
was by reversed-phase ion-pairing chromatography on a C8 column coupled
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to negative-ion mode, full-scan LC-MS at 1-Hz scan time and 100,000 re-
solving power (stand-alone orbitrap; Thermo Fischer Scientific) (29).

For analysis of lipids in culture medium, the dried chloroform extract
from 0.5 mL medium was obtained as above, reconstituted in 0.3 mL
1:1:0.3 MeOH:chloroform:H,O and analyzed by LC-MS as above. For
analysis of free (nonesterified) fatty acids, 1 mL medium was extracted
three times with 1 mL ethyl acetate and the extract dried and recon-
stituted in 0.5 mL 1:1:0.3 MeOH:chloroform:H,0. For analysis of water
soluble metabolites, media was aspirated from the cells and metabolism
quenched immediately with 80:20 MeOH/H,0O at —-80°C. The resulting
liquid and cell debris were then scraped into a microfuge tube and
extracted three times with 80:20 MeOH at -80 °C, and the extract was
dried under N, reconstituted into H,O (50 pL/uL cell volume), and analyzed
by LC-MS as above except using a C18 column (39). Medium glucose and
lactate concentrations were measured with an YSI7200 electrochemical an-
alyzer (YSI). Oxygen consumption was determined using a Seahorse XF24
flux analyzer (Seahorse Bioscience).
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