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ABSTRACT: Fatty acid synthase (FASN) generates the de
novo source of lipids for cell proliferation and is a promising
cancer therapy target. Development of FASN inhibitors,
however, necessitates a better understanding of sensitive and
resistant cancer types to optimize patient treatment. Indeed,
testing the cytotoxic eﬀects of FASN inhibition across human
cancer cells revealed diverse sensitivities. We show here that
metabolic incorporation of glucose into speciﬁc complex lipid
species strongly predicts FASN inhibitor sensitivity. We also
show that the levels of one of these lipid classes, protein kinase
C (PKC) stimulator diacylglycerols, are lowered upon FASN
inhibitor treatment in sensitive compared to resistant cells and
that PKC activators and inhibitors rescue cell death in sensitive
cells and sensitize resistant cells, respectively. Our ﬁndings not only reveal a biomarker for predicting FASN sensitivity in cancer
cells but also a put forth a heretofore unrecognized mechanism underlying the anticancer eﬀects of FASN inhibitors.

C

that diﬀerent cancer cell types show vastly diﬀerent sensitivities
to FASN inhibitors and that this sensitivity can be accurately
predicted by measuring relative fractional isotopic glucose
labeling into speciﬁc complex lipid species. We further
demonstrate, using metabolomics proﬁling, that this relative
sensitivity or resistance to FASN inhibitors is driven by
diacylglycerol (DAG) metabolism and DAG-protein kinase C
(PKC) signaling.

ancer cells exhibit fundamental metabolic alterations that
drive their pathogenic features. Heightened de novo
lipogenesis, especially through the upregulation of the key
lipogenic enzyme fatty acid synthase (FASN) that catalyzes the
terminal steps in de novo synthesis of fatty acids, is one such
major hallmark of cancer cells that is also correlated with poor
prognosis in cancer patients.1 FASN has been shown by many
studies to fuel cancer cell proliferation and malignant
progression through generating fatty acid precursors required
for cell proliferation and energetics, altering membrane ﬂuidity
to confer chemotherapy resistance, altering membrane and lipid
raft composition to aﬀect tumor-promoting signal transduction
and gene expression, regulating the formation of structures that
drive invasion such as invadopodia, and generating lipid
signaling molecules that fuel oncogenic signaling pathways.1,2
Given the importance of FASN in various aspects of cancer cell
proliferation and progression, pharmacological inhibition of this
enzyme has become an increasingly attractive therapeutic
strategy to combat cancer. Indeed, since the development of
early generation nonselective, irreversible, or cell-impenetrant
FASN inhibitors, many pharmaceutical companies have been
developing novel, selective, reversible, and in vivo eﬀective
FASN inhibitors for cancer therapy.3,4
While FASN inhibitors are now starting to enter clinical
trials, the cancer types that will be sensitive or resistant to
FASN inhibitors and whether such sensitivity can be predicted
and mechanistically understood is yet unclear. Here, we show
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RESULTS AND DISCUSSION
FASN Inhibitor Shows Vastly Diﬀering Sensitivities in
Impairing Cell Viability Across a Panel of Human Cancer
Cells. While blocking FASN is a promising therapeutic strategy
for treating cancer, the mechanisms underlying potential
sensitivity or resistance to FASN inhibitors remains poorly
understood. Here, we have used TVB-3567, a FASN inhibitor
developed by 3V Biosciences that is an analog of recently
reported imidazopyridine-based molecules,3 to test the relative
eﬀects of FASN inhibition on impairing cellular viability across
six diﬀerent human cancer cells231MFP and MCF7 breast,
C8161 and MUM2C melanoma, PC3 prostate, and SKOV3
ovarian cancer cells. We show that TVB-3567 completely
inhibits de novo palmitate synthesis in situ (1 μM), as measured
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by [U−13C]glucose incorporation into fully labeled [13C]palmitic acid ([13C]C16:0 free fatty acid (FFA)) (m+16), using
targeted single-reaction monitoring (SRM)-based liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis (Figure S1A,B). Interestingly, TVB-3567 showed vastly
diﬀerent sensitivities across these six cell lines, showing the
greatest impairments in cell viability in 231MFP, followed by
C8161 and MUM2C, with only a modest eﬀect in MCF7, and
no eﬀect in PC3 and SKOV3 cells (Figure 1A). We show that

these diﬀerences in sensitivity to FASN inhibitors can be
recapitulated with a less selective FASN inhibitor C75 as well as
with siRNA knockdown of FASN in 231MFP and SKOV3 cells
(Figure S2). Perhaps more surprising was the lack of
correlation between FASN expression and FASN inhibitor
sensitivity (Figure 1B,C). We also observed poor correlation
between FASN inhibitor sensitivity and relative fractional
glucose-derived de novo synthesis of fully labeled palmitate,
measured by [U−13C]glucose relative fractional incorporation
into fully labeled [13C]C16:0 FFA compared to total C16:0
FFA pools (Figure 1C). Overall, our data reveal that diﬀerent
human cancer cell lines show vastly diﬀerent sensitivities to
FASN inhibition and that this sensitivity does not correlate with
FASN expression or de novo glucose-derived synthesis of
palmitic acid.
FASN Inhibitor Sensitivity Correlates with Fractional
Glucose-Derived de Novo Synthesis of Speciﬁc Complex
Lipid Species. We next wanted to identify a predictive
biomarker that correlated with FASN inhibitor sensitivity.
While relative fractional synthesis of [13C]palmitate did not
correlate, we conjectured that perhaps [13C]glucose fractional
incorporation into complex lipid species compared to their
respective total pools would correlate with FASN inhibitor
sensitivity. We thus used SRM-based LC-MS/MS metabolomic
proﬁling to measure isotopic incorporation of [13C]glucose not
only into [13C]palmitate but also into other acylglycerophospholipids derived from acylation of glucose-derived [13C]glycerol-3-phosphate (m+3) with [13C]C16:0 FFA (m+16),
including [13C]lysophosphatidic acid (LPA) (m+19), [13C]phosphatidic acid (PA) (m+19), [13C]diacylglycerol (DAG)
(m+19), [13C]phosphatidylcholine (PC) (m+19), lysophosphatidylcholine (LPC) (m+19), phosphatidylethanolamine
(PE) (m+19), and phosphatidylserine (PS) (m+19), as well
as C16:0 acyl carnitine (AC) (m+16) (Figure 2A). We focused
on measuring fully labeled lipid species since the majority of
[13C]C16:0 FFA was fully labeled (Figures S1A, S3). We show
a representative example with [13C]C16:0/C18:1 DAG of how
we derived the isotopic SRM programs (Figure S3). Indeed, we
were able to detect diﬀerential relative fractional incorporation
of [13C]glucose into each complex lipid species across the six
cancer cell lines (Figure 2B; Table S1). We found that relative
fractional synthesis of fully labeled [13C]C16:0 LPA, [13C]C16:0/C18:1 DAG, [13C]C16:0/C18:1 PC, and [13C]LPC, but
not of the other lipid species, strongly correlated with relative
FASN inhibitor sensitivity (r2 > 0.97; Figure 3), suggesting that
measuring fractional full incorporation of [13C]glucose into
these four speciﬁc complex lipids may provide a promising
biomarker for FASN sensitivity in cancer cells.
Metabolomic Proﬁling of FASN Blockade in Sensitive
and Resistant Cells Reveals the Importance of DAG
Metabolism and Signaling in Driving FASN Inhibitor
Anti-Cancer Eﬀects. We next wanted to understand the
mechanisms underlying the sensitivity and resistance of cancer
cells to FASN inhibitors. We ruled out diﬀerences in target
engagement in sensitive versus resistant cells, since we see
complete blockade of [13C]glucose-derived de novo synthesis of
multiple complex lipid species in situ in both the most sensitive
231MFP and most resistant SKOV3 cancer cells (Figure S4).
We next performed SRM-based LC-MS/MS steady-state
lipidomic proﬁling of 154 lipid species in sensitive 231MFP
and resistant SKOV3 cells treated with TVB-3567 to identify
signiﬁcant alterations in lipid levels in 231MFP cells that were
not present in SKOV3 cells. Among the 154 total lipid species

Figure 1. Cancer cells showing diﬀerential sensitivity to FASN
inhibitor TVB-3567. (A) Cancer cell viability in response to treatment
with vehicle DMSO or FASN inhibitor TVB-3567 (1 μM) was
measured across a panel of human cancer cells (231 MFP and MCF7
breast cancer, C8161 and MUM2C melanoma, PC3 prostate cancer,
and SKOV3 ovarian cancer). Cells were treated with either vehicle
DMSO or TVB3567 in 1% serum-containing media, and viability was
measured 7 days after treatment by either WST-1 assay or Hoescht
staining cell viability assays. (B) FASN expression across the six cancer
cell lines, determined by Western blotting and quantiﬁed by
densitometry across. (C) Cancer cell sensitivity to TVB-3567 is
poorly correlated with FASN expression (Pearson correlation
coeﬃcient of r2 = 0.32) and with relative fractional [13C] glucose
incorporation into palmitate over 24 h (Pearson correlation coeﬃcient
of r2 = 0.26). For FASN inhibitor sensitivity in C, we have taken the
percent cell death data from A and normalized the data against
231MFP sensitivity (set to 1). Relative fractional incorporation of
glucose into palmitate was measured by SRM-based LC-MS/MS.
Values are expressed as mean ± sem; n = 3−5 per group. Signiﬁcance
is expressed in A as *p < 0.05 compared to control.
B
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Figure 2. Mapping [13C]glucose relative fractional incorporation into palmitate-containing complex lipid species. (A) Biochemical pathway map
describing full [13C]glucose incorporation into complex lipid species through labeling of [13C]glycerol-3-phosphate backbone and [13C]palmitate of
complex lipids. (B) Relative fractional [13C]glucose incorporation into fully labeled [13C]palmitate and palmitate containing complex lipid species.
The relative fractional incorporation of isotopic glucose into each complex lipid species was calculated by dividing the levels of full isotopic
incorporation into the particular lipid species in 24 h in the [13C]glucose-treated cells by the steady-state levels of the corresponding [12C]lipid
species in the [12C]glucose-treated cells in 24 h and then normalized to the fractional incorporation in 231MFP cells. This relative fractional
incorporation is displayed as both a heat map as well as individual bar graphs for each lipid species. Dark and light blue on the heat map denote high
and low fractional incorporation, respectively. Data are presented as mean ± sem; n = 4 per group.
C
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Figure 3. Correlation between relative fractional incorporation of isotopic glucose into complex lipid species and FASN inhibitor sensitivity reveals
predictive biomarkers. We show correlation plots between FASN inhibitor sensitivity and fractional isotopic incorporation of [13C]glucose into fully
labeled complex lipids. We ﬁnd that [13C] C16:0 LPA, C16:0/18:1 DAG, C16:0/18:1 PC, and C16:0 LPC (all m+19), but not other lipid species,
strongly correlate with TVB-3567 sensitivity across the six cancer cell lines tested in Figure 1 (Pearson correlation coeﬃcients of r2 > 0.97). Data are
presented as mean ± sem; n = 4 per group.

4C). We also show that the resistant SKOV3 cells become
sensitized to FASN inhibition upon treatment with a PKC
inhibitor Go 6983 (Figure 4D).
Previous studies have shown that PKC promotes cell survival
through phosphorylation of its downstream substrate p90RSK,
leading to phosphorylation and inactivation of the proapoptotic factor Bad.7 We show here that FASN inhibition
by TVB-3567 impairs the phosphorylation of the p90RSK target,
ribosomal protein S6, and that PMA rescues this impairment in
sensitive 231MFP cells (Figure 4E). While PKC or FASN
inhibition alone does not aﬀect or only modestly lowers
phosphorylated S6, we show that dual inhibition of PKC and
FASN robustly and signiﬁcantly lowers phosphorylated S6
levels in the resistant SKOV3 cells (Figure 4F). We note that
PKC expression does not correlate with FASN inhibitor
sensitivity. Furthermore, the TVB-3567-mediated reductions in
DAG levels are not rescued by PKC activation with PMA, and
PKC inhibition by Go6983 alone or in conjunction with TVB3567 also does not alter DAG levels (Figure S6). Taken
together, our results show that FASN inhibitor sensitivity is
driven by reductions in DAG levels and impairments in DAGPKC signaling pathways, and that combinatorial inhibition of
FASN and PKC synergistically impairs PKC signaling pathways
to sensitize FASN inhibitor-resistant cancer cells.

that were quantiﬁed, intriguingly, we found that the only lipid
species that showed signiﬁcant and >3-fold changes upon TVB3567 treatment in 231MFP cells belonged to the DAG and
LPA/LPA-ether (LPAe) family of lipids (Figure 4A; Table S1;
Figure S5). Both DAG and LPA were also highly correlated in
their relative fractional isotopic incorporation with FASN
inhibitor sensitivity (Figure 3). More interestingly, we ﬁnd that
the resistant SKOV3 cells show signiﬁcantly less or no
reduction in the levels of DAGs and LPA/LPAe compared to
the sensitive 231MFP cells upon FASN inhibition with both
TVB-3567 and C75 treatment, suggesting that these lipid
species may play a role in conferring sensitivity and resistance
to FASN inhibitors (Figure 4B; Figure S5). We also show that
FASN knockdown by RNA interference recapitulates the eﬀects
shown with pharmacological blockade of FASN, in which
FASN knockdown lowers DAG and LPA/LPAe levels to a
higher degree in 231MFP cells compared to SKOV3 cells
(Figure S5). Indeed, both DAG and LPA/LPAe lipid classes are
known oncogenic signaling lipids that promote cancer
pathogenicity through stimulating protein kinase C and LPA
receptor signaling pathways, respectively.5,6 We thus performed
rescue experiments with LPA (200 nM) and a PKC agonist
phorbol 12-myristate 13-acetate (PMA; 1 μM) and show that
PMA, but not LPA, completely rescues the cell viability
impairments conferred by TVB-3567 in 231MFP cells (Figure
D
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Figure 4. Metabolomic proﬁling of FASN inhibition revealing diacylglycerol metabolism and signaling as important drivers of FASN inhibitor
sensitivity. (A) We performed an SRM-based LC-MS/MS steady-state metabolomic analysis of 154 lipid species to identify metabolomics alterations
upon FASN inhibition in the sensitive 231MFP and resistant SKOV3 cells. 231MFP and SKOV3 cells were treated with vehicle (DMSO, 0.1%) or
TVB-3567 (1 μM) for 24 h in serum-free media, after which cellular lipidomes were subjected to metabolomic analysis. The heat map shows the
relative levels of all lipids measured in this experiment normalized to their respective controls. Darker and lighter blue shading on the heat map
corresponds to higher and lower relative metabolite levels compared with DMSO treated controls, respectively. (B) We wanted to identify
metabolites that were signiﬁcantly changing in the sensitive 231MFP cells that were altered less or were not changing in the resistant SKOV3 cells, as
these lipid species may represent drivers of FASN inhibitor sensitivity. Shown are the relative levels of metabolites that were signiﬁcantly (p < 0.05)
and robustly (>3-fold) altered in 231MFP cells and not in SKOV3 cells compared with respective vehicle-treated controls. Relative levels are
normalized to the controls of each respective cell line. FASN inhibition with TVB-3567 signiﬁcantly and robustly lowers levels of DAGs and LPA/
LPA-ether (LPAe) species in 231MFP cells but not in SKOV3 cells. (C) The cell viability impairments conferred by TVB-3567 treatment in
E

DOI: 10.1021/acschembio.5b00240
ACS Chem. Biol. XXXX, XXX, XXX−XXX

Letters

ACS Chemical Biology
Figure 4. continued

231MFP cells (1 μM) was signiﬁcantly rescued by the addition of the DAG-independent PKC activator PMA (1 μM) but not by LPA (200 nM).
(D) Treatment of SKOV3 cells with the PKC inhibitor Go 6983 (1 μM) hypersensitizes them to FASN inhibition with TVB-3567. Pharmacological
agents in C and D were cotreated in 231MFP cells for 4 days in serum-free media, and cell viability was measured using the Hoescht stain cell
viability assay. (E, F) Levels of phosphorylated ribosomal protein S6 upon treatment of 231MFP or SKOV3 cells with vehicle (DMSO), TVB-3567
(1 μM), PMA (1 μM), and/or Go 6983 (1 μM) for 3 days in serum-free media. Phospho-S6 was quantiﬁed in relation to expression of loading
controls cyclophilin and RAB11 for 231MFP and SKOV3, respectively. Data are presented as mean ± sem; n = 4−5 per group. Signiﬁcance is
presented in (B−F) as *p < 0.05 compared with vehicle-treated control and # p < 0.05 between 231 MFP and SKOV3 TVB-3567 treated groups.

together, our ﬁndings reveal potential biomarkers that may
inform patient responsiveness to FASN inhibitors, put forth a
novel mechanism underlying FASN inhibitor anticancer eﬀects,
and propose a possible route to sensitize FASN inhibitorresistant tumors.

Our metabolomic proﬁling also revealed that the tumorsuppressing signaling lipid ceramide was also elevated upon
FASN inhibition in 231MFP cells, but this lipid was
signiﬁcantly lowered in the resistant SKOV3 cells (Figure
S7A). Indeed, previous studies have shown that FASN
inhibition leads to elevated ceramides causing apoptosis.1 We
show that inhibiting ceramide synthesis leads to reduced
ceramide levels and partially rescued cell viability in TVB-3567treated 231MFP cells (Figure S7B,C).
Taken together, our results reveal that the cytotoxic eﬀects of
FASN inhibitors in sensitive lines may be due to the robust
depletion of oncogenic signaling lipids, such as DAGs, and the
elevation of tumor-suppressing ceramides. We also show that
resistance to FASN inhibitors may be overcome by dual PKC
and FASN blockade, opening up the possibility for synergistic
chemotherapeutic options for FASN inhibitors.
Conclusions. Many studies have shown that FASN is
heightened in cancer cells and that FASN blockade impairs
cancer pathogenicity and tumorigenesis, making FASN an
attractive target for cancer therapy. Multiple mechanisms have
been reported for the anticancer eﬀects of FASN inhibitors,
including a disruption in lipid rafts that control oncogenic
signaling pathways, depletion of lipids required for maintenance
of cell membranes, and toxic accumulation of malonyl-CoA
leading to accumulation of ceramide and apoptosis.1 While
these mechanisms have explained the broad anticancer eﬀects
of many diﬀerent types of cancer cells to FASN inhibition, a
predictive and mechanistic understanding underlying resistance
of certain cancer cell types to FASN inhibition has remained
enigmatic. Here, we show that diﬀerent cancer cell types show
varying sensitivities to FASN inhibitors and that this sensitivity
or resistance can be predicted, not by FASN expression or
fractional de novo synthesis in the FASN product palmitate, but
rather by fractional incorporation of glucose into speciﬁc
complex lipids, including LPA, DAG, LPC, and PC. We further
show that the sensitivity and resistance of FASN inhibitors is
driven by diﬀerences between cell types in maintaining DAG
levels and DAG-PKC signaling in the face of FASN inhibition,
and that resistance to FASN inhibitors may be overcome by
treatment with both FASN and PKC inhibitors.
While our study reveals a novel mechanism underlying FASN
inhibitor sensitivity in cancer cells, we cannot rule out
alternative mechanisms of resistance that may play a role in
in vivo tumorigenesis, including the contributions of exogenous
lipids such as palmitate and lysophospholipids.8,9 Indeed, it will
be of future interest to determine the relative contribution of
exogenous carbon sources (e.g., glucose, glutamine, fatty acids,
lysophospholipids) as well as endogenous lipolytic sources in
maintaining membrane, lipid raft, and signaling lipids in cancer
cells toward fully understanding the therapeutic potential of
manipulating cancer cell lipid metabolism.8−11 It will also be of
future interest to understand whether our ﬁndings can be
extended in vivo in both cancer models and in patients. Taken
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EXPERIMENTAL PROCEDURES

Materials. MUM2C, MCF7, and PC3 cell lines were purchased
from ATCC. C8161 cells were provided by Mary Hendrix. The
231MFP and SKOV3 cells were generated from explanted xenograft
tumors of MDA-MB-231 and parental SKOV3 cells, respectively, as
described previously.12 TVB-3567 was obtained from 3-V Biosciences.
The structure of TVB-3567 cannot be disclosed at this time due to its
proprietary nature. TVB-3567 can be obtained by contacting 3-V
Biosciences. TVB-3567, PKC activator PMA (Tocris), and PKC
inhibitor Go 6983 (Tocris) were used at 1 μM ﬁnal concentration,
based on discussion with 3-V Biosciences or previously reported
studies. LPA (Avanti) was treated at a ﬁnal concentration of 200 nM.
The ceramide synthesis inhibitors fumonsin B1 (Cayman), GW4869
(Cayman), and 1-aminodecylidene bis-phosphonic acid (Cayman)
were treated at a ﬁnal concentration of 10, 2, and 0.5 μM, respectively.
siControl and siFASN oligonucleotides were obtained from
Dharmacon GE Lifesciences.
Cell Culture Conditions. SKOV3, C8161, MUM2C, and MCF7
cells were cultured in RPMI1640 media containing 10% fetal bovine
serum (FBS) and 2 mM glutamine maintained at 37 °C at 5% CO2.
PC3 cells were cultured in F12K media containing 10% FBS and 2
mM glutamine and were maintained at 37 °C at 5% CO2. 231MFP
cells were cultured in L15 media containing 10% FBS and 2 mM
glutamine and were maintained at 37 °C in 0% CO2.
Cell Viability Studies. Cells were washed twice in PBS, harvested
by trypsinization, washed in serum-free media, and seeded into 96-well
plates (30 000 cells per well in a volume of 200 μL containing 1%
FBS) for 0 and 7 days prior to the addition of WST-1 (10 μL) for 1 h
at 37 °C in 5% CO2. Absorbance was then measured at 450 nm using a
spectrophotometer. For 231MFP cells, rather than the addition of
WST-1, cell viability was measured at 0 and 7 days by ﬁrst aspirating
the media followed by the addition of 100 μL of ﬁxation solution
containing 5 μM Hoescht in formalin. The ﬁxation solution was
aspirated, and the cells were washed with PBS. Absorbance was then
measured using a ﬂuorescent plate reader with an excitation of 350 nm
and an emission of 461 nm. For both viability assays, cells were seeded
into 6 cm dishes (side-by-side with 96-well plates) for the purpose of
imaging.
Metabolomic Proﬁling of Cancer Cells. Metabolite measurements were conducted using modiﬁed previous procedures.13 Cancer
cells were grown in serum-free media for 24 h to minimize the
contribution of serum-derived metabolites to the cellular proﬁles.
Cancer cells (1 × 106 cells/6 cm dish or 2 × 106 cells/6 cm dish) were
washed twice with phosphate buﬀer saline (PBS), harvested by
scraping, and isolated by centrifugation at 1400g at 4 °C, and cell
pellets were ﬂash frozen and stored at −80 °C until metabolome
extractions. Lipid metabolites were extracted in 4 mL of a 2:1:1
mixture of chloroform/methanol/Tris buﬀer with inclusion of internal
standards C12:0 dodecylglycerol (10 nmol) and pentadecanoic acid
(10 nmol). Organic and aqueous layers were separated by
centrifugation at 1000g for 5 min, and the organic layer was collected.
The aqueous layer was acidiﬁed (for metabolites such as LPA) by
F
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adding 0.1% formic acid, followed by the addition of 2 mL of
chloroform. The mixture was vortexed, and the organic layers were
combined, dried down under N2, and dissolved in 120 μL of
chloroform, of which 10 μL was analyzed by both single-reaction
monitoring (SRM)-based LC-MS/MS or untargeted LC-MS. LC
separation was achieved with a Luna reverse-phase C5 column (50
mm × 4.6 mm with 5 μm diameter particles, Phenomenex). Mobile
phase A was composed of a 95:5 ratio of water/methanol, and mobile
phase B consisted of 2-propanol, methanol, and water in a 60:35:5
ratio. Solvent modiﬁers 0.1% formic acid with 5 mM ammonium
formate and 0.1% ammonium hydroxide were used to assist ion
formation as well as to improve the LC resolution in both positive and
negative ionization modes, respectively. The ﬂow rate for each run
started at 0.1 mL/min for 5 min, to alleviate backpressure associated
with injecting chloroform. The gradient started at 0% B and increased
linearly to 100% B over the course of 45 min with a ﬂow rate of 0.4
mL/min, followed by an isocratic gradient of 100% B for 17 min at 0.5
mL/min before equilibrating for 8 min at 0% B with a ﬂow rate of 0.5
mL/min.
MS analysis was performed with an electrospray ionization (ESI)
source on an Agilent 6430 QQQ LC-MS/MS. The capillary voltage
was set to 3.0 kV, and the fragmentor voltage was set to 100 V. The
drying gas temperature was 350 °C, the drying gas ﬂow rate was 10 L/
min, and the nebulizer pressure was 35 psi. Representative metabolites
were quantiﬁed by SRM of the transition from precursor to product
ions at associated collision energies. Data were normalized to the
internal standards, and also external standard curves of metabolite
classes against the internal standards and levels were expressed as
relative metabolite levels compared to controls. The raw data from
these studies are in Table S1. LPA and DAGs were speciﬁcally
quantiﬁed with unnatural internal standards C13:0 LPA and C15:0/
C18:1 DAG, respectively. These internal standards were added
alongside dodecylglycerol and pentadecanoic acid in the 2:1:1
chloroform/methanol/Tris buﬀer mixture. These data are in Figure
S5C.
Analysis of Isotopic Glucose Incorporation into Lipid
Species. Isotopic glucose incorporation into lipids was measured by
labeling cells with [12C] or [U−13C] glucose and quantifying both
nonisotopic and isotopic incorporation into lipid species. Cells were
treated with either 10 mM [12C]glucose or [13C]glucose in otherwise
glucose-free RPMI media. Cells were harvested 24 h after labeling with
[12C]/[13C]glucose, and the lipid metabolome was extracted as
previously described and analyzed by SRM-based targeted LC-MS/MS
for both nonisotopic and isotopic lipid species. The relative fractional
incorporation of isotopic glucose into each complex lipid species was
calculated by dividing the levels of isotopic incorporation into the
particular lipid species in 24 h in the [13C]glucose-treated cells by the
steady-state levels of the corresponding [12C]lipid species in the
[12C]glucose-treated cells in 24 h, and then normalized to the
fractional incorporation in 231MFP cells (set to 1).
Western Blotting. Cells were lysed by probe sonication in PBS
containing both protease and phosphatase inhibitors. Proteins were
resolved by electrophoresis on 4−15% Tris-Glycine precast MiniPROTEAN TGX gel (BioRad Laboratories) and transferred to PVDF
membranes using the iBlot system (Invitrogen). Blots were blocked
with 5% nonfat milk in a Tris-buﬀered saline containing Tween-20
(TBST) solution for 60 min at RT, washed in 1× TBST, and probed
with primary antibody of interest diluted in 5% BSA TBST solution.
Following three subsequent TBST washes, the blots were incubated in
the dark with a IR-linked secondary at RT for 1 h. Following three
more washes, blots were visualized using an Odyssey Li-Cor scanner.
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