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SUMMARY
Tumor acidosis promotes disease progression through a stimulation of fatty acid (FA) metabolism in cancer
cells. Instead of blocking the use of FAs by acidic cancer cells, we examined whether excess uptake of spe-
cific FAs could lead to antitumor effects. We found that n-3 but also remarkably n-6 polyunsaturated FA
(PUFA) selectively induced ferroptosis in cancer cells under ambient acidosis. Upon exceeding buffering ca-
pacity of triglyceride storage into lipid droplets, n-3 and n-6 PUFA peroxidation led to cytotoxic effects in pro-
portion to the number of double bonds and even more so in the presence of diacylglycerol acyltransferase
inhibitors (DGATi). Finally, an n-3 long-chain PUFA-rich diet significantly delayed mouse tumor growth
when compared with a monounsaturated FA-rich diet, an effect further accentuated by administration of
DGATi or ferroptosis inducers. These data point out dietary PUFA as a selective adjuvant antitumor modality
that may efficiently complement pharmacological approaches.
INTRODUCTION

The contribution of different nutrients to biosynthetic, bioener-

getic, and antioxidant needs of cancer cells has been exten-

sively studied in the last decade (Vander Heiden and DeBerar-

dinis, 2017). In particular, the relationship between cancer

genetics and metabolism rewiring has led to major discoveries,

offering new therapeutic perspectives for specific cancer types

(Luengo et al., 2017; Tajan and Vousden, 2020). In many of

these studies, the availability in the whole diversity of nutrients

has been considered unlimited, cancer cells getting what they

need according to mutation- and microenvironment-driven

metabolic preferences (Davidson et al., 2016; DeNicola and

Cantley, 2015; Muir et al., 2018; Palm and Thompson, 2017).

Today, however, investigators are increasingly raising the ques-

tion of whether diet may influence cancer progression through

the modulation of the access to and the utilization of nutrients

by tumor cells (Lien and Vander Heiden, 2019; Mayne et al.,

2016; Steck and Murphy, 2020; Sullivan et al., 2019). The exist-

ing literature addressing this issue is contradictory with highly

significant tumor growth inhibitory effects in response to spe-

cific diets but also quite drastic changes in dietary options lead-

ing to poor, if not counterproductive, effects on mouse tumor

progression (Hopkins et al., 2018; Xia et al., 2017). Most of

these dietary studies are based on the original idea that

reducing tumor supply of major nutrients could limit cancer
cell proliferation. Calorie restriction most often through a low

carbohydrate content and more recently diets excluding spe-

cific amino acids have been investigated (Dierge et al., 2020;

Lv et al., 2014). Applications of these approaches in cancer

patients, including via the ketogenic diet that makes fat-gener-

ating ketone bodies to spare healthy organs, face obvious is-

sues including weight loss, associated fatigue, and weakness

together with practical difficulties in implementing these diets

in an everyday cancer patient’s life (Dierge and Feron, 2019;

Nestle, 2018).

Strategies aiming to supplement specific nutrients instead of

restricting diets are less numerous. Recent studies have iden-

tified dietary histidine (Kanarek et al., 2018) and mannose

(Gonzalez et al., 2018) supplementations as promising low-

risk interventions, but dietary omega-3 (n-3) polyunsaturated

fatty acids (PUFAs) have along the years attracted the most

attention for their potential anticancer effects. Outcomes of

PUFA administration in tumor-bearing mice are indeed prom-

ising (see Dierge et al., 2020 for review). However, while trans-

ferability of dietary PUFAs to humans is easier to handle than

calorie-restricted diets, clinical validation of potential benefits

is still in its infancy, with a small number of trials, limited enroll-

ment of patients, and confusion in data interpretation arising

from variability in the PUFA nature, amount, and mode of

administration (Berquin et al., 2008; Serini et al., 2016). Still,

studies performed on cohort of >1,000 patients with colorectal
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Figure 1. n-3 and n-6 PUFAs preferentially accumulate into lipid droplets of acidic cancer cells

(A and B) Representative pictures (A) (6.5/ and 7.4/SiHa cells) and quantification (B) of ORO-stained LDs in the pH 6.5-adapted SiHa, HCT-116, and FaDu cancer

cells and corresponding cells maintained at pH 7.4 upon exposure for 24 h to 100 mM FAs including SFAs (palmitate, PA), MUFAs (oleate, OA), and PUFAs (n-6:

(legend continued on next page)
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cancer revealed that higher intake of marine n-3 PUFAs after

diagnosis is associated with lower cancer-associated deaths

and longer disease-free survival (Van Blarigan et al., 2018;

van der Meij et al., 2012). Different mechanisms are suggested

based on in vitro studies including lipid peroxidation, apoptosis

induction, but also direct anti-inflammatory signaling through G

protein-coupled receptors (D’Eliseo and Velotti, 2016; Dierge

and Feron, 2019). These pleiotropic effects, however, question

the selectivity of action of PUFAs toward tumors (versus

healthy organs). Indeed, while anti-inflammatory effects may

not hurt, lipid peroxidation and associated cell death may

represent potential adverse effects. A response to the selec-

tivity issue of PUFAs may, however, arise from independent

studies that in the last decade have documented a major role

of lipid metabolism in tumor growth (Corbet and Feron, 2017;

Snaebjornsson et al., 2020). Various reports have actually re-

vealed that cancer cell growth was highly dependent in some

mouse tumor models on fatty acid (FA) uptake and oxidation.

We have previously reported that tumor acidosis, in particular,

was associated with a profound rewiring of FA metabolism with

glutamine acting as an FA precursor (Corbet et al., 2014, 2016),

while concomitantly, uptake of exogenous FAs supported

beta-oxidation and accumulation of triglycerides into lipid

droplets (LDs) (Corbet et al., 2020). Moreover, we showed

that these LDs serve as a source of FAs that could be mobi-

lized and oxidized to fulfill cellular needs during the invasion

process (Corbet et al., 2020).

In this study, we postulated that the increased FA uptake ca-

pacity of acidic cancer cells could account for a preferential de-

livery of PUFAs into this specific tumor compartment and thus for

tumor-specific cytotoxic effects. We found that n-3 but also

remarkably n-6 PUFAs induced cell death in 2D-grown acid-

adapted cancer cells and within the acidic compartment of 3D

tumor spheroids, the toxicity gradually increasing with the num-

ber of double bonds. The prior accumulation of both n-3 and n-6

PUFAs into LDs to a larger extent than that of saturated FAs

(SFAs) and monounsaturated FAs (MUFAs) led us to suspect

that storage of excess FAs into triglycerides was actually a strat-

egy to mask double bonds from peroxidation. We further proved

that peroxidability potential was increased in acidic cancer cells

and that long-chain (LC) n-3 and n-6 PUFA peroxidation and

consecutive ferroptosis accounted for the observed antitumor

effects. Finally, we documented in mice that an n-3 LC-PUFA-

rich diet led to a significant delay in tumor growth when

compared with an MUFA-rich diet. Importantly, both in vitro

and in vivo anticancer effects of LC-PUFAs were further

increased upon administration of inhibitors of diacylglycerol

acyltransferases to prevent PUFA buffering into LDs. Altogether,

these data identify dietary LC-PUFA as an adjuvant modality to

take advantage of acidosis-driven induction of ferroptosis in

tumors.
linoleate, LA; arachidonate, ARA; docosapentaenoate, DPA; n-3: alpha-linole

bar, 20 mm.

(C–E) FA composition of neutral lipid (NL), free FA (FFA), and phospholipid (PL) fr

andOA (C), n-6 PUFAs (LA, ARA, or DPA) (D), and n-3 PUFAs (ALA, EPA, or DHA) (E

FA amounts in lipid fractions from untreated 7.4/and 6.5/HCT-116 cells are indic

Data are represented as mean ± SEM of 10 pictures (B) or 3 independent expe

multiple comparison test. *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S1.
RESULTS

n-3 and n-6 PUFAs preferentially accumulate into lipid
droplets of acidic cancer cells
We first compared the capacity of acid-adapted cancer cells

(6.5/cells) and corresponding cells maintained at neutral pH

(7.4/cells) to capture FAs into LDs, including SFAs (palmitate,

PA), MUFAs (oleate, OA), and PUFAs (n-6: linoleate, LA; arachid-

onate, ARA; docosapentaenoate, DPA; n-3: alpha-linolenate,

ALA; eicosapentaenoate, EPA; docosahexaenoate, DHA). A

global increase in LD accumulation of either FA was observed

in 6.5/tumor cells of different origins, namely cervix (SiHa), colo-

rectal (HCT-116), and hypopharyngeal (FaDu) cancer cell lines

(Figures 1A, 1B, and S1A). It is noteworthy that 6.5/FaDu cells ex-

hibited a net reduction in cell size (Figure S1A) so that the in-

crease in LD area was normalized per nucleus area (Figure 1B).

Interestingly, within the n-3 and n-6 PUFA series, we observed

an increase in the size and number of LDs in proportion to the

number of double bonds (n-6 series: C22:5, DPA > C20:4, ARA

> C18:2, LA; n-3 series: C22:6, DHA > C20:5, EPA > C18:3,

ALA) (Figures 1A, 1B, and S1A). These findings indicate that

enhanced LD formation upon exposure to both n-3 and n-6 PU-

FAs directly reflects intracellular PUFA accumulation. As a

further support to this observation, we showed that LD formation

upon exposure to DHAwas significantly reduced by blocking an-

tibodies directed against CD36 that we recently identified as the

main entry path for FAs under acidosis (Corbet et al., 2020)

(Figure S1B).

We further carried out a gas chromatography-flame ionization

detection (GC-FID)-based quantification of captured FAs as

phospholipids (PLs), neutral lipids (NLs), or free FAs (FFAs). We

first observed that each added FA accounted for a higher accu-

mulation in 6.5/cancer cells than in 7.4/cancer cells (Figures 1C–

1E and S2A–S2D). This difference was more pronounced within

the NL and FFA fractions than in the PL fraction (Figures 1C–1E

and S2B–S2D). The contribution of each added FA to the total

amounts of NL revealed that both n-3 and n-6 PUFA series

largely accumulated in 6.5/cancer cells in proportion to the num-

ber of double bonds (Figures S1C and S2A, left panels), thereby

recapitulating the observed profile of LD accumulation. Higher

amounts of C22:4 and C22:5 metabolites were also observed

in the NL and FFA fractions of 6.5/cells exposed to n-6 C20:4

(ARA) and n-3 C20:5 (EPA), respectively (Figures 1D, 1E, S2C,

and S2D), indicating elongase activity. 6.5/FaDu cells showed

a 2- to 3-fold lesser accumulation of PL in response to added

FAs (versus 7.4/FaDu cells) (Figures S3A–S3D, right panels), in

agreement with the observed significant reduction in cell size un-

der acidosis. When applying this correcting factor to the

amounts of NL and FFA measured in 6.5/FaDu cells (Figures

S3A–S3D), enrichment in either fraction was actually similar to

that observed in 6.5/HCT-116 and 6.5/SiHa cancer cells.
nate, ALA; eicosapentaenoate, EPA and docosahexaenoate, DHA). Scale

actions isolated from 6.5/ and 7.4/HCT-116 cells upon exposure to 100 mM PA

). A color code is associatedwith each added FA and its potential metabolite(s);

ated in white and black, respectively.

riments (C–E). Significance was determined by two-way ANOVA with Tukey’s
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Figure 2. n-3 and n-6 PUFAs exert selective cytotoxic effects under acidosis

(A–D) Effects of the indicated FAs (see Figure 1 legend for abbreviations) on the growth of pH 6.5-adapted and pH 7.4-cultured HCT-116 cancer cells (A), as well

as on the growth of 3D tumor spheroids generated fromHCT-116 cancer cells (B). FAs were added at the indicated concentrations for 72 h in the indicated cancer

(legend continued on next page)

ll
Article

4 Cell Metabolism 33, 1–15, August 3, 2021

Please cite this article in press as: Dierge et al., Peroxidation of n-3 and n-6 polyunsaturated fatty acids in the acidic tumor environment leads to fer-
roptosis-mediated anticancer effects, Cell Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.05.016



ll
Article

Please cite this article in press as: Dierge et al., Peroxidation of n-3 and n-6 polyunsaturated fatty acids in the acidic tumor environment leads to fer-
roptosis-mediated anticancer effects, Cell Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.05.016
n-3 but also n-6 PUFAs exert selective cytotoxic effects
in acidic cancer cells
While measurements of FA uptake and accumulation presented

in Figure 1were obtained after 24-h exposure andwere not asso-

ciated with significant cell death, longer exposure differently

altered cell growth. We actually found that while PA and OA

exposure did not lead to significant inhibition of cell growth,

both n-3 and n-6 PUFAs dose-dependently inhibited cell growth

in 6.5/cancer cells, but not in corresponding 7.4/cancer cells

(Figures 2A, S4A, and S4B). The reduction in cancer cell growth

was actually directly proportional to the number of double bonds

in the n-3 PUFAs (C22:6, DHA > C20:5, EPA > C18:3, ALA) and

remarkably also in the n-6 series (C22:5, DPA > C20:4, ARA >

C18:2, LA), indicating that the observed antitumor effects were

unlikely to be related to the formation of eicosanoids (known to

exert anti- and pro-inflammatory effects according to their n-3

and n-6 origin, respectively).

To further examine the cytotoxic effects of PUFAs in a model

wherein acidosis develops naturally, we used 3D tumor spher-

oids generated from the same FaDu and HCT-116 cancer cells

as above; SiHa cells were not used here because they do not

spontaneously form spheroids. In the HCT-116 and FaDu spher-

oids, effects of PUFAs once again followed the number of double

bonds with DHA and DPA, leading to more dramatic growth inhi-

bition than ARA and EPA (mainly detectable in HCT-116 spher-

oids) while LA and ALA had no or minimal impact (Figures 2B

and S4C). Interestingly, no signs of toxicity could be observed

in the first 3 days of spheroid exposure to PUFAs (i.e., a period

that is yet associated with growth inhibition of cancer cells main-

tained at pH 6.5 in 2D culture conditions). The cytotoxic effects

were actually observed from days 5 to 7 post-exposure to

PUFAs (Figures 2B and S4C), a delay that could correspond to

the time required for spontaneous acidosis to develop in the cen-

ter of the spheroids. To validate this hypothesis, we first

repeated the above experiments by culturing 3D tumor spher-

oids in a medium buffered at more alkaline pH. We found that

the increased pHe from 7.4 to 8 was associated with a progres-

sive reduction in the growth inhibitory effects of both DHA and

DPA (Figures 2C and S5A). We next used media containing

22 mM bicarbonate to neutralize H+ generated by growing

spheroids and observed the abrogation of the cytotoxic effects

of both DPA and DHA (Figures 2D and S5B). In parallel, we

used the acidic pH reporter pHLIP conjugated to AlexaFluor

568 dye and found that while no pHLIP staining was detected

in spheroids with a mean diameter %600 mm, the marker

confirmed the development of acidosis in the core of the spher-

oids at later stages (Figure 2E). Remarkably, using propidium io-

dide (PI) to detect cell death, we found that cells located at the

center of the spheroids were the first to die after the exposure
cells (A) and used at the concentrations of 50 mM inHCT-116 spheroids (B). Effects

the indicated pH (C) or in the presence of 22mMbicarbonate (bicarb) (D). Represe

7 (D) are presented. Scale bar, 500 mm.

(E) Detection of the acidic compartment within 3D FaDu spheroids using the acid

(F) Detection of FA-induced cell death in the center of FaDu spheroids using P

bar, 200 mm.

Data are represented as mean ± SEM of eitherR4 independent cultures (A) or 6 d

Sidak’s multiple comparison test (A), one-way ANOVA with Tukey’s multiple comp

0.001. See also Figure S2.
to DPA or DHA (but not PA), further supporting a major role of

acidosis in the development of PUFA-mediated cytotoxicity (Fig-

ure 2F). Also, the presence of 22mMbicarbonate in the extracel-

lular medium strongly reduced pHLIP staining in 3D spheroids

(Figure S5C) as well as the extent of PI-positive cells in the

core of the spheroids exposed to DPA or DHA (Figure S5D).

n-3 and n-6 PUFAs preferentially induce lipid
peroxidation under acidosis
Since the cytotoxic effects of n-3 and n-6 PUFAs under acidosis

were observed in proportion to the number of double bonds, we

next examined whether lipid peroxidation could account for the

deleterious effects of PUFAs. Using BODIPY 581/591 undeca-

noic acid as a peroxidation sensor (Figure 3A), we found that

6.5/cancer cells exhibited an increased oxidation ability (versus

corresponding 7.4/cancer cells) (Figure 3A). Malondialdehyde

(MDA) measurements confirmed an increase in the lipid peroxi-

dation pattern of acid-adapted cancer cells (Figure 3B). We

then exposed both 6.5/ and 7.4/cancer cells to various FAs

and examined the extent of generated MDA. While MDA levels

were similar in either cell phenotype upon exposure to PA, OA,

LA, and ALA, a net increase in MDA was observed in 6.5/cancer

cells in the presence of n-3 EPA and DHA as well as n-6 ARA and

DPA (Figures 3C, S6A, and S6B). The use of CD36-blocking an-

tibodies confirmed that enhanced DHA uptake from the extracel-

lular medium largely contributed to the increase in MDA levels

(Figure 3D).

Cytotoxic effects of n-3 and n-6 PUFAs under acidosis
result from ferroptosis
To better understand the nature of cell death induced by n-3 and

n-6 PUFAs in acidic cancer cells, annexin V/PI staining was car-

ried out and analyzed by flow cytometry. These experiments re-

vealed a very limited transition through the annexin-V-positive,

PI-negative quadrant before reaching the double-positive quad-

rant, suggesting a non-apoptotic mode of cell death (Figures

S6C–S6E). The lack of caspase-3 cleavage further confirmed

that cancer cells exposed to PUFAs did not enter apoptosis (Fig-

ures S6F and S6G); staurosporine was used as a control

apoptosis inducer in the above experiments. By contrast, several

lines of evidence indicated that PUFAs induced ferroptosis under

acidic conditions. We first used the bona fide ferroptosis inducer

erastin and found that it dramatically increased the cytotoxic ef-

fects of DPA and DHA in 3D tumor spheroids (from both HCT-

116 and FaDu cancer cells) but did not influence the effects of

PA that remained non-toxic (Figures 3E and S7A); similar effects

were obtained with RSL3, another ferroptosis inducer (Fig-

ure S7B). We next examined the expression of the central regu-

lator of ferroptosis glutathione (GSH) peroxidase-4 (GPX4) and
of 50 mMDHA or DPA on the growth of 3D tumor HCT116 spheroids cultured at

ntative pictures of 3D spheroids at the end of the experiment (B and C) or at day

ic pH reporter pHLIP conjugated to Alexa-568 fluorophore. Scale bar, 100 mm.

I; note the lack of response to palmitate versus DPA and DHA (96 h). Scale

ifferent spheroids (B–D). Significance was determined by two-way ANOVAwith

arison test at endpoint (B–D), or Student’s t test (E). *p < 0.05; **p < 0.01; ***p <
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Figure 3. n-3 and n-6 PUFAs increase the extent of lipid peroxidation and promote ferroptosis under acidosis

(A and B) Detection of basal levels of peroxidation in pH 6.5-adapted and pH 7.4-cultured cancer cells using BODIPY 581/591 undecanoic acid as a peroxidation

sensor (A) and by measuring the accumulation of malondialdehyde (MDA) (B).

(legend continued on next page)
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found that it was significantly upregulated under acidic condi-

tions (Figures 3F and S7C for quantification); a similar trend

was observed for the cystine/glutamate transporter SLC7A11,

the functional subunit of system xc, critical to support cellular

GSH biosynthesis (Figures 3F and S7C for quantification). Expo-

sure to exogenous PUFAs did not further upregulate GPX4 and

SLC7A11 (Figures S7D and S7E), suggesting that the observed

alterations result from an intrinsic extent of oxidative stress in

6.5/cancer cells. While no significant changes in acyl-CoA syn-

thetase LC family member 4 (ASCL4) expression could be

observed (Figure S7F), different extents of reduction in other

key players in ferroptosis, namely dihydrofolate reductase

(DHFR) and ferroptosis suppressor protein-1 (FSP-1), were

observed in 6.5/cancer cells (Figures 3G and S7G for quantifica-

tion), supporting an increased susceptibility to ferroptosis arising

from a deficit in radical trapping systems. To more firmly estab-

lish the preferred induction of ferroptosis in 6.5/cancer cells, we

used lipophilic antioxidant alpha-tocopherol (vitamin E) (Fig-

ure 3H) as well as ferroptosis inhibitors ferrostatin-1 and liprox-

statin-1 (Figures 3I and S8A) and documented that they could

prevent cell death and associated spheroid disaggregation in

response to DPA or DHA. Moreover, we quantified the levels of

MDA upon exposure to ferrostatin-1 and liproxstatin-1 and found

that both significantly reduced the extent of MDA generation re-

sulting from DPA and DHA exposure (Figures 3J and S7B).

DGAT inhibitors prevent the formation of lipid droplets
and alter the cellular fate of PUFAs
Our finding that PUFAs preferentially induced ferroptotic cell

death under acidosis in proportion to the number of double

bonds suggested that LDs might represent a strategy to divert

the excess of captured PUFAs from lipid peroxidation. While a

direct stoichiometric relationship exists between the number of

unsaturations and the amounts of reactive aldehydes that can

be generated, we also examined the possibility of a differential

metabolic degradation of PUFAs. We therefore measured the

oxygen consumption rate (OCR) in response to different FAs

and found that oxidative metabolism of PUFAs in 6.5/cancer

cells was significantly reduced in proportion to the number of

double bonds (Figure 4A); a similar reduction in OCR was ob-

tained when mixtures of SFAs (i.e., palmitate) and PUFAs were

used (Figure 4B). Altogether these data strongly suggest that

an increased availability of PUFAs (less efficiently degraded in

proportion of the number of double bonds) may account for their

preferred LD storage but also increased propensity to undergo

peroxidation.
(C) Effects of a 24-h exposure to the indicated FA (see Figure 1 legend for abbrevi

cancer cells.

(D) Effects of a 24-h treatment with two CD36-blocking antibodies (FA6-152 and

cer cells.

(E) Effects of ferroptosis inducer erastin on the growth of 3D HCT-116 tumor sphe

of time; representative pictures of spheroids at day 9 are also shown. Scale bar,

(F and G) Representative immunoblots for GPX4 and SLC7A11 (F) and FSP-1 an

(H and I) Effects of 1 mM alpha-tocopherol (vitamin E) (H) and ferrostatin-1 and l

increasing periods of time; representative pictures of spheroids at day 9 are also

(J) Effects of ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) on MDA accumulation

Data are represented as mean ± SEM ofR3 independent experiments (A–D and J

ANOVA with Sidak’s multiple comparison test (A–C), one-way ANOVA with Tukey

0.05; **p < 0.01; ***p < 0.001. See also Figure S3.
We next reasoned that preventing PUFA storage into LDs

could enhance the deleterious effects of lipid peroxidation in

the tumor acidic compartment. For this purpose, we used inhib-

itors of diacylglycerol acyltransferases (DGAT1 and DGAT2),

which are responsible for the formation of triglycerides from di-

acylglycerol and acyl-CoA. We found that DGAT1 inhibitor

(DGAT1i) was more efficient to prevent LD formation in 6.5/can-

cer cells than DGAT2 inhibitor (DGAT2i) (Figures 4C, 4D, S9A,

and S9D). GC-FID analysis of the cellular fate of DHA in the pres-

ence of DGAT1i confirmed that the amount of DHA found in the

NL fraction was reduced while it was significantly increased in

the FFA and PL fractions (Figure 4E, top panels). While palmitate

accumulation as NL was also reduced, no significant changes in

the FFA and PL fractions were observed (Figure 4E, bottom

panels). Finally, we measured the levels of MDA to further prove

the increased potential of ferroptosis induction upon DGAT inhi-

bition. While DGAT1i barely influenced the generation of MDA in

the presence of palmitate, it strongly increased DHA-induced

MDA generation in 6.5/cancer cells (Figure 4F).

DGAT inhibitors enhance the acidosis-triggered
cytotoxic effects of PUFAs
We next evaluated the effects of DGAT inhibitors on the extent of

PUFA-induced cytotoxicity.We found that DGAT1i increased the

cytotoxic effects of DPA and DHA (to a larger extent than

DGAT2i) in acid-adapted cancer cells, while they had no impact

on the viability of corresponding 7.4/cancer cells (Figures 5A,

S10A, and S10B). By contrast, either drug did not influence the

effect of palmitate in 6.5/cancer cells (Figures 5A, S10A, and

S10B). We next examined the effects of DGAT inhibition in 3D

HCT-116 and FaDu tumor spheroid models. We found that

DGAT1i and DGAT2i both increased the growth inhibitory effects

of DPA and DHA (Figures 5B and S10C), while they did not influ-

ence the effects resulting from PA exposure (Figures 5B and

S10C; quantification in Figures S10D and S10E). Interestingly,

combination of both DGAT1i and DGAT2i led to more profound

effects than single treatment (Figures 5B and S10C). To further

prove the enhancing potential of DGATi on PUFA cytotoxic ef-

fects in acidic cancer cells, we examined whether PUFA dosage

could be reduced when combined with DGATi. We found that a

concentration of DPA or DHA as low as 10 mM was actually

already leading to cytotoxic effects in 3D HCT-116 spheroids

when combined with DGAT1i (Figure 5C). Using a lentiviral

CRISPR-Cas9 approach, we documented that DGAT1 genetic

silencing also significantly increased the cytotoxic effects of

DHA and DPA on 3D tumor spheroids (Figures S10F and
ations) on MDA accumulation in pH 6.5-adapted and pH 7.4-cultured HCT-116

JC63.1) on the extent of DHA-induced MDA accumulation in HCT-116 can-

roids in the presence (or not) of 50 mMPA, DPA, and DHA for increasing periods

500 mm.

d DHFR (G) in the indicated cancer cells.

iproxstatin-1 (I) on 3D HCT-116 spheroids exposed to 50 mM DPA or DHA for

shown. Scale bar, 500 mm.

in HCT-116 cancer cells exposed to 100 mM DPA or DHA.

) or 6 different spheroids (E, H, and I). Significance was determined by two-way

’s multiple comparison test at endpoint (E, H, and J), or Student’s t test (D). *p <
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Figure 4. DGAT inhibition reduces PUFA accumulation as triglycerides in LDs and promotes lipid peroxidation

(A and B) Effects of the indicated FA (100 mM) (A) or the mixture of the indicated FA (50 mM) combined with 50 mMpalmitate (PA) (B) on the OCR in pH 6.5-adapted

cancer cells.

(C and D) Representative pictures (C) and quantification (D) of ORO-stained LDs in pH 6.5-adapted HCT-116 cancer cells upon 24-h exposure to 50 mMDHA and

either 15 mM A922500 (DGAT1i) or 10 mM PF06424439 (DGAT2i). Scale bar, 20 mm.

(E) DHA (top) and PA (bottom) abundance in NL, FFA, and PL fractions isolated from 6.5/ and 7.4/HCT-116 cells upon 24-h exposure to 50 mM DHA or PA and

DGAT1 inhibitor.

(F) Effect of DGAT1 inhibitor on MDA accumulation in HCT-116 cancer cells exposed for 24 h to 100 mM palmitate (PA) or DHA.

Data are represented as mean ± SEM of R3 independent experiments (A, B, D, and F). Significance was determined by one-way ANOVA with Tukey’s multiple

comparison test (A, B, and D), two-way ANOVA with Sidak’s multiple comparison test (E), or Student’s t test (F) *p < 0.05; **p < 0.01; ***p < 0.001. See also

Figure S4.
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S10G). Finally, to prove that the sensitizing effects of DGATi were

related to enhanced ferroptosis, we repeated the above experi-

ments in the presence of ferrostatin-1 and liproxstatin-1. Both

ferroptosis inhibitors prevented the cytotoxic effects of DHA

and DPA in 3D HCT-116 and FaDu tumor spheroids (Figures

5D and S11A). Altogether, these results indicate that preventing

PUFA buffering into LDs with DGATi represents an achievable

strategy to selectively promote ferroptotic death of acidic cancer

cells upon exposure to minimal amounts of PUFAs.

Mouse tumor growth is inhibited in response to n-3 LC-
PUFA-based diet and further delayed when combined
with DGATi or ferroptosis inducer
To further evaluate the effects of PUFAs in vivo, we fed mice

either olive oil- or concentrated fish oil-based isocaloric diets
8 Cell Metabolism 33, 1–15, August 3, 2021
(Tables S1 and S2). We first showed that 4-week fish oil-based

DHA-rich diet led to a highly significant n-3 PUFA enrichment

in circulating lipids (as FFA, PL, and NL) (versus mice fed on

the olive oil-based OA-rich diet) (Figure 6A). Moreover, the total

amounts of FAs in the serum were reduced by 68% and 47%

in the FFA and NL fractions of mice fed on the DHA-rich diet,

respectively (Figure 6B). We also measured FA accumulation in

the mouse liver and found a similar distribution with a net enrich-

ment in the n-3 PUFA pool in mice fed on the concentrated fish

oil-rich diet at the expense of MUFAs that amounted to 23% of

total FAs (versus 72% in mice fed on OA-rich diet) in the liver

NL fraction (Figures S12A and S12B).

A clear difference in the evolution of mouse weights was

observed between the two diets. A significant reduction in

weight was observed at the initiation of the treatment with the



Figure 5. DGAT inhibitors enhance acidosis-triggered cytotoxic effects of n-6 and n-3 LC-PUFAs

(A and B) Effects of DGAT inhibitors (15 mM A922500 [DGAT1i] or 10 mM PF06424439 [DGAT2i]) on the growth of pH 6.5-adapted and pH 7.4-cultured HCT-116

cancer cells (A), as well as on the growth of 3D tumor HCT116 spheroids (B). Cells were treated for 72 h (A) or for increasing periods of time (B) in the presence of

50 mM PA, DPA, or DHA; representative pictures of spheroids were taken at day 9. Scale bar, 500 mm.

(C) Titration of the effects of DPA and DHA on the growth of 3D tumor HCT-116 spheroids in the presence of DGAT1 inhibitor; representative pictures of spheroids

were taken at day 9. Scale bar, 500 mm.

(legend continued on next page)
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DHA-rich diet (Figure 6C). Weight gain then remained constantly

reduced (0.14 g per day versus 0.06 g per day for the OA-rich

diet) (Figure 6C) and was not associated with a reduction in

food consumption that was constant regardless of the diet

(around 3 g per day), except on the first day of diet initiation (Fig-

ure 6D). Treatment with DGATi did not influence weight gain and

food consumption in either diet group (Figures 6C and 6D), and

similar results were obtained in mice not bearing tumors (data

not shown). To identify the origin of the weight loss, we carefully

dissected subcutaneous and visceral fat tissues and found that

while white adipose tissue (WAT) was reduced by almost 50%

in mice fed on DHA-rich diet (Figure 6E), brown adipose tissue

(BAT) was not altered and even slightly more abundant in these

mice (versus mice fed on OA-rich diet) (Figure 6F). As a result,

the adiposity index was significantly reduced in response to

DHA-rich diet (Figure 6G). Analysis of FA subtype distribution

in WAT further indicated that the major differences were a signif-

icant n-3 PUFA accumulation in mice fed on DHA-rich diet

together with a lesser proportion of MUFAs in the NL fraction

(versus OA-rich diet) (Figures S12C and S12D). Of note, we

also measured serum LPS as a reflection of metabolic endotox-

emia and did not find significant differences between mice fed

OA-rich or DHA-rich diet (Figure S13A).

Mice were injected with HCT-116 cancer cells 2 weeks after

initiation of either diet, i.e., at a time when mice of both groups

were consuming the same daily amounts of food. The develop-

ment of acidosis in these tumors was verified using a pHLIP pep-

tide as an in vivo acid sensor. A highly specific accumulation of

Alexa647-conjugated pHLIP peptide could be detected,

whereas a control pH-insensitive peptide (K-pHLIP conjugated

to Alexa568) failed to label tumors (Figure S13B). A significant tu-

mor growth delay was observed in mice fed the DHA-rich diet

(versus OA-rich diet) (Figure 6H), together with a significant pro-

longation of mouse survival (Figures 6I and S13C). Importantly,

while the DHA-rich diet per se very significantly delayed tumor

growth, DGAT1i further delayed tumor growth in mice fed the

DHA-rich diet, but not the OA-rich diet (Figures 6H and 6I).

GC-FID measurements of FA accumulated into tumors

confirmed a net increase in n-3 PUFAs as FFAs, PL, and NL for

the mice fed the DHA-rich diet (versus OA-rich diet) (Figure 6J).

Of note, in the tumors of mice fed the OA-rich diet, most n-6 PU-

FAs consisted in LA (C18:2) that is much less peroxidable than n-

3 EPA (C20:5) and DHA (C22:6), the two most enriched PUFAs in

the tumors of mice fed the fish oil-based diet (Figure S13D). This

was confirmed by immunodetection of MDA but also 4-hydroxy-

2E-hexenal (4-HHE), the most prominent by-product of hydro-

peroxy derivatives of n-3 PUFAs. Indeed, we found increased

levels of peroxidation in the tumors of mice fed the DHA-rich

diet (versus OA-rich diet) (Figure 6K) (1.7-fold increase for

MDA, p < 0.01, n = 5–6; 2.5-fold increase for 4-HHE, p <

0.001, n = 5–7). We did not observe signs of systemic toxicity

as determined by analyzing circulating hepatic enzymes (ALT

and AST) and blood urea nitrogen (BUN) that remained in the
(D) Effects of ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) on 3D HCT-116 spher

periods of time; representative pictures of spheroids at day 9 are also shown. Sc

Data are represented as mean ± SEM of 3 independent experiments (A) or as me

(versus corresponding vehicle) was determined by two-way ANOVA with Sidak’s

test at endpoint (B–D). *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S5.
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physiological ranges (Figures S13E–S13G); serum MDA was

also unaltered by either diet or by the DGATi treatment

(Figure S13H).

Finally, we treated HCT-116 tumor-bearing mice fed the DHA-

rich diet either with ferroptosis-inducing or -inhibiting agents

(Figures 6L–6N). We found that the DHA-rich diet increased the

antitumor effects of sulfasalazine, a cost-effective ferroptosis

inducer (Lang et al., 2019) (Figures 6L and 6M), without any influ-

ence on mouse weight (Figure S13I); erastin was also used as

another ferroptosis inducer and similarly accentuated the effects

of the DHA-rich diet on tumor growth (Figures S13J–S13L),

though to a smaller extent probably related to the metabolic

instability of this compound (Zhang et al., 2019). More impor-

tantly, administration of the ferroptosis inhibitor ferrostatin-1

stimulated tumor growth and significantly reduced the survival

of mice fed the DHA-rich diet (Figures 6L and 6N), confirming a

role of ferroptosis in the capacity of n-3 PUFA-rich diet to delay

tumor growth.

DISCUSSION

How diet impacts cancer outcomes is of great interest to pa-

tients (Zick et al., 2018), but today few clinical trials have

addressed how dietary factors affect cancer progression (Lév-

esque et al., 2019). Yet the re-emergence of tumor metabolism

as a promising field of investigation for the identification of inno-

vative anticancer treatments offers today an opportunity to

further explore the link between nutrition and tumor growth

and optimize clinical protocols. In this work, we examined the

beneficial role of PUFAs in the fight against cancer through a

specific angle. Indeed, while numerous recent contributions

have validated lipid metabolism as a key target to be inhibited

in tumors (Butler et al., 2020; Corbet and Feron, 2017; Snaeb-

jornsson et al., 2020), we document here that one can instead

exploit the preferred FA metabolism within the acidic tumor

compartment to introduce deleterious FAs, in particular LC-PU-

FAs. Our previous demonstration that acidic cancer cells accu-

mulated LDs under acidosis (Corbet et al., 2020) led us to

consider that excess FA uptake could also represent a vulnera-

bility factor above a given threshold. We actually found that

accumulation of n-3 LC-PUFAs but also n-6 LC-PUFAs is toxic

for acid-adapted cancer cells as well as in 3D spheroids recapit-

ulating the spontaneous formation of H+ gradients within tumors.

Mechanistically, we provide evidence that ferroptosis, an iron-

dependent, non-apoptotic form of cell death associated with

oxidized lipids, is promotedwhen acidic cancer cells fail to buffer

the enhanced uptake of PUFAs and expose themselves to the

detrimental effects of peroxidation. First, the cytotoxic effects

were observed in response to PUFAs, but not MUFAs or SFAs,

and were associated with a CD36-dependent increase in MDA

generation. Second, the antitumor effects were observed with

both the n-6 and n-3 PUFA series in direct proportion to the num-

ber of double bonds, supporting an intrinsic chemical effect
oids exposed to DGAT inhibitors and either 50 mM DPA or DHA for increasing

ale bar, 500 mm.

an ± SEM of 6 different spheroids (B–D). Significance for the effects of DGATi

multiple comparison (A) or one-way ANOVA with Tukey’s multiple comparison



Figure 6. n-3 LC-PUFA-rich diet delays tumor growth in mice in a ferroptosis-dependent manner

(A and B) Repartition (A) and amounts (B) of SFAs, MUFAs, and n-6 and n-3 PUFAs in blood before (week 0 or W0) and after 4 weeks of either OA- or DHA-rich

isocaloric diets (W4/OA and W4/DHA, respectively).

(legend continued on next page)
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instead of an alteration in signaling pathways driven by PUFA

metabolites (i.e., eicosanoids). Third, LC-PUFA-dependent cell

death in 3D spheroids was fully reversible upon exposure

to various radical trapping agents and, conversely, further

enhanced in response to the ferroptosis inducer erastin.

Fourth, peroxidation byproducts MDA and 4-HHE were signifi-

cantly increased in tumors of mice fed a DHA-rich diet

and, while ferroptosis inhibitor ferrostatin-1 reduced the tumor

growth inhibitory effects of the DHA-rich diet, the ferroptosis

inducer sulfasalazine further enhanced the anticancer effects

of that diet.

Alteration in membrane integrity resulting from a decrease in

the proportion of PUFAs within lipid bilayers (and thus of their

kinked tails that prevent adjacent phospholipids from packing)

is very often proposed to account for ferroptotic cell death down-

stream of lipid peroxidation. Our experiments indicate that fer-

roptosis induction in response to ambient tumor acidosis may

also contribute to anticancer effects through deleterious cross-

linking of various cellular components with toxic aldehydes

such as 4-hydroxy-2E-hexenal (4-HHE) or malondialdehyde

(MDA) derived from the decomposition of lipid hydroperoxides.

Lately, regardless of the description of ferroptosis as a type of

cell death that occurs through excessive peroxidation of PUFAs,

few studies related to ferroptosis have focused on the therapeu-

tic potential of LC-PUFAs. Instead, many authors have examined

the nature of the genes involved in the induction and execution of

this iron-catalyzed form of necrosis (Hassannia et al., 2019).

Also, confusion about the interest of LC-PUFA dietary supple-

mentation has arisen from the lack of beneficial effects of n-3

PUFAs on cancer incidence as reported in systematic review

and meta-analysis of randomized trials (Hanson et al., 2020).

Still, recent findings suggest that the promotion of ferroptosis

by PUFAs could be particularly suited to kill a subset of cancer

cell populations with acquired or intrinsic resistance to treat-

ments and/or a high capacity for invasion. Therapy-resistant

mesenchymal cancer cells were, for instance, documented to

be highly dependent on a lipid-peroxidase pathway that protects

against ferroptosis, ZEB1 acting as the molecular link between

epithelial-mesenchymal transition, and associated increase in

FA uptake and lipid peroxide-associated vulnerability (Shimada

et al., 2016; Viswanathan et al., 2017). Interestingly, we recently

reported that tumor acidosis fosters autocrine ZEB-1/TGF-beta2

signaling, which in turn drives lipid droplet accumulation and re-

wires lipid metabolism to fulfill cellular energy needs during met-

astatic spreading (Corbet et al., 2020). These observations may

be further related to the recent report by Ubellacker and col-

leagues who documented that cancer cells that metastasize
(C and D) Time course of mouse weight gain (C) and food consumption (D) in

A922500 (D1i).

(E–G) Extent of white (WAT) (E) and brown (BAT) (F) adipose tissue and adiposity

(H and I) Tumor growth (H) and corresponding Kaplan-Meier survival curves (I) in

(J) Repartition of SFAs, MUFAs, and n-6 and n-3 PUFAs in the tumors of mice fe

(K) Representative pictures of MDA and 4-HHE immunostaining in tumors collect

bar, 100 mm.

(L–N) Tumor growth (L) and corresponding Kaplan-Meier survival curves in mice

1 (N).

Data are represented asmean of blood dosages for 3mice fed on DHA-rich diet fo

(A and B), as mean ± SEM of 6 to 8 mice (C–I and K–N) per condition or as mean

determined by Student’s t test (E–G) or log-rank (Mantel-Cox) test (I, M, and N).
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through lymph resist ferroptosis by reducing oxidative stress

(Ubellacker et al., 2020). Altogether, these data suggest that

while PUFAs may not exert global antitumor effects, the high

tropism of acidic, drug-resistant, and/or pro-invasive cancer

cells for FAs accounts for specific deleterious effects of LC-

PUFAs toward tumor cells directly participating to disease

progression. Indirectly, this specificity toward acidic tumor

tissues (versus other tumor compartments but also healthy tis-

sues at neutral pH) supports dietary LC-PUFA administration

as a safe and selective intervention with a favorable risk-benefit

balance.

Importantly, our work also provides evidence that the needed

amounts of bioactive n-3 LC-PUFAs in the tumor may be

reduced by taking advantage of the co-administration of

DGAT inhibitors. Blocking the esterification of fatty acyl-CoA

with diacylglycerol prevents the formation of triglycerides but

also modifies the fate of acyl-CoA that accumulates in the

cytosol and incorporates into plasma membranes (Figure 4E).

Remarkably, in 3D tumor spheroids and in vivo, we showed

that DGAT inhibition induces significant cytotoxic effects

when combined with LC-PUFAs, but not with SFAs or MUFAs.

Our findings position DGATi administration and dietary n-3 LC-

PUFAs as a highly relevant therapeutic combination, the former

making the latter more prone to undergo peroxidation and

induce ferroptosis. DGAT1i appears to be more potent than

DGAT2i, in agreement with evidence that DGAT1 is more impor-

tant in protecting the ER from lipotoxic effects of excess ‘‘exog-

enous’’ FAs, while DGAT2 has a more ancient function for medi-

ating TG synthesis of de novo-synthesized FAs (Chitraju et al.,

2017; Yen et al., 2008). These data actually expand on the anti-

tumor potential of DGATi. For instance, DGAT1 inhibition was

recently reported to drive FA-dependent mitochondrial over

boost in glioblastoma, leading to apoptosis and significant

growth inhibitory effects (Cheng et al., 2020). In our study,

DGAT inhibition did not lead to tumor growth inhibition in

mice fed on OA-rich diet but did in mice fed on DHA-rich

diet, indicating that differences may exist between cancer

types and/or according to the drug dosages and exposure

times. More generally, our data underline the potential of phar-

macological approaches able to increase intracellular PUFA

availability by other means than blocking their incorporation

into TGs. Interestingly, Perez and colleagues reported that an

inhibitor of ether lipid-generating enzyme alkyl-glycerone phos-

phate synthase (AGPS) could sensitize cells to the toxic effects

of dihomogamma-linolenic acid (DGLA), a n-6 PUFA known to

induce sterility in C. elegans. In the latter study, germ cell death

could, however, not be recapitulated by dietary LA, ALA, or
mice fed on either diet and treated (or not) with 3 mg/kg DGAT1 inhibitor

index (G) as determined 4 weeks after the initiation of either diet.

mice fed with OA- or DHA-rich diets and treated (or not) with DGAT1 inhibitor.

d with either diet.

ed from OA- and DHA-rich diets; fold changes are mentioned in the text. Scale

fed with DHA-rich diet and treated (or not) with sulfasalazine (M) or ferrostatin-

r 4 weeks versusmice on normal diet (week 0) or fed onOA-rich diet for 4 weeks

of tumor dosages for mice (n = 4) fed the indicated diet (J). Significance was

*p < 0.05; ***p < 0.001. See also Figure S6 and Tables S1 and S2.
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EPA, suggesting selective structure-specific peroxidation by

cytochrome P450 or lipoxygenase enzymes. A deficiency in

DECR1, a critical enzyme in the PUFA beta-oxidation pathways,

was also associated with enhanced mitochondrial oxidative

stress and higher potential of lipid peroxidation (Nassar

et al., 2020). Further studies are warranted to determine

whether the intrinsic pharmacological effects of drugs used to

influence the impact of dietary PUFA supplementation will offer

additional beneficial effects or will instead potentially induce

toxicity in organs where FAs are used as major nutrients such

as the heart.

In conclusion, the shared effects of n-3 and n-6 LC-PUFAs

on acidic cancer cells (versus preferred resolution of the in-

flammatory cycle by n-3, but not n-6 eicosanoids) underpin

a major contribution of lipid peroxidation in anticancer effects

of LC-PUFAs. Our study positions the rewiring of lipid meta-

bolism associated with tumor acidosis not as a druggable

target to inhibit but as a cancer cell vulnerability that can

be exploited to locally increase LC-PUFA effects. The well-

established link between tumor acidosis and disease

progression, including through increased invasiveness, drug

resistance, and immune escape, makes dietary n-3 LC-

PUFA supplementation a particularly relevant strategy to be

implemented.

Limitations of study
This study describes the anticancer effects resulting from

excess LC-PUFA accumulation in cancer cells cultured under

acidosis, in 3D tumor spheroids as well as in mouse tumors.

This brings the question of the concentration of bioactive n-3

LC-PUFAs that can be reached in humans. In our experiments,

we paid attention to work in the presence of serum so that

exogenous PUFAs were not the only FAs in media but were

actually mixed with serum-containing FAs. Significant cell

death was observed with concentrations of n-6 DPA and n-3

DHA as low as 10 mM (i.e., �10% of total FAs present in the

medium). As a reference, we recently performed a pilot study

in human volunteers (data not shown), which indicates that

the daily consumption of 4.8 g concentrated fish oil (containing

80% n-3 LC-PUFA) for 1 week allowed them to reach total

plasma n-3 LC-PUFA content around �500 mM. Further inves-

tigation is warranted to examine the bioavailability of n-3 LC-

PUFAs in cancer patients upon dietary supplementation,

including after longer diet periods than what was possible in

our study with short-lived tumor-bearing mice. Of interest, the

reduction in adiposity index observed in our mouse experi-

ments and reported elsewhere (Lund et al., 2018) in response

to marine n-3 PUFA-rich diet was associated with a reduced

proportion of MUFAs in blood, adipose tissue, and liver. Addi-

tional work is required to determine whether such systemic

effects of n-3 LC-PUFAs may also indirectly contribute to

tumor growth inhibitory effects through a reduction in the pro-

portion of bioavailable MUFAs. Also, a careful evaluation of the

contribution to our in vivo findings of the PUFA effects on the

microbiota is needed. Finally, while DGAT inhibitors as used

in this study are reaching the clinic, a flag of attention needs

to be raised about the in vivo stability of ferroptosis modulators

as recently emphasized by Jiang and colleagues (Jiang

et al., 2021).
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell lines & culture

B Mouse strains

d METHOD DETAILS

B 2D culture treatment

B Oil red O staining

B Fatty acid quantification

B 3D spheroid models

B MDA measurements

B Peroxidation potential

B Flow cytometry

B Western blot

B Oxygen-consumption rate measurements

B In vivo mouse experiment

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cmet.2021.05.016.

ACKNOWLEDGMENTS

This work was supported by grants from the Fonds de la Recherche Scientifi-

que (F.R.S. – FNRS), the Televie, the (Belgian) Foundation against Cancer, the

J. Maisin Foundation, the Fondation Louvain, and an Action de Recherche

Concertée (ARC 19/24-096). E. Dierge and E.B. are Télévie PhD and postdoc-
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-b-Actin Merck Cat# A5441; RRID: AB_476744

Mouse monoclonal anti-4-Hydroxy-2-

hexenal (6F10)

Novus Biologicals Cat# NBP2-59352

Mouse monoclonal anti-CD36 [FA6-152] Abcam Cat# Ab17044; RRID: AB_443600

Mouse monoclonal anti-CD36 [JC63.1] Abcam Cat# Ab23680; RRID: AB_447608

Rabbit polyclonal anti-Caspase-3 Cell Signaling Technology Cat# 9662; RRID: AB_331439

Rabbit polyclonal anti-Cleaved Caspase-3

(Asp175)

Cell Signaling Technology Cat# 9661; RRID: AB_2341188

Rabbit polyclonal anti-DHFR Cell Signaling Technology Cat# 45710

Rabbit polyclonal anti-DGAT1 Abcam Cat# Ab54037; RRID: AB_2090799

Rabbit polyclonal anti-FSP1 Proteintech Cat# 20886-1-AP

Rabbit polyclonal anti-GPX4 Cell Signaling Technology Cat# 52455

Rabbit polyclonal anti-Malondialdehyde Abcam Cat# Ab6463; RRID: AB_305484

Rabbit polyclonal anti-SLC7A11 Thermo Fisher Scientific Cat# PA1-16893; RRID: AB_2286208

Goat anti-mouse IgG (H+L) highly cross-

adsorbed secondary antibody, Alexa

Fluor 568

Thermo Fisher Scientific Cat# A-11031; RRID: AB_144696

Goat anti-rabbit IgG (H+L) highly cross-

adsorbed secondary antibody, Alexa

Fluor 568

Thermo Fisher Scientific Cat# A-11036; RRID: AB_10563566

Bacterial and virus strains

Edit-R Lentiviral hEF1a-Blast-Cas9

Nuclease vector particles

Dharmacon Cat# VCAS10126

DGAT1-targeting sgRNA Dharmacon Cat# VSGH10142

Chemicals, peptides, and recombinant proteins

1,2-dipentadecanoyl-sn-glycero-3-

phosphatidylcholine

Larodan Cat# 37-1500

A922500 (DGAT1 inhibitor) Merck Cat# A1737

Alexa Fluor 568-conjugated pH-low

insertion peptide variant 3

Thermo Fisher Scientific N/A

Arachidonic acid Larodan Cat# 10-2004

C11-BODIPY581/591 Thermo Fisher Scientific Cat# D3861

DAPI Merck Cat# D9542

D-glucose Merck Cat# G8270

Docosahexaenoic acid Larodan Cat# 10-2206

Docosapentaenoic acid (n-6) Larodan Cat# 10-2265

Dulbecco’s Modified Eagle’s

Medium (DMEM)

Merck Cat# D5030

Eicosapentaenoic acid Larodan Cat# 10-2005

Erastin Selleckchem Cat# S7242

Ferrostatin-1 Selleckchem Cat# S7243

Fetal Bovine Serum Merck Cat# F7524

FITC-conjugated Annexin V Immunostep Cat# ANXVF-200T

Fluorescence Mounting Medium Dako Cat# S3023

Free-fatty acid bovine serum albumin Merck Cat# A7030

Hematoxylin Dako Cat# S3301

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HEPES Merck Cat# H3375

L-glutamine Thermo Fisher Scientific Cat# 25030024

Liproxstatin-1 Selleckchem Cat# S7699

Liquid Captisol Captisol Cat# LC-0C7-250

Linoleic acid Larodan Cat# 10-1802

Linolenic acid Larodan Cat# 10-1803

Methyl Undecanoate Larodan Cat# 20-1100

Oil red O Merck Cat# O0625

Oleic acid Larodan Cat# 10-1801

Palmitic acid Larodan Cat# 10-1600

PEG300 Selleckchem Cat# S6704

PF-06424439 (DGAT2 inhibitor) Merck Cat# PZ0233

PIPES Merck Cat# P2949

PrestoBlue HS cell viability reagent Thermo Fisher Scientific Cat# P50201

Propidium iodide Merck Cat# P4170

Staurosporine Merck Cat# S4400

Sulfasalazine Selleckchem Cat# S1576

Tridecanoic acid Larodan Cat# 10-1300

Triheptadecanoin Larodan Cat# 33-1700

Trypan Blue Thermo Fisher Scientific Cat# 15250061

Tween 80 Selleckchem Cat# S6702

Vitamin E (+)-a-Tocopherol Merck Cat# T3634

Critical commercial assays

Bicinchoninic acid-based protein assay kit Thermo Fisher Scientific Cat# 23225

Lipid Peroxidation (MDA) Assay Kit Merck Cat# MAK085

Lipoprotein Lipase Assay Ki Abcam Cat# ab204721

Mouse lipopolysaccharides(LPS) ELISA kit Mybiosource Cat# MBS7700668

Mouse Malondialdehyde (MDA) ELISA kit Mybiosource Cat# MBS269473

MycoAlert mycoplasma detection kit Lonza Cat# LT07-318

Experimental models: Cell lines

Human: HCT-116 cells ATCC Cat# CCL-247

Human: SiHa cells ATCC Cat# HTB-35

Human: FaDu cells ATCC Cat# HTB-43

Experimental models: Organisms/strains

Rj:NMRI-Foxn1nu/nu 6-week female mice Janvier Labs N/A

BALB/c-nu immunodeficient 6-week mice Janvier Labs N/A

Software and algorithms

ChromQuest 5.0 Thermo Fisher Scientific N/A

FACSCanto II BD Biosciences N/A

Fiji ImageJ N/A

M3Vision Biospace Lab N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Olivier

Feron (olivier.feron@uclouvain.be).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
The data supporting the findings of this study are available within the article and the associated supplemental information. This

study did not generate datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines & culture
Human colorectal HCT-116, hypopharyngeal FaDu and cervix SiHa cancer cell lines were purchased from ATCC. Cell lines were

stored according to the supplier’s instructions and used within 6 months after resuscitation of frozen aliquots. All cells were main-

tained in DMEM supplemented with 10% heat-inactivated FBS, 10 mM D-glucose, 2 mM L-glutamine and 25 mM of PIPES and

HEPES before adjusting the pH to 7.4 or 6.5. Acid-adapted cancer cells were established as previously described (Corbet et al.,

2014). All cell lines were tested for mycoplasma contamination with the MycoAlert Mycoplasma Detection kit (Lonza). Cell density

was determined by using the Presto Blue reagent (Thermo Fisher Scientific) according to manufacturer’s instructions. After collec-

tion, cell number was assessed by cell counting on a hemocytometer with Trypan Blue exclusion dye. For CRISPR-Cas9 system,

HCT-116 cancer cells were infected with an Edit-R Lentiviral hEF1a-Blast-Cas9 Nuclease vector (VCAS10126, Dharmacon). After

a one-week selection with 8 mg/mL blasticidin (ant-bl-05, InvivoGen), Cas9-expressing cells were then secondly infected with either

a non-targeting single guide (sg) RNA (VSGC10215; Dharmacon), or a DGAT1-targeting sgRNA (VSGH10142-246592856;

246592860; 246995078, Dharmacon). Final selection of sgRNA-expressing cells was done with 2 mg/ml puromycin for 1 week.

Mouse strains
Experiments involving mouse xenograft received the approval of the ethic committee from UCLouvain (approval ID 2016/UCL/

MD018) and were carried out according to national care regulations. All mice were fed with isocaloric croquettes (Safe) enriched

with either 10% of olive oil (OA diet) or 10% of MorDHA oil (DHA diet) (kindly provided by Minami), the composition of which being

detailed in Table S1. For fatty acid quantification, 6-week-old female BALB/c-nu immunodeficientmice (Janvier) were fed theOA-rich

or the DHA-rich diet for 4 weeks, before sacrifice and sampling of blood and liver. For experiments evaluating tumor growth, mice

were fed for 1 week either diet prior cancer cell injection and throughout the experiment. Food was renewed every 2-3 days in every

experiments.

METHOD DETAILS

2D culture treatment
Each treatment was performed in a full culture medium with 2 mg/ml FA6-152 (ab1044, Abcam), 1 mg/ml JC63.1 (ab23680, Abcam),

10 mM ferrostatin-1, 10 mM liproxstatin-1 (S7699, Selleckchem), 15 mM DGAT1 inhibitor A922500 (A1737, Merck), 10 mM DGAT2 in-

hibitor PF-06424439 (PZ0233, Merck) or 1 mM Staurosporine (S4400, Merck). Cell growth medium was supplemented with 10, 50 or

100 mM BSA-conjugated fatty acids for 24h, 48h or 72h depending on the experiment. All fatty acids were purchased from Larodan:

palmitic acid (10-1600), oleic acid (10-1801), linoleic acid (10-1802), arachidonic acid (10-2004), n-6 docosapentaenoic acid

(10-2265), linolenic acid (10-1803), eicosapentaenoic acid (10-2005) and docosahexaenoic acid (10-2206). Fatty acids were conju-

gatedwith BSA in PBS as to obtain a fatty acid/BSA ratio of 4:1 (w:w). Aliquoted fatty acidswere stored at -20�Cunder light protection

(-80�C when stored for more than one week) and directly used upon unfreezing by addition of the requested concentrations into

the wells.

Oil red O staining
Cells were seeded in Nunc Lab-Tek II Chamber Slide system (Merck), then treated with fatty acids, 2 mg/ml FA6-152, 1 mg/ml JC63.1,

15 mMDGAT1 inhibitor or 10 mMDGAT2 inhibitor for 24h. Cells were washed 2 times with PBS, then fixed with 4% (w:v) paraformal-

dehyde for 20minutes before staining with 3mg/mLOil RedO solution in 60% isopropanol (v:v) for 30minutes. After counterstain with

hematoxylin, bright-field images were taken at x63 magnification using AxioImager.z1-ApoTome1 (Zeiss). Lipid droplet and nucleus

areas were finally assessed with Fiji software.

Fatty acid quantification
Cells collected in PBS, serum or lyophilized liver, tumor or adipose tissue were used to determine the fatty acid concentration. Firstly,

total lipids were extracted with methanol:chloroform:water (2:2:1.8; v:v:v) (Bligh and Dyer, 1959). An internal standard composed of

tridecanoic acid, 1,2-dipentadecanoyl-sn-glycero-3-phosphatidylcholine and triheptadecanoin (Larodan) was added in each sample

to evaluate the extraction yields and control the separation between free fatty acids, phospholipids and neutral lipids, respectively.

Samples were dried under a stream of nitrogen at 30�C and resuspended in chloroform. Secondly, resuspended lipids were loaded

on solid phase extraction columns (BondElut-NH2, 200mg, 3mL) (Agilent Technologies) and neutral lipid, free fatty acid andphospho-

lipid fractionswere elutedwith chloroform:2-propanol (2:1; v:v); diethyl ether:acetic acid (98:2; v:v) andmethanol, respectively. Thirdly,

sampleswere dried andmethylated under alkaline conditions (KOH0.1M inmethanol at 70�C for 1 h) and then under acidic conditions

(HCl 1.2M in methanol at 70�C for 15 min). Fatty acid methyl esters (FAMEs) were extracted with hexane. Fourthly, methyl-undeca-

noate (Larodan) was added in each sample as an injection standard. FAMEs were injected and separated by gas chromatography
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(Trace 1310) (Thermo Fisher Scientific) equipped with an autosampler TriPlusAS and a RT-2560 capillary column (biscyanopropylpo-

lysiloxane 100 m length, 0.25 mm internal diameter, 0.2 mm film thickness; Restek), continuously flowed with H2 as a carrier gas at a

constant pressure of 200 kPa. TheGC temperature programwas the following: an initial temperature of 80�Cwhich increased to 175�C
(for 25min) at 25�C/min, then to 200�C (for 20min) at 10�C/min, then to 220�C (for 5min) at 10�C/min and finally to 235�C (for 15min) at

10�C/min. Finally, temperature decreased down to 80�C at 20�C/min. FAMEs were detected using a flame ionizing detector kept at a

constant temperature of 255�Cand flowed by air (350mL/min), H2 (35mL/min) andN2 (40mL/min). An external standard composed of

43 pure methyl ester standards (Larodan and Nu-Check Prep) was used to identify the unknown peaks with the retention time and to

quantify the peaks through the known concentrations. Chromatographs were processed by using ChromQuest 5.0 software (Thermo

Fisher Scientific). Results are expressed in nmol of FA permillion of cells or per mmol of FA in 1 liter of serum, total liver or 100mg of dry

subcutaneouswhite adipose tissue after data normalizationwith the internal standard (percentage of recovery), the injection standard,

the starting cell number or the organ weight.

3D spheroid models
Spheroids were formed with 7.4/HCT-116 or FaDu cells seeded at a density of 1,000 cells/well in 96-well ultra-low attachment plates

(Corning) in pH 7.4 DMEM supplemented with 10% heat-inactivated FBS, 10mMD-glucose, 2mM L-glutamine and 25mM of PIPES

andHEPES. Spheroids were treatedwith 10, 25, 50 or 100 mM fatty acid, growing pHmedium,mediumwithout PIPES andHEPES but

with 22 mM bicarbonate, 15 mM DGAT1 inhibitor, 10 mM DGAT2 inhibitor, 0.2 or 1 mM (+)-a-Tocopherol (Vitamin E) (T3634 Merck),

0.5 mM erastin, 5 mM ferrostatin-1 or 5 mM liproxstatin-1 3 days after seeding (day 0). Afterwards, the treatment was renewed every

2 or 3 days. Spheroid growth wasmonitored using live-cell phase contrast microscope (Axio Observer, Zeiss) and spheroid area was

measured by Fiji software. For immunofluorescence staining, spheroids were incubated for 24h with 2 mM Alexa Fluor 568-conju-

gated pH-low insertion peptide variant 3 (pHLIP V3) or for 15 minutes with 1mg/mL propidium iodide (P4170 Merck). Afterwards,

3-day or 7-day old spheroids were harvested, fixed with 4% PFA, incubated with 30% sucrose and finally embedded in OCT. Frozen

sections (7 mm) were counterstained with DAPI. Slides were prepared with fluorescence mounting medium (Dako) and the staining

was visualized by AxioImager.z1-ApoTome1 (Zeiss). All spheroid samples from a same experiment were imaged with the same gain

and exposure settings.

MDA measurements
Malondialdehyde concentration in cellular extracts was determined with the Lipid Peroxidation (MDA) Assay Kit from Merck

(MAK085), according to manufacturer’s instructions. Malondialdehyde concentration in mouse serum was determined with the

Mouse malondialdehyde (MDA) ELISA kit from Mybiosource (MBS269473), according to manufacturer’s instructions.

Peroxidation potential
Cells were seeded in a Corning 96-well black/clear bottom plate (3614 Corning). Peroxidation potential was assessed using a fluo-

rescent lipid probe C11-BODIPY581/591 (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4bora-3a,4a-diaza-s-indacene-3-undecanoic acid,

D3861 Thermo Fisher Scientific) provided with 2 double bonds that are oxidized in the presence of ROS. Upon excitation, the probe

color changes from non-peroxidized: red to peroxidized: green. Cells were incubated with 3 mM of C11-BODIPY581/591 for 30 min at

37�C. Then, cells were washed and the red and green fluorescence levels were evaluated using a Spectramax microplate reader

(Molecular Devices) (red: lexcitation=485 nm, lemission=520 nm; green: lexcitation=485 nm and lemission=595 nm). Data are expressed

as relative fluorescence units related to the green fluorescence divided by the red fluorescence.

Flow cytometry
For cell death profiling, cells were treated with fatty acid or staurosporine as indicated. After treatment, adherent and floating cells

were collected and washed with PBS. Cells were consecutively incubated with FITC-conjugated Annexin V (ANXVF-200T, Immuno-

step) and 1 mg/mL propidium iodide for 15 min at room temperature in the dark. After incubation, cells were analyzed by flow cytom-

etry on FACSCanto II (BD Biosciences) with a gating strategy excluding debris and doublet cells.

Western blot
Cancer cell monolayers werewashed twicewith PBS and lysed in a RIPA buffer supplementedwith a protease inhibitor cocktail. Cells

from supernatant were also collected. Protein concentration was determined on cell lysates using a bicinchoninic acid-based assay

(Thermo Fisher Scientific). Samples were then denaturated (7 min, 95�C) with Laemmli sample buffer containing 100 mM dithiothrei-

tol. Afterwards, samples (20 mg per well) were separated by SDS-PAGE (15% acrylamide/bis-acrylamide gels) and transferred to

PVDF membranes. Membranes were then blocked with 5% skimmed milk for GPX4 (52455, Cell Signaling Technology, 1:1000),

SLC7A11 (A1-16893, Thermo Fisher Scientific, 1:1000), FSP1 (20886-1-AP, Proteintech, 1:500), DHFR (45710, Cell Signaling Tech-

nology, 1:1000), Caspase-3 (9662, Cell Signaling Technology, 1:1000) and Cleaved-Caspase-3 (9661, Cell Signaling Technology,

1:1000), DGAT1 (ab54037, Abcam, 1:2000) and 5%BSA for b-actin (A5441, Merck, 1:10000) in TBS-0.1% Tween 20 (TTBS) and sub-

sequently immunoblotted overnight at 4�C with the specific primary antibody. After several washes with TTBS, membranes were

incubated 1h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson Immunoresearch)

and chemoluminescent signals were revealed by using ECL Western Blotting Detection Kit (GE Healthcare) on X-ray films in a dark

chamber.
Cell Metabolism 33, 1–15.e1–e5, August 3, 2021 e4



ll
Article

Please cite this article in press as: Dierge et al., Peroxidation of n-3 and n-6 polyunsaturated fatty acids in the acidic tumor environment leads to fer-
roptosis-mediated anticancer effects, Cell Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.05.016
Oxygen-consumption rate measurements
Oxidation of exogenous fatty acids was assessed by treating cancer cells with indicated FA after one night deprivation in a substrate-

limitedmedium. Oxygen-consumption rate (OCR) wasmeasured before and after addition of etomoxir using the Seahorse XF96 plate

reader (Agilent Technologies).

In vivo mouse experiment
Before injection in Rj:NMRI-Foxn1nu/nu 6-week female mice, 7.4/HCT-116 cancer cells were washed twice with PBS, resuspended

in 0.9%NaCl and 2x106 cells were injected in the right flank of eachmouse. When tumors reached 60 to 100mm3, mice were treated

daily with DGAT1 inhibitor (3 mg/kg) in 15% Captisol by oral dosing or with sulfasalazine (S1576, Selleckchem) (150 mg/kg) in 5%

DMSO, 40% PEG300, 5% Tween80 and 50%% water, with ferrostatin-1 (S7243, Selleckchem) (20 mg/kg) in 2% DMSO, 50%

PEG300, 5% Tween80 and 43% water or with erastin (S7242, Selleckchem) (15 mg/kg) in 5% DMSO, 40% PEG300, 5% Tween80

and 50%water by daily intraperitoneal injection. Control groups were treated in parallel with equivalent vehicles. Mice were weighed

and tumors weremeasured 3 times a week. At the end of experiment, when tumor size reached the ethical endpoint, mice were sacri-

ficed and tumors were collected. A precise adipose tissue harvest was performed as detailed elsewhere (Bagchi and MacDougald,

2019), to retrieve and weigh the brown, the subcutaneous anterior, the subcutaneous posterior and the visceral white adipose tis-

sues. Collected tumors were fixed with 4% paraformaldehyde for 48h, incubated with 30% sucrose for 48 hours and finally

embedded in OCT. Frozen sections (5mm) on slides were used to perform immunohistofluorescent stainings. After blocking with

5% BSA for 1h, tumor sections were incubated overnight at 4�C with anti-MDA (ab6463, Abcam, 1:500) or anti-4HHE (NBP2-

59352, Novus Biologicals, 1:50) antibody. Sections were then incubated with Alexa Fluor 568-conjugated anti-rabbit (A11036,

Thermo Fisher Scientific, 1:500) or anti-mouse (A11031, Thermo Fisher Scientific, 1:500) secondary antibody for 1h, respectively.

Finally, nuclei were counterstained with DAPI and slides were prepared with fluorescence mounting medium (Dako). The staining

was visualized by AxioImager.z1-ApoTome1 (Zeiss). All tumor samples were imaged with the same gain and exposure settings.

40 mM Alexa647-conjugated pHLIP peptide and 40 mM pH-independent control Alexa568-conjugated K-pHLIP peptide were co-in-

jected in HCT-116 tumor-bearingmice and fluorescence pictures were taken after 24 hours with PhotonIMAGER (Biospace Lab). The

pictures were analyzed with M3Vision software. Finally, mouse serum components were measured through mouse lipopolysaccha-

rides (LPS) ELISA kit (MBS7700668, Mybiosource) and through dry chemistry analyzer for AST, ALT and BUN (Fuji Dri-Chem slide,

Fujifilm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed through GraphPad Prism 7 by using Student’s t test, one-way ANOVA with Tukey’s multiple

comparison test, two-way ANOVA with Tukey’s or Sidak’s multiple comparison test or with log-rank (Mantel-Cox) test when appro-

priate. Statistical significance is indicated in the Figures as follows: *p < 0.05; **p < 0.01; ***p < 0.001.
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