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Omega-3 fatty acid DHA induces ferroptosis in colorectal
cancer patient-derived organoids and drug-tolerant cells
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Several epidemiological and preclinical studies suggest that omega-3 (n-3) polyunsaturated fatty acids (PUFAs) exert anticancer
activity at multiple stages of colorectal cancer (CRC) progression. However, inconsistent clinical evidence and the lack of a clearly
defined molecular mechanism underlying the antitumor effects of n-3 PUFAs have raised doubts about their efficacy as anticancer
therapies. To address these issues, we investigated the effects of the n-3 PUFA docosahexaenoic acid (DHA) in a collection of CRC
patient-derived tumor organoids (PDTOs), a powerful platform for functional analysis of patient-specific tumors. DHA treatment
markedly reduced CRC cell viability in a time- and concentration-dependent manner without inducing apoptosis. CRC-derived
PDTOs exhibited pronounced sensitivity to DHA, irrespective of KRAS or TP53 mutational status, whereas organoids from normal
colon tissue were less affected. Mechanistically, DHA induced ferroptosis in both CRC cells and PDTOs, as evidenced by lipid
peroxide accumulation and partial rescue by ferroptosis inhibitors. Fluorescently labeled DHA localized predominantly to the
endoplasmic reticulum and mitochondria, where it promoted oxidative stress. Moreover, DHA impaired the regrowth of oxaliplatin-
tolerant persister cells and enhanced oxaliplatin efficacy in sequential treatment models. Together, these findings indicate that
exploiting the intrinsic oxidative vulnerability of cancer cells with DHA may represent a promising, low-toxicity strategy to enhance

chemotherapy efficacy and target drug-tolerant persister cells in colorectal cancer.
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INTRODUCTION

Ferroptosis is a regulated, iron-dependent form of non-
apoptotic cell death characterized by the accumulation of lethal
lipid peroxides [1]. This process is triggered when lipid
peroxidation surpasses the capacity of cellular antioxidant
systems [2, 3]. Polyunsaturated phospholipids, particularly those
containing polyunsaturated fatty acid (PUFA) chains, are highly
vulnerable to peroxidation at bis-allylic sites [4]. Long-chain n-6
and n-3 PUFAs, such as arachidonic acid (ARA; C20:4),
eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic acid
(DHA; C22:6), are especially prone to oxidation due to their high
degree of unsaturation and, as a result, serve as potent inducers
of ferroptosis [5].

Although long-chain n-3 PUFA can be synthesized from shorter
essential n-3 fatty acids (FA), as linolenic acid, this metabolic
pathway is not very efficient in humans, so much of it is derived
from the diet. PUFAs are important fatty acids for membrane
fluidity by being incorporated into membrane phospholipids, and
in addition, they serve as substrates for synthesis of specialized
pro-resolving mediators that actively turn inflammation off [6, 7].

Beyond their role in physiological functions, n-3 PUFAs can
affect some chronic diseases such as cancer. In particular,
epidemiological and preclinical evidence suggest that n-3 PUFAs

have activity in several stages of colorectal cancer (CRC) manage-
ment, from prevention to advanced metastatic disease [8].
Worldwide, CRC is a leading cause of mortality and morbidity
and the third most common cause of death from cancer [9]. Most
CRC cases are sporadic and develop in a step-wise manner known
as adenoma-carcinoma sequence characterized by accumulation
of mutations in different signaling pathways that leads to the
initiation and progression of CRC [10].

While early-stage CRC can often be cured by surgery,
metastatic disease remains largely incurable due to the persis-
tence of disseminated tumor cells and is therefore treated with
systemic therapies. Combination chemotherapy represents the
backbone of metastatic CRC treatment, often combined with
targeted agents such as EGFR inhibitors in molecularly selected
patients [11]. However, these treatments rarely achieve complete
tumor eradication, as drug-tolerant persister cells frequently
survive and drive disease relapse, underscoring the need for
therapeutic strategies able to eliminate residual resistant tumor
populations [12].

Several studies have also considered the potential therapeutic
activity of n-3 PUFAs against established solid tumors in addition
to preventive effects [13-15]. In a phase Il randomized observa-
tional trial in CRC patients, a higher n-3 PUFA intake was
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associated with improved 3-years disease free-survival for KRAS
wild-type tumors [16], while in a phase Il interventional trial a pre-
operative treatment with EPA provided postoperative overall
survival benefit [17]. Still, the current state of evidence in human
studies shows contrasting outcomes that need clarification [18].
Indeed, the high degree of inter-individual variability in metabo-
lizing fatty acids may explain in part the inconsistent results from
clinical trials. An ongoing phase lll trial administering EPA in the
pre- and post-operative setting is expected to provide more
comprehensive insights into the impact of PUFAs in the treatment
of CRC [19].

To overcome these limitations, we took advantage of the
ground breaking technology of patient-derived tumor organoids
(PDTOs), which maintain intra-tumor phenotypic cell diversity, as
well as patient genetic heterogeneity [20]. PDTOs have enormous
potential for therapy development and precision medicine
providing an unprecedented opportunity for functional studies
on tumors from individual patients [21, 22]. Our collection of
PDTOs is mainly derived from liver metastases of colorectal cancer
previously expanded in mice and is completely molecularly and
functionally characterized [23]. We also generated a collection of
PDTOs from primary colorectal tumors and their healthy colon
counterparts. These models enable to directly observe cell and
metabolic modifications induced by drugs, but also to compare
tumor and normal organoids identifying side-effects and drug-
mediated toxicity events.

While a number of biological effects that could contribute to
the anti-cancer activity of n-3 PUFA have been previously
described, the exact mechanism exploited by n-3 PUFA to inhibit
cancer growth has not been unveiled yet [24]. It is known that n-3
PUFAs are highly susceptible to peroxidation, so that PUFA levels
in the membrane must be precisely controlled. Indeed, an increase
in membrane PUFA peroxidation can trigger cell death via
ferroptosis [1]. Recently, it has been demonstrated that the
amount of diacyl-PUFA phosphatidylcholines in cells is a marker of
ferroptosis sensitivity and drives ferroptosis through the initiation
of reactive oxygen species (ROS) production in mitochondria and
lipid peroxidation [25].

Here we show that treatment with DHA inhibits the growth of
colorectal cancer cells and PDTOs, including the most aggressive
KRAS mutated tumors, by inducing ferroptosis. This effect on cell
viability is much less evident in non-tumoral organoids. Moreover,
DHA markedly impairs the regrowth capacity of oxaliplatin-
persister cells in PDTOs, highlighting its potential to eliminate
drug-tolerant cells (DTC) responsible for tumor relapse.

RESULTS

DHA treatment inhibits colorectal cancer cells growth
inducing non-apoptotic cell death

We first compared how different FAs affected growth and viability
of colorectal cancer cells. We evaluated the effect of saturated
fatty acids (palmitate, PA), mono-unsaturated fatty acids (oleate,
OA) and n-3 PUFAs (EPA and DHA), on the cell line HT29, a widely
studied model of colon cancer growth. The addition of PA did not
significantly affect cell growth compared with cells treated with
BSA alone (not-treated control; NTC). In contrast, EPA and OA
induced a modest but statistically significant reduction in cell
viability at 50 uM, reaching approximately 70% viability at 100 uM
relative to untreated control. By comparison, DHA treatment was
particularly effective at inhibiting cell growth, with a significant
reduction already observed at 50 uM and a decrease in cell
viability exceeding 50% at 100 uM. (Fig. 1A).

To determine whether the reduction in cell growth was due to
impaired cell replication, we assessed EdU incorporation in the
cells (Figs. 1B and S1). Treatment with DHA slightly reduced cell
replication but not in a dose-dependent manner. Conversely, no
significant differences were observed with EPA and PA.
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Interestingly, the addition of low doses of OA appeared to even
stimulate cell replication, even if not in a significant manner. Then,
to examine the cytotoxic effects of DHA, we evaluated the cell
response in time-course experiments, expanding the range of
tested concentrations. DHA treatment was effective starting from
48 h, with a marked increase in cytotoxicity observed after 96 h.
Notably, this effect displayed a concentration threshold at 50 pM,
as lower concentrations were completely ineffective. (Fig. 1C). This
finding highlights the existence of a concentration- and time-
dependent threshold for DHA-induced cytotoxicity.

The reduction in cell viability prompted us to investigate
whether DHA activated an apoptotic cascade. The evaluation of
active Caspase-3 level ruled out apoptotic cell death (Fig. 1D).
These findings suggest that DHA reduces the growth of CRC cells
without inducing apoptosis, but rather through a distinct cytotoxic
mechanism.

DHA induces ferroptosis in colorectal cancer cells
Since DHA-induced cell death does not appear to be apoptotic, we
hypothesized that DHA treatment may trigger a ferroptotic
process. Ferroptosis is primarily characterized by lipid peroxida-
tion, a process sustained by the presence of PUFAs. Lipid
peroxidation levels in cells increased significantly following
treatment with 50 yM and 100 uM DHA, reaching levels higher
than those induced by Erastin, a well-established ferroptosis
inducer (Fig. 2A). Notably, lipid peroxides accumulation appeared
to be concentrated within the cell in discrete, yet poorly defined
compartments (Fig. S2A). These findings were supported by the
results of the malondialdehyde (MDA) assay (Fig. 2B), which
highlighted an elevated amount of lipid peroxidation following
DHA treatment, as well as by the use of the lipid peroxidation-
sensitive fluorophore, BODIPY 581/591 C11 (Figs. 2C and S2B).
Moreover, lipid peroxidation level was reduced when cells were
treated with both DHA and the ferroptosis inhibitor ferrostatin-1
(Fer-1) (Fig. 2D and S2C). Even DHA-induced cell death was
partially recovered when cells were treated with Fer-1 (Fig. 2E).
Conversely, the administration of DHA together with Erastin
markedly enhanced cell death, even at concentrations of 10 uM
DHA, usually insufficient to induce any cytotoxic effects. Further-
more, the combined treatment with DHA made Erastin effective at
inducing cell death at a concentration as low as 2 uM (Fig. 2F).
These observations support the hypothesis that DHA actively
contributes to ferroptosis-mediated cell death.

DHA is incorporated into subcellular compartments and
induces mitochondrial oxidative stress

The specific mechanism by which exogenous DHA may promote
the ferroptotic process is not yet fully elucidated. A recent study
showed that treatment of cancer cells with phospholipids
containing DHA in the sn-2 position induces ferroptosis through
a dual mechanism involving mitochondrial ROS production and
lipid peroxidation at the endoplasmic reticulum (ER) membrane
[25]. To investigate whether and where DHA was incorporated
within the cells, we employed an alkylated form of DHA that
allows its fluorescent visualization using the Click-iT chemistry.
DHA was actively taken up by cells and was detectable mainly
within intracellular compartments (Fig. 3A). To further investigate
the distribution of DHA in different subcellular compartments,
cells were co-stained with Calnexin (ER marker), GRP78 (ER stress
marker), GM130 (Golgi Apparatus), Mitotracker (mitochondria) and
two markers of vesicular trafficking, including Rab7 (late endo-
some) and Rab4 (early endosome). We observed a prominent
accumulation of DHA in the ER, Golgi and late endosomal
compartments but no accumulation in the early endosomal
compartments and stressed ER (Fig. 3A, B and Supplementary Fig.
S3B). Moreover, we observed a considerable DHA localization on
mitochondria (Fig. 3A, B). The specificity of DHA labeling was
confirmed by negative click-it signal in cells treated with vehicle
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Fig. 1

DHA treatment inhibits colorectal cancer cells growth inducing non-apoptotic cell death. A HT29 were treated twice at 48-h interval

with DHA, EPA, PA and OA (10 pM, 50 uM and 100 pM), or BSA as control; viability was measured as ATP content after a total of 72 h. The
percentage of viable cells in different conditions compared to BSA-treated control (NTC) is plotted as mean + SEM; each dot corresponds to
the average of one independent experiment; *p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001 versus NTC. B HT29 were treated twice at 48-h
interval with DHA, EPA, PA and OA (10 pM, 50 pM and 100 pM), or BSA as control; EdU was added to cells for the last 6 h of treatment. Cells
were fixed and stained after a total of 72 h. The percentage of EdU-positive nuclei in each condition is plotted as mean + SEM; *p < 0.05 versus
NTC. C HT29 were treated with DHA at 1, 2, 5, 10, 20, 50, 70, 100 pM, or BSA as control, at 48-h interval; viability was measured as ATP content
after 24, 48, 72, and 96 h from the first treatment. The luminescence measured at each time point is plotted as mean + SEM; each dot
corresponds to the average of one independent experiment; statistical significance: DHA 70 pM versus NTC at 48 h **p <0.01; DHA 100 pM
versus NTC at 48 h *p < 0.05; DHA 70 uM versus NTC at 72 h **p < 0.01; DHA 100 pM versus NTC at 72 h ***p < 0.001; DHA 50, 70, 100 uM versus
NTC at 96 h **p < 0.01. D HT29 were treated for two consecutive days with DHA (100 pM), ABT263 (4 uM) as positive control or BSA as negative

control; after 48 h cells were fixed and stained with cleaved Caspase 3 (red), E-Cadherin (green) and NucBlue™; scale bar 10 um.

alone (Supplementary Fig. S3A). By closely examining the
mitochondria of DHA-treated cells, we observed morphological
alterations resembling those induced by a standard chemother-
apeutic agent such as cisplatin (CDDP) (Fig. 3C). To determine
whether DHA could affect mitochondrial ROS production, we
stained the cells with MitoSOX. DHA-treated cells displayed levels
of ROS production—assessed as the ratio between MitoSOX and
MitoTracker signals—higher than those observed on untreated
cells and further increased when compared to cisplatin treatment
(Fig. 3C, D) [25]. These results support the hypothesis that DHA
localizes on mitochondria membrane perturbing the electrons
transport chain, as previously shown with DHA-containing
phosphatidylcholines [26].

Patient-derived tumor organoids of CRC are extremely
sensitive to DHA

To evaluate whether the effect of DHA on colorectal cancer cell
viability is limited to cell lines or instead affects cell growth of
tumor with different mutational alterations, we took advantage of
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a panel of PDTOs derived from CRC liver metastasis. We initially
evaluated the response of two CRC PDTOs, carrying two different
KRAS mutations, to various concentrations of DHA. In these
preliminary experiments, we observed that even at 10 uM DHA, a
significant 15% of growth reduction was achieved in the PDTO
CRC1314 (Fig. 4A). At the concentration of 50 uM, both PDTOs
showed reduced viability, with a more pronounced effect for the
PDTO CRC1314 compared to CRC1360 (Fig. 4A). PDTOs treated
with 50 uM of DHA for 5 days showed a substantial size reduction
while proliferating cells were still present (Fig. 4B, C). These results
confirm the cytotoxic effect of DHA even on PDTOs. Then, we
treated a larger panel of PDTOs characterized by different
mutational status, with a prevalence of KRAS-mutated tumors
(Fig. 4D). KRAS mutations over-activate the MAPK pathway,
supporting several cell metabolic alterations, including high
oxidative stress [27].

PDTOs were treated with three different concentrations of DHA
for seven days, and the results indicate a generally higher
sensitivity compared to HT29 cells (Supplementary Fig. S4A).

SPRINGER NATURE
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To compare the response across different PDTOs, cell viability at
50 uM DHA was plotted (Fig. 4E). As shown, the range of
sensitivity is quite broad, with post-treatment viability levels
ranging from 10% to 70% relative to the control. To investigate
whether replicative capacity or the mutational status of KRAS or
TP53 were involved, we compared these molecular character-
istics of the PDTOs with their response to DHA. As shown, the
presence of KRAS mutations does not appear to significantly
influence DHA sensitivity (Fig. 4D, E). Similarly, the presence or
absence of inactivating TP53 mutations is not associated with a
greater or lesser response to DHA (Fig. 4D, E). A factor that
frequently determines increased sensitivity to certain cytotoxic
drugs is the replication rate. However, this parameter, measured
as percentage of EdU-incorporating cells, does not appear to be
correlated with viability in the presence of DHA (Fig. 4D and
Supplementary Fig. S4B).

SPRINGER NATURE

-
o
o

[$2]
o
PR R T T T TN N N A

relative cell viability % (vs NTC)

o

Finally, taking advantage of the availability in our collection of
organoids derived from normal colon tissue, we assessed whether
these PDOs were equally sensitive to DHA. The tested PDOs from
healthy tissue exhibited a modest decrease of viability following
DHA treatment (Fig. 4F). The range of sensitivity to DHA in healthy
PDOs was similar to that of less responsive PDTOs, suggesting that
specific metabolic alterations of cancer cells could make them
more susceptible to DHA-induced stress.

DHA treatment drives ferroptosis in CRC PDTOs

To assess whether the effect of DHA on PDTOs was also due to
increased ferroptosis-mediated cell death, and consequently
associated with elevated lipid peroxidation, we analyzed the
PDTOs using Liperfluo staining followed by flow cytometry
analysis. DHA treatment led to an increase in lipid peroxidation
in all PTDOs analyzed (Fig. 5A). The involvement of ferroptosis was

Cell Death and Disease (2026)17:464
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Fig.2 DHA induces ferroptosis in colorectal cancer cells. A HT29 were treated twice at 48-h interval with DHA (10, 50 and 100 uM), Erastin
(5 pM) as positive control or BSA as negative control; lipid peroxidation was detected after a total of 72 h using Liperfluo and analized by flow
citometry. Representative histograms are shown; mean fluorescence intensity from 3 independent experiments is plotted as mean + SEM;
each dot corresponds to the average of one independent experiment; ***p < 0.001, ****p < 0.0001 versus NTC. B HT29 were treated twice at 48-
h intervals with DHA (50 and 100 uM), or BSA as negative control, then after 72 h lipid peroxidation was measured using the Lipid Peroxidation
MDA Assay kit. Malondialdehyde fold change (nmol/well) produced in each condition is plotted as mean + SEM; *p < 0.05 versus NTC. C HT29
were treated twice at 48-h interval with DHA (50 and 100 pM) or BSA as negative control; after 72 h Image-iT® lipid peroxidation kit was used
to visualize lipid peroxidation. The ratio between mean fluorescence intensities of the dye at 590 nm (oxidized) and 510 nm (reduced) was
plotted as mean + SEM; *p < 0.05, ****p < 0.0001 versus NTC. D HT29 were treated twice at 48-h interval with DHA (100 uM) alone or in
combination with Ferrostatin-1 (Fer-1, 20 pM), BSA was used as negative control; lipid peroxidation was detected after a total of 72 h using
Liperfluo and analysed by flow cytometry. Representative histogram is shown. E HT29 were treated twice at 48-h interval with DHA (10 uM,
50 uM, 100 pM) alone or in combination with Fer-1 (10 uM), BSA was used as control; after 5 days, viability was measured as ATP content and
plotted as percentage of viable cells (mean + SEM) in different conditions compared to BSA-treated control (NTC). Statistical significance: DHA
50 pM versus NTC *p < 0.05; DHA 100 pM versus NTC ****p < 0.0001; DHA 100 uM + Ferrostatin-1 versus NTC **p < 0.01; DHA 10 uM versus DHA
10 pM + Ferrostatin-1 ns; DHA 50 pM versus DHA 50 pM + Ferrostatin-1 **p < 0.01; DHA 100 pM versus DHA 100 pM 4 Ferrostatin-1 ns. F HT29
were treated with Erastin (2 and 5 pM) alone or in combination with DHA (10 pM, 50 uM, 100 pM) with the same schedule described above;
viability was measured as ATP content and plotted as percentage of viable cells (mean + SEM) in different conditions compared to BSA-treated
control (NTC). Statistical significance: DHA 10 pM + Erastin 2 uM versus NTC *p < 0.05; Erastin 5pM, DHA 50 pM + Erastin 2 pM and DHA
100 pM + Erastin 2 pM versus NTC ***p < 0.001; Erastin 2 pM versus DHA 10 pM + Erastin 2 pM ns; Erastin 2 pM versus DHA 50 uM + Erastin 2 uM

**p < 0.01; Erastin 2 uM versus DHA 100 pM + Erastin 2 pM **p < 0.01.
<

further supported by the partial rescue of cell viability upon
treatment with Liproxstatin-1, a potent radical-trapping antiox-
idant that inhibits lipid peroxidation-driven ferroptotic cell death,
particularly effective at the 50 uM of DHA (Fig. 5B) [28]. We also
investigated whether the DHA was internalized in PDTOs. We
observed that labeled-DHA was specifically localized to the
mitochondria, ER and late endosomes, while it was not detected
in the Golgi, early endosomes or plasma membrane (Fig. 5C,
D and S5), partially confirming results obtained in HT29 cells.

One of the major limitations of ferroptosis inducers is their high
toxicity at effective concentrations, which restricts their clinical
applicability. For this reason, we tested whether combining DHA
with low doses of the ferroptosis inducer RSL-3, a direct inhibitor
of GPX4, could enhance its efficacy [3]. We selected two PDTO
models with different sensitivities to DHA and assessed cell
viability following combined treatment. CRC0031 showed a strong
response to treatment with 10 uM DHA and 3 uM RSL-3. When
combined with 50 uM DHA, the efficacy of RSL-3 in reducing cell
viability nearly reached 100% (Fig. 5E). In CRCO124, which was less
sensitive to DHA, similar effects were observed, but exclusively at
the 50 uM DHA concentration (Fig. 5E). These results supported
the conclusion that DHA contributes to colorectal cancer cell
death by inducing ferroptosis, even in a physiologically relevant
model such as PDTOs.

DHA inhibits the growth of oxaliplatin-tolerant cells in PDTOs
Emerging evidence suggests that ferroptosis represents a vulner-
ability of DTC cells [29, 30]. The cytotoxic effects of DHA in tumor
cells may be leveraged synergistically with antiproliferative
chemotherapies acting through mechanisms distinct from ferrop-
tosis.To investigate whether the reduction in cell viability induced
by DHA could synergize with a conventional chemotherapeutic
treatment for CRC, we compared different schedule treatments of
DHA and oxaliplatin on PDTOs. The oxaliplatin was administered
after 6 days of PDTO growth, using a regression trial model to
evaluate PDTO viability reduction. In this model, oxaliplatin
exhibited limited efficacy, achieving at best a ~35% reduction in
viability after 96 h of treatment (Fig. 6A). Treatment with DHA at
50 UM resulted in a reduction in cell viability comparable to that
induced by oxaliplatin, with the exception of the PDTO CRC0124.
At the concentration of 100 uM, DHA led to a markedly higher
growth reduction relative to oxaliplatin (Fig. 6A).

These findings prompted us to explore whether a sequential
treatment (chemotherapy followed by DHA) could result in
superior outcomes compared to chemotherapy alone. In a
progression trial model, oxaliplatin effectively halted PDTO
growth; however, a rapid regrowth was observed following drug

Cell Death and Disease (2026)17:464

withdrawal, in the majority of cases. Notably, the subsequent
administration of DHA prevented PDTO regrowth and, in some
cases, further enhanced oxaliplatin efficacy (Fig. 6B). In all PDTOs
tested, cell viability at DHA 50 uM was significantly reduced
compared to oxaliplatin withdrawal. These results support the
hypothesis that DHA may be effective against cell populations that
are tolerant or persistent following oxaliplatin treatment. To test
this, PDTOs were treated with oxaliplatin for 10 days, after which
they ceased to grow, and additional oxaliplatin treatment did not
further reduce cell numbers. However, when oxaliplatin was
withdrawn, PDTOs resumed growth, proving the presence of
tolerant cells. In contrast, DHA treatment markedly impaired this
regrowth. Even at the lowest concentration of 10 uM, DHA already
exerted a significant effect on organoid growth, whereas at the
higher concentration (100 uM) the response exceeded that
achieved with chemotherapy treatment alone, leading to near-
complete elimination of the PDTOs (Fig. 6C).

Overall, these findings demonstrate that DHA's ability to induce
ferroptosis can be harnessed to potentiate the therapeutic effects
of conventional chemotherapy.

DISCUSSION

In this study, we demonstrate that DHA, a long-chain n-3 PUFA,
induces potent cell death through a ferroptosis-dependent
mechanism in CRC-derived tumor cells and PDTOs. DHA
supplementation reduced cell growth in two-dimensional cultures,
with only minimal effects on cellular proliferation. A similar, albeit
weaker, effect was observed with EPA and OA, whereas saturated
fatty acids (PA) had no detectable impact on cell growth.
Strikingly, DHA exhibited markedly enhanced efficacy in CRC
metastasis—derived PDTOs. This heightened sensitivity may partly
reflect differences in lipid availability in organoid culture condi-
tions, where serum-derived lipids are replaced by defined
supplements. However, the reduced response observed in
organoids derived from healthy intestinal tissue strongly supports
a tumor-specific vulnerability to DHA-induced stress.

In this context, PDTOs represent a particularly informative
model, as they preserve tumor-specific metabolic features and
three-dimensional architecture that are largely absent in
conventional monolayer cultures. Consistent with this interpreta-
tion, recent studies have shown that n-3 PUFAs preferentially
induce cell death in acid-adapted cancer cells and within the
acidic microenvironment of tumor spheroids, where enhanced
fatty acid uptake promotes PUFA accumulation and tumor-
selective cytotoxicity [26]. Together, these findings suggest
that both tumor-associated metabolic reprogramming and
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Fig.3 Exogenous DHA localizes in endoplasmic reticulum and induce mitochondrial stress. A HT29 cells were seeded, treated with 10 M
DHA-Alkyne for 6 h, then fixed and stained with intracellular compartment-specific markers, including MitoTracker Deep Red FM, Calnexin,
Rab7, GM130, GRP78, Rab4 and DAPI. Representative images of single structural marker Mitotracker, Calnexin, Rab7 and GM130 (red), DHA
Alkyne and DAPI (green and blue), merge and phase sections are reported. Scale bar 5 pm. B Violin boxes recall Pearson’s correlation between
DHA-Alkyne and markers previously listed. A Pearson’s correlation value > 0.6 (positive correlation) was reached with Mitotracker, Calnexin,
Rab7 and GM130. Confocal images of GRP78 and Rab4 are reported in Supplementary Fig. S3B. C HT29 cells were seeded, treated for 6 h with
BSA, 10 uM Cisplatin (CDDP) and 50 uM DHA, respectively, then incubated with MitoSox Red and MitoTracker Deep Red FM (LUT adapted in
green). Representative pictures of MitoSox, Mitotracker, merge and phase sections are reported for each treatment. D The correlation between
MitoSox and Mitotracker staining was reported as Overlap coefficient in all tested treatments. Cisplatin was used as control of mitochondrial
Reactive Oxygen Species (ROS) induction [49]. Statistical analyses are calculated using BSA as control and plotted as mean + SEM; ***p < 0.001.

three-dimensional tissue organization critically influence PUFA
uptake and toxicity.

Mechanistically, DHA-induced cell death became evident after
approximately 72h of exposure at concentrations exceeding
50 uM and was not associated with apoptosis, but rather with
ferroptosis, as demonstrated by lipid peroxide accumulation and
rescue by ferroptosis inhibitors [31, 32]. Oxidation of PUFA-
containing membrane phospholipids is a central trigger of
ferroptosis, and although PUFA incorporation alone is insufficient
to initiate this process, it strongly modulates its execution [4, 5]. In

SPRINGER NATURE

line with recent work showing that phosphatidylcholines contain-
ing DHA at the sn-2 position (PC-DHA) potently induce ferroptosis,
we demonstrate that exogenous DHA is actively incorporated into
cellular membranes, particularly within the endoplasmic reticulum
and late endosomes [25]. This subcellular distribution closely
mirrors that reported for PC-DHA and supports the concept that
directed remodeling of membrane phospholipid pools underlies
ferroptosis sensitivity [25].

Emerging evidence further indicates that extracellular lipid
limitation enhances cancer cell sensitivity to ferroptosis,
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Fig. 4 Patient-derived tumor organoids of CRC are extremely sensitive to DHA. A PDTOs CRC1314 and CRC1360 were treated three times at
48-h interval with DHA (10 uM, 50 uM and 100 pM) or BSA as control; viability was measured as ATP content after a total of 7 days. The
percentage of viable cells in different conditions compared to BSA-treated control (NTC) is plotted as mean + SEM; **p < 0.01, ***p < 0.001,
***¥n < 0.0001 versus the respective NTC. B PDTOs CRC1314 and CRC1360 were treated twice at 48-h interval with DHA (10 uM, 50 pM and
100 pM) or BSA as control; EAU was added to cells for the last 6 h of treatment. Cells were fixed and stained after a total of 5 days.
Representative images are shown; EdU is in magenta, E-Cadherin in green, NucBlue™ in blue; scale bar 50 pm. C Quantification of the
percentage of EdU-positive nuclei (mean = SEM) in PDTOs CRC1314 and CRC1360 shown in (B); ***p < 0.001 versus the correspondent NTC.
D Features of PDTOs used in this study: the first column shows the basal proliferation rate, expressed as the percentage of EdU-positive cells;
the second, third and fourth columns show the mutations present in KRAS, APC and TP53 genes, respectively. KRAS-mutated PDTOs are
highlighted in red. E All PDTOs were treated three times at 48-h interval with DHA at 50 uM or BSA as control; viability was measured as ATP
content after a total of 7 days. The percentage of viable cells compared to BSA-treated control (NTC) is plotted as mean + SEM. KRAS-mutated
PDTOs are highlighted in red. F Normal human intestinal organoid cultures (CRC3343NM and CRC3405NM) were treated three times at 48-h
interval with DHA (10 pM, 50 pM and 100 pM) or BSA as control; viability was measured as ATP content after a total of 7 days. The percentage
of viable cells in different conditions compared to BSA-treated control (NTC) is plotted as mean + SEM; ***p < 0.001, ****p < 0.0001 versus the
respective NTC.
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revealing that lipid deprivation activates a PUFA trafficking ferroptosis sensitivity in cancer cells [33]. Together with
pathway [33]. These findings indicate that continuous lipid observations that dietary n-6 PUFAs induce lineage-specific
remodeling, regulated in part by environmental conditions, and ferroptosis in C. elegans, these data underscore how ferroptosis
the directed incorporation of highly unsaturated PUFAs into sensitivity is shaped by metabolic context and cellular differ-
specific phospholipid pools play a key role in determining entiation state [34].
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Fig. 5 DHA treatment drives ferroptosis in CRC PDTOs. A PDTOs CRC0031, CRC0124, CRC0578 and CRC1360 were treated twice at 48-h
interval with DHA (100 pM), or BSA as negative control; lipid peroxidation was detected after a total of 72 h using Liperfluo and analized by
flow cytometry. Representative histograms are shown; the percentage of cells with fluorescence intensity above the threshold of 10* after
treatment with DHA, from 3 independent experiments, is shown on the histograms. B CRC0124 was treated three times at 48-h interval with
DHA (10 pM and 50 pM) in combination or not with Liproxstatin-1 (LP-1, 1 pM), BSA was used as control; viability was measured as ATP content
after a total of 7 days. The percentage of viable cells in different conditions compared to BSA-treated control (NTC) is plotted as mean + SEM.
Statistical significance: DHA 50 pM versus NTC ****p < 0.0001; DHA 50 pM + Liproxstatin-1 versus NTC **p < 0.01; DHA 10 pM + Liproxstatin-1
versus DHA 10 puM ns; DHA 50 pM + Liproxstatin-1 versus DHA 50 uM ***¥*p < 0.0001. C Representative pictures of CRC0124 stained with DHA
alkyne (in green), MitoTracker™, Calnexin and Rab7 (in red), E-cadherin (in magenta) and NucBlue™ (in blue); scale bar 10 um. D Co-
localization between DHA and each organelle marker is represented by Pearson’s coefficient plotted in the box and whiskers graph.
E CRC0124 and CRC0031 were treated three times at 48-h interval with DHA (10 pM and 50 uM) in combination or not with RSL-3 (3 pM), BSA
was used as control; viability was measured as ATP content after a total of 7 days. The percentage of viable cells in different conditions
compared to BSA-treated control (NTC) is plotted as mean + SEM. Statistical significance: CRC0124: RSL-3 versus NTC *p <0.05; DHA
10 pM + RSL-3 versus NTC ***p < 0,001; DHA 50 uM and DHA 50 pM + RSL-3 versus NTC ****p < 0.0001; DHA 10 uM + RSL-3 versus DHA 10 mM
*p < 0.05; DHA 50 pM + RSL-3 versus DHA 50 pM ***p < 0.001; CRC0031: RSL-3, DHA 10 uM + RSL-3, DHA 50 pM and DHA 50 uM + RSL-3 versus
NTC ****p < 0.0001; DHA 10 pM versus NTC **p <0.01; DHA 10 pM + RSL-3 versus DHA 10 pM ****p < 0.0001; DHA 50 pM + RSL-3 versus DHA

50 pM ns.
<

DHA accumulation in the endoplasmic reticulum was accom-
panied by mitochondrial dysfunction and increased ROS produc-
tion, likely amplifying lipid peroxidation [25]. This effect is
particularly pronounced in cancer cells, which already operate
under elevated oxidative stress, providing a plausible explanation
for the selective sensitivity of CRC PDTOs compared with normal
intestinal organoids. Although tumor cells often rely on aerobic
glycolysis, their pronounced ferroptotic response to DHA suggests
that mitochondrial perturbation remains a critical vulnerability
[1, 35]. Notably, drug-tolerant and stem-like cancer cell popula-
tions are more dependent on oxidative phosphorylation, support-
ing the idea that ferroptosis induction may preferentially target
cells resistant to conventional cytotoxic or anti-proliferative
therapies [35-38].

To date, a major limitation of ferroptosis-inducing drugs has
been their severe toxicity, which has precluded their advancement
to clinical trials and the assessment of therapeutic combinations
involving ferroptosis inducers [35]. Exploiting the properties of
DHA, or its analogue PC-DHA—both considered nutritional
supplements—in triggering ferroptosis in tumor cells could
overcome this limitation. Moreover, it has also been reported
that DHA may enhance the effect of ferroptotic drugs, suggesting
that a combined administration could represent an effective
strategy to induce ferroptosis in cancer cells while reducing toxic
effects on normal tissues [39].

Although in vivo validation will be essential to define
bioavailability, tissue distribution, and therapeutic windows, the
robust and heterogeneous responses observed across CRC PDTOs
argue that ferroptosis induction by DHA reflects a broadly
conserved tumor vulnerability. Importantly, PDTOs enable direct
functional assessment of this vulnerability in a patient-specific
manner, strengthening the translational relevance of our findings.

This is particularly evident in sequential treatment models
combining DHA with oxaliplatin. In PDTOs, oxaliplatin alone
produced limited tumor regression and allowed rapid regrowth
upon drug withdrawal, consistent with the persistence of DTC. In
contrast, subsequent DHA treatment markedly impaired regrowth
and, in some cases, exceeded the cytotoxic effect of chemother-
apy alone. The PDTO model is well suited for the study of DTCs,
whether they emerge stochastically or originate from stem-like
cells, as it preserves tumor phenotypic heterogeneity [40]. Given
recent evidence that DTC contribute to minimal residual disease
and can be selectively eliminated by ferroptosis induction, our
data suggest that DHA may represent a feasible strategy to target
this clinically relevant cell population [29, 41].

In general, the possibility of administering a DHA-enriched diet
to CRC patients during adjuvant therapy or in the post-treatment
setting may enhance the efficacy of chemotherapy without
adding significant adverse effects. Moreover, dietary DHA
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supplementation has been shown to reduce intestinal inflamma-
tion induced by chemotherapy as well as by pro-inflammatory
dietary regimens, thereby potentially promoting a beneficial effect
during anti-tumor therapies [42, 43].

Although the concentrations of DHA used in vitro are quite
elevated, the plasmatic levels of free DHA, measured during a
clinical trial with dietary administration, are equivalent or higher
[44]. Moreover, they are compatible with tissue accumulation
achieved through sustained dietary supplementation [7, 45].
Given that DHA is preferentially incorporated into membrane
phospholipids, its local enrichment within tumor cells—rather
than systemic plasma levels—may be sufficient to lower the
ferroptotic threshold.

In the future, it will also be interesting to explore, using
PDTO-bacteria co-culture models, how DHA administration may
modulate the intestinal microbiota and consequently influence
pathological conditions, including polyp formation and colorectal
cancer development [46, 47]

Together, these findings provide a strong rationale for exploring
dietary or pharmacological DHA-based interventions as adjuvant
strategies following chemotherapy and support the use of PDTOs
as a predictive platform to guide ferroptosis-based therapeutic
approaches in colorectal cancer [12].

MATERIALS AND METHODS

Cell lines cultures

HT29 cells were purchased from American Type Culture Collection (LGC
Standards Srl) and cultured following ATCC recommended protocols in
Dulbecco’s modified Eagle's medium (DMEM) with high glucose (Gibco),
supplemented with 10% fetal bovine serum (FBS, Euroclone), penicillin-
streptomycin (Euroclone) and 2 mM L-glutamine (Euroclone). Mycoplasma
testing was routinely performed to ensure cell culture quality by the
internal facility, and cells were maintained for no more than 20 passages.

L-Wnt-3 A and 293 T-HA-Rspol Fc cells were kindly provided by prof.
Trusolino’s Lab. L-Wnt-3 A cells were cultured for 2-3 passages with DMEM
with high glucose, plus 10% fetal bovine serum, penicillin-streptomycin
and 2 mM L-glutamine and supplemented with Neomycin (0,4 mg/ml). To
collect conditioned medium, cells were seeded in an appropriate number
of 145-cm? dishes in 20 ml of complete DMEM medium without neomycin.
After 7 days, the medium was harvested and centrifuged; the resulting
supernatant was then passed through a 0.22-um Stericup-GP filter.

293 T-HA-Rspol Fc cells were cultured for 2-3 passages with DMEM with
high glucose, plus 10% fetal bovine serum, penicillin-streptomycin and
2 mM L-glutamine and supplemented with Zeocin (300 pg/ml). To collect
conditioned medium, cells were seeded in an appropriate number of
145-cm? dishes in 20 ml of serum-free Advanced DMEM/F12 (Gibco), plus
penicillin-streptomycin and 2 mM L-glutamine. After 10 days, the medium
was harvested and centrifuged; the resulting supernatant was then passed
through a 0.22-pym Stericup-GP filter. Freshly prepared Wnt3A-CM and
Rspol-CM can be stored at —80 °C for long periods of time (>6 months).
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Fig. 6 DHA inhibits the growth of oxaliplatin-tolerant cells in PDTOs. PDTOs CRC0578, CRC0031, CRC0124 and CRC1360 were treated with
three different treatment schedules: regression trial (A) combined sequential trial (B) persister cells trial (C). A PDTOs were digested at single
cell, left growing for 6 days, then treated twice at 48-h interval with 1 uM Oxaliplatin (Oxali), 10/50/100 uM DHA and BSA as control.
Histograms from three independent experiments are shown and the percentage of viable cells in different conditions compared to the BSA-
treated control (NTC) is plotted as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 versus NTC. B PDTOs were digested at single cells and left
growing for 48 h. The administration of 1 M Oxaliplatin (twice, at 48-h intervals), was followed by additional 96 h (twice, at 48-h intervals)
treatment with either 1 pM Oxaliplatin, Oxaliplatin washout, 10/50/100 uM DHA. Histograms from three independent experiments are shown
and the percentage of viable cells in different conditions compared to the BSA-treated control (NTC) is plotted as mean + SEM; *p < 0.05,
**p < 0.01, ***p < 0.001 versus Oxaliplatin washout condition. C PDTOs CRC0578 and CRC0031 were digested at single cell and left growing for
72 h. The administration of 0.5 pM Oxaliplatin (Oxali) for 10 days (three times, at 72-h intervals), was followed by additional 10 days (three
times, at 72-h intervals) treatment with either 0.5 pM Oxaliplatin, Oxaliplatin washout, 10/50/100 pM DHA. Histograms from 6 independent
experiments are shown and the percentage of viable cells in different conditions compared to the BSA-treated control (NTC) is plotted as
mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 versus Oxaliplatin washout condition.

Patient-derived tumor and intestine organoids cultures
Patient-derived tumor organoids (PDTOs) derived from CRC liver
metastases were obtained from the Xenturion biobank in our institution
(PROFILING protocol No. 001-IRCC-00IIS-10, version 11.0, updated July 13,
2022) [23]. All patients provided informed consent, including for the
collection of sex and age information. PDTOs were maintained in Cultrex
Basement Membrane Extract (BME Type ll, R&D Systems) onto 12-well
plates (Corning). Complete medium composition was the following:
Dulbecco’s modified Eagle medium/F12 supplemented with penicillin-
streptomycin, 2mM L-glutamine, T mM n-Acetyl Cysteine, B27 (Thermo
Fisher Scientific), N2 (Thermo Fisher Scientific), and 5 ng/ml EGF (Sigma-
Aldrich). PDTOs were routinely tested for Mycoplasma and maintained at
37°C in a humidified atmosphere of 5% CO,.

Human intestinal organoid cultures were established from fresh biopsies
of healthy small intestine or colon. All patients signed a dedicated
informed consent in accordance with guidelines of the ALFAOMEGA
Master Observational Trial (NCT04120935) [48]. The study protocol was
sponsored by IFOM ETS - The AIRC Institute of Molecular Oncology and
approved by the Ethical Committee of each participating center. Tissues
were first cut into small fragments and then washed with cold PBS. To
extract intestinal crypts, tissue fragments were incubated for 30 minutes at
4°C with a gentle shaking in 2mM EDTA cold chelation buffer (5,6 mM
Na2HPO4, 8 mM KH2PO4, 96,2 mM NaCl, 1,6 mM KCl, 43,4 mM sucrose,
54,9 mM D-sorbitol, 0,5 mM DTT). After allowing tissue fragments to settle
down under normal gravity for 1 minute, EDTA buffer was removed and
fragments were vigorously resuspended in cold chelation buffer using
10-ml pipette to isolate intestinal crypts. This procedure of resuspension/
sedimentation was repeated at least 4-5 times (supernatant was inspected
for the presence of crypts after each passage). The supernatants containing
crypts were filtered (100 um-filter) and collected in 50-ml tube coated with
BSA. Intestinal crypts were centrifuged at 300 g for 3 min, washed with cold
chelation buffer and centrifuged again at 200 x g for 3 min. Intestinal
crypts were then seeded in 24-wells plate with complete medium plus
10 UM Y27632 (MedChemExpress) and 3 uM CHIR99021 (MedChemEx-
press) for the first 5-6 days. Complete medium composition was the
following: basal medium (Advanced Dulbecco’s modified Eagle
medium/F12, penicillin-streptomycin, 2 mM L-glutamine, 1 mM n-Acetyl
Cysteine, 10 mM HEPES, B27), supplemented with 50% Wnt3a CM, 10%
Rspol-CM, EGF 50 ng/ml, Noggin (Peprotech) 100 ng/ml, A8301 (Med-
ChemExpress) 500 nM, Gastrin (Merck) 10 nM, Nicotinammide (Sigma-
Aldrich) 5mM, Primocin (InvivoGen), IGF1 (Peprotech) 100 ng/ml, FGF2
(Peprotech) 50 ng/ml.

Drugs, enzymatic inhibitors and stock solutions of fatty acids
Erastin, Ferrostatin-1, RSL-3, Liproxstatin-1, ABT-263 and Oxaliplatin were
from MedChemExpress. Docosahexaenoic Acid (DHA, MedChemExpress),
Eicosapentaenoic acid (EPA, MedChemExpress) and Palmitic acid (PA,
MedChemExpress) were dissolved in 100% ethanol to a final concentration
of 100 mM; Oleic acid (OA, MedChemExpress) was dissolved in 100%
ethanol to a final concentration of 10 mM. 1 ml of these solutions were
mixed with 9 ml of 20% fatty acid-free BSA in phosphate-buffered saline
(PBS) at 50 °C for 1 h, yielding a final stock solution of 10 mM for DHA, EPA,
PA, and of 1 mM for OA. A control BSA solution was prepared by mixing
1 ml of 100% ethanol with 9 ml of 20% fatty acid-free BSA in PBS.

Viability assays
Cell lines viability experiments were performed in 96-well plates, with 500
cells/well. After 2 days from seeding, cells were treated with the modalities
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indicated in the figure legends. Cell viability was measured by ATP content
using the Cell Titer-Glo luminescent assay kit (Promega), according to
manufacturer’s instructions. Ratios between treated and untreated cells
were calculated.

PDTOs and normal intestinal organoids viability experiments were
performed in 96-well plates, coated with a thin layer of BME in each well.
PDTOs or normal intestinal organoids were washed with PBS, incubated
with TrypLE™ Express solution (Thermo Fisher Scientific) for 5 min at 37 °C
and vigorously pipetted to obtain a single cell suspension.

Cells were seeded in complete culture medium supplemented with 2%
BME. After 2 days from seeding, PDTOs were treated with the modalities
indicated in the figure legends. Cell viability was measured by ATP content
using the Cell Titer-Glo luminescent assay kit, according to manufacturer’s
instructions. Ratios between treated and untreated cells were calculated.

Lipid peroxidation detection

Liperfluo. Liperfluo (Dojindo) was used according to the manufacturer’s
protocol with minimal modifications. HT29 were seeded in 6-well cell
culture plates and were treated twice at 48-h interval, then detection of
lipid peroxidation was performed after a total of 72h. Liperfluo was
administered for 30 minutes at 37°C in serum free medium (final
concentration 2,5 umol/l). After incubation, cells were washed twice with
Hank’s balanced salt solution (HBSS) (Gibco) and prepared for flow
cytometry analysis. For cell imaging, HT29 were plated onto 96-well black
cell culture plates (Ibidi) and lipid peroxidation was detected with the
protocol described above. HT29 were then observed by an imaging
automated system for multiplex in-cell and in-tissue analyses (Nikon LIPSI).
PDTOs were seeded in BME-domes and were treated twice at an interval of
48 h, then detection of lipid peroxidation is performed after a total of 72 h.
PDTOs were dissociated from the BME matrix by pipetting and Liperfluo
was administered for 30 minutes at 37°C in DMEM/F12 medium (final
concentration 2,5 umol/l). After incubation, PDTOs were washed twice with
HBSS and prepared for analysis. HT29 were analysed with Beckman Coulter
Cyan ADP, while PDTOs were analysed with Beckman Coulter Cytoflex LX.
Gating strategies are shown in figure S6. Cells were initially gated based on
forward scatter (FSC) and side scatter (SSC) parameters to exclude debris.
Doublets were excluded using Pulse width versus FSC-A or SSC-A versus
SSC-H discrimination. Viable single cells (DAPIl-negative) were then
analyzed for Liperfluo fluorescence intensity. Percentages indicate the
proportion of cells retained for analysis after each gating step.

Bodipy® 581/591 C11. HT29 were plated onto 96-well black cell culture
plates and treated as described above. Image-iT® lipid peroxidation kit
(Thermo Fisher Scientific) was used to visualize lipid peroxidation,
according to the manufacturer’s protocol. HT29 were then observed by
an imaging automated system for multiplex in-cell and in-tissue analyses
(Nikon LIPSI). Images were acquired at two separate wavelengths: one at
excitation/emission of 581/591 nm for the reduced dye, and the other at
excitation/emission of 488/510 nm for the oxidized dye. The ratio of mean
fluorescence intensities of the dye at 590 nm and 510 nm was used as the
readout for lipid peroxidation.

Malondialdehyde (MDA) assay. Lipid peroxidation was measured using
the Lipid Peroxidation MDA Assay Kit (Sigma) according to the
manufacturer’s instructions. HT29 were seeded in 6-well cell culture plates
in duplicate and were treated as described above. After treatment, pellets
of cells (max 2 x 10°) were homogenized on ice in 300 uL MDA Lysis Buffer
containing 3 pL butylated hydroxytoluene (BHT, 100x), then centrifuged at
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13,000 x g for 15 min; 200 pL of supernatant was used for the subsequent
MDA-TBA reaction, by adding 600 pL of thiobarbituric acid (TBA) solution
to samples or standard. After incubation at 95 °C for 60 min, 200 uL of each
reaction was transferred to a 96-well plate for reading. Absorbance was
read at 532nm; standards were run on each plate and blank values
subtracted. MDA amounts (nmol per well) were calculated from the
standard curve and values from treated samples were normalized to
the NTC.

Immunofluorescence

Cell proliferation was analyzed by Click-iT™ EdU Alexa Fluor® 647 Imaging
kit (Thermo Fisher Scientific). In brief, 10 x 10> HT29 were plated on glass
coverslips in 24-well plates in complete medium for 48 h, then they were
treated twice at an interval of 48 h with different fatty acids as indicated in
figure legend. PDTOs were seeded as single cells (10 x 10*/well) on 12-well
chambered slides (Ibidi) in 2% BME complete culture medium. After 2 days
from seeding, PDTOs were treated with DHA with the time scheduling
described for HT29. EAU was added to cells or PDTOs for the last 6 h of
treatment. Then cells/PDTOs were fixed and stained following manufac-
turer's instructions. Four random fields of each sample from three
independent experiments were photographed at the confocal microscope
at low magnification and Alexa Fluor® 647 positive nuclei were counted. To
measure the proportion of EdU-positive cells, nuclei were counterstained
with Dapi.

For the different immunofluorescence analysis, HT29 and PDTOs were
plated as illustrated above and treated as described in figure legends. After
treatment, cells were fixed with 4% paraformaldehyde in PBS for 10 (HT29)
or 20 (PDTOs) min. After fixation, cells were rinsed three times with PBS,
quenched with 50 mM NH,CI for 20 min at room temperature, washed
twice with PBS, and then permeabilized at room temperature with PBS
0.2% Triton X-100 for 8 min (HT29) or PBS 0.5% Triton X-100 for 20 min
(PDTOs). After two washes with PBS, coverslips were blocked for 1h at
room temperature with PBS 1% donkey serum (HT29) or PBS 0.1% Triton X-
100, 10% donkey serum (PDTOs), and incubated with primary antibodies
overnight at 4°C in a humidified chamber. The following primary
antibodies were used: anti-cleaved Caspase 3 (CST 9664), anti-GM130
(CST 124805), anti-Calnexin (Merck HPA00943), anti-GRP78 (CST 3177S),
anti-Rab4 (CST 2167), anti-Rab7 (CST 9367) and anti-ECadherin (R&D
Systems, AF648). After three washes with PBS, coverslips were incubated
for 1h at room temperature in a humidified chamber with Alexa Fluor®
fluorescent secondary antibodies (Thermo Fisher Scientific). Where
indicated, MitoTracker™ Deep Red FM and MitoSOX™ Red (Thermo Fisher
Scientific) dyes were used following manufacturer’s instructions.

To study the intracellular localization of DHA, HT29 and PDTOs were
grown on glass coverslips or 12-well chambered slides as described. Then,
cells/PDTOs were incubated with 10 or 50 uM DHA alkyne (Cayman
Chemical) for 6 h. After fixation with 4% paraformaldehyde in PBS and
permeabilization (0,1% Triton X100 in PBS for 2 minutes for HT29, 0,5%
Triton X100 in PBS for 20 min for PDTOs), cells were washed with 3% BSA in
PBS. The Click-iT reaction (Cu(l)-catalyzed azide-alkyne cycloaddition) was
performed with Click-iT™ Plus Alexa Fluor® Picolyl Azide Toolkit (Thermo
Scientific) according to manufacturer’s instructions.

Coverslips were then rinsed three times with PBS, mounted with
ProLong™ Glass Antifade mountant with NucBlue™, and analyzed using a
confocal microscope (Stellaris 5 WLL NIR, Leica). Confocal images are
maximum projections of a z-section of approximately 1.50 um for HT29 or
a single slice for PDTOs. The images were arranged and labeled using Fiji
software.

Pearson’s colocalization coefficient (r) was used to quantify the overlap
between the fluorescence signals of DHA alkyne and each organelle
marker. The correlation between Mitosox and Mitotracker signals was
quantified as Overlap coefficient Ratio. The analysis was conducted using
the JACoP plugin in Fiji.

Statistical analysis

Sample size was determined empirically based on established practice for
these in vitro assays. For both cell-line and PDO experiments, each
condition was tested in technical replicates within an experiment and the
experiment was independently repeated at least three times. The number
of biological (nontechnical) replicates for each experiment is reported in
the figure legends, alongside the adopted statistical tests and metrics.
Given the exploratory nature of the study and the variability intrinsic to
patient-derived models, we did not perform an a priori formal power
calculation. Statistical analysis was performed using GraphPad software.

SPRINGER NATURE

Descriptive statistics (means and standard errors) were calculated for each
group. One-way analysis of variance (ANOVA) with multiple comparisons
was conducted to assess the statistical significance across all experiments,
except for the time-course experiment for which two-way ANOVA was
utilized. Only statistically significant results are indicated by asterisks in the
graphs, with details reported in the figure legends.
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