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Abstract

To colonize new environments, cancer cells undergo epithelial-to-mesenchymal transition (EMT),
enabling detachment and migration, but this phenomenon remains largely controlled by Natural Killer
(NK) cells. During EMT, cancer cells shift their metabolism toward fatty acid oxidation (FAQ), partly
replacing glycolysis to meet the energy demands for migration and invasion. This may impact NK cell-
mediated surveillance through an unclear mechanism. Here, we demonstrate that forcing cancer cells to
perform FAO by inhibiting pyruvate dehydrogenase kinase 1 with dichloroacetate (DCA) decreases
intracellular palmitic and stearic acids, reflecting their utilization as FAO substrates, whereas the rise in
neutral lipids reflects compensatory lipid-droplet formation, a hallmark of FAO-driven states linked to
EMT. Moreover, DCA activates extracellular signal-regulated kinase-5 (ERKS5), triggering EMT and tumor
cell migration and invasion. Concomitantly, FAO induces ligands mediating NK cell recognition. NK cells
better infiltrated DCA-treated 3D tumor spheroids, where they exerted cytotoxic effects. DCA-treated
cells showed increased migration in a zebrafish model, whereas metastasis from mammary cancer cells
grafted into immune-deficient mice was enhanced by DCA. Cells undergoing DCA-induced migratory
reprogramming exhibit increased susceptibility to NK-cell-mediated control, which limit their invasive
potential. Hence, FAO promotes both metastasis and NK-mediated tumor surveillance, highlighting the
Achilles’ heel of metastatic cells and therapeutic opportunities.

Teaser

Metastasis recognition and killing by immune cells, such as NK cells, requires a metabolic shift that
relies on lipid metabolism.

Introduction

Cancer cells undergo profound metabolic reprogramming, relying heavily on glycolysis to meet the
bioenergetic and biosynthetic requirements of rapid growth; aerobic glycolysis is therefore considered a
hallmark of cancer(1). Beyond glycolysis, additional metabolic alterations have been described, including
changes in amino acid and fatty acid (FA) metabolism, which can result in concomitant increases in both
mitochondrial respiration and glycolysis(2). Cancer cells also adapt their metabolism in response to
microenvironmental changes, particularly during metastatic colonization, a highly inefficient process in
which disseminated tumor cells must overcome substantial physiological barriers to form secondary
lesions(3). Once established, metastatic tumors often exhibit limited responses to existing therapies.
Throughout dissemination, tumor cells encounter nutrient fluctuations and metabolic stress, to which
they respond by increasing FA uptake and energy production through FA B-oxidation (FAO) (4). FAO-
driven lipid oxidation thereby supports mitochondrial respiration and has been implicated in tumor
progression, invasion, and metastasis. Notably, the FA transporter CD36 functions as a marker of
metastasis-initiating cells (5, 6) and contributes to epithelial-mesenchymal transition (EMT) and tumor
cell migration (6, 7).
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Acyl-CoA synthetases (ACSLs) catalyze the activation of long-chain FAs into acyl-CoA, a crucial step for
phospholipid and triglyceride synthesis, lipidation of proteins, and FAO (8). ACSL enzymes have been
linked to EMT (9, 10), a key process enabling cancer cells to detach from the primary tumor and initiate
metastatic dissemination. During their transit within the host, metastatic cells are exposed to immune
surveillance, particularly from cytotoxic lymphocytes patrolling the blood and lymphatic systems. Natural
killer (NK) cells play a central role in metastasis-specific immunosurveillance (11), and NK cell
abundance and activity correlate with the number of circulating tumor cells and metastatic burden
across several cancers (12). However, the mechanisms that govern NK-mediated recognition and
elimination of metastatic cells remain incompletely understood. In a TGF-B-induced EMT model,
Chockley et al. demonstrated that E-cadherin (E-Cad) is detected by the inhibitory NK receptor KLRG1
(11), whereas cell adhesion molecule 1 (CADM1) is recognized by the activating NK receptor CRTAM
(11). Consequently, EMT-associated decreases in E-Cad and increases in CADM1 enhance NK
recognition of metastatic cells, although loss of inhibitory E-Cad/KLRG1 signaling alone is insufficient to
fully restore NK cytotoxicity (11). NK cells also suppress dormant tumor cells that can later regenerate
malignancies long after the primary tumor has been removed (13).

NK cell recognition depends on the repertoire of surface ligands expressed on target cells. Several
ligands for NK-activating receptors such as Poliovirus Receptor (PVR/CD155), ULBP2, ULBP4, and
MICA/B are upregulated during EMT (14). Engagement of these ligands by the activating receptor
NKG2D triggers NK-mediated cytotoxicity (15). In contrast, expression of major histocompatibility
complex-1 (MHC-I), which binds inhibitory NK receptors (11, 16), is reduced during EMT (17), and
consequently, MHC-I is reported to be downregulated in metastatic cells (18—20). Thus, EMT drives
multiple changes that favor NK-mediated immune surveillance, potentially contributing to the overall
inefficiency of metastatic colonization (12, 21).

Metabolic regulation strongly influences tumor immunogenicity by shaping the balance between
activating and inhibitory ligands at the cell surface (22). Enforced OXPHOS increases MHC-I expression
in leukemic cells (22-25). Metformin, which reduces glycolytic flux, upregulates ICAM-1 and enhances
NK-mediated killing (26—28). Likewise, dichloroacetate (DCA), an inhibitor of pyruvate dehydrogenase
kinase-1 (PDK1) that activates pyruvate dehydrogenase and promotes pyruvate entry into the Krebs
cycle (29, 30), sensitizes leukemic cells to NK-mediated cytotoxicity (26). In hematological malignancies,
DCA induces genes involved in lipid metabolism including LDLR, CD36, and ACADVL through ERKS
signaling (31, 32). ERKS itself contributes to immune recognition (18, 23, 24) and regulates multiple
cancer hallmarks (33), such as increased motility (33, 34) and EMT (33, 35). ERKS5 therefore emerges as
a compelling candidate linking metabolic rewiring, EMT, and immune surveillance (36).

Together, these observations support the hypothesis that increased lipid catabolism in cancer cells may
promote EMT and early metastatic events while simultaneously inducing stress signals that activate NK
cells. Such metabolic stress could thus enhance tumor cell immunogenicity and facilitate NK-mediated
recognition and elimination. The work presented here supports this hypothesis. We artificially enhanced
lipid catabolism by treating cancer cells with DCA. We characterized that this metabolic shift induces a
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migratory phenotype both in vitro and in vivo, using two mouse models and a zebrafish model.
Furthermore, metabolic stress promotes recognition and elimination by NK cells.

Results

DCA promotes lipid metabolic remodeling and increases
respiration

To develop a cell model with increased FAO, HCT116 cells were treated for 48h with 5mM DCA alone or
in combination with 3uM of the FA oleic acid (OA). DCA increased neutral lipid content, as shown by
confocal microscopy (Fig. 1A) and flow cytometry (Fig. 1B), even more in the presence of OA. However,
we noticed that DCA treatment had a tendency to increase cells size, in agreement with the cytostatic
effect of DCA (26, 35, 37). To assess this change we quantified droplet accumulation per cell area and
found no statistical differences (Supplemental Fig. 1). As in leukemic cells (31, 38), DCA increased
ACADVL and CD36 mRNA in HCT116 cells (Figs. 1C and D). Transfection with siRNA against ERK5
(siERKD5) partially reversed the effects of DCA on ACADVL and totally on CD36 (Fig. 1C and D). DCA also
increased CD36 expression at the plasma membrane (Fig. 1E). Adding OA or DCA to the cell culture
medium was sufficient to increase the oxygen consumption (Fig. 1F). To further study DCA effect on lipid
metabolism, we performed a metabolomic analysis in DCA-treated HCT116 cells. DCA significant
decreased saturated long-chain fatty acids levels (Figs. 1G-H), particularly L-C16:0 (palmitic acid) and L-
C18:0 (stearic acid). This suggests a metabolic shift from lipid synthesis toward enhanced B-oxidation,
consistent with the known role of DCA in promoting oxidative metabolism through activation of the
pyruvate dehydrogenase complex (39, 40) and with our results showing an increase of ACADVL mRNA
relative expression (Fig. 1D and (4, 31).

DCA-induced lipid metabolism causes expression of EMT-related
genes and a migratory phenotype

As DCA induced lipid metabolism, we hypothesized that it could favor a metastatic phenotype. In fact,
DCA increased the mRNA levels of several critical genes to promote EMT, i.e. ZEB1, SNAIL, and TWIST
(Fig. 2A). siERKS5 partially reversed the effects of DCA on ZEBT and SNAIL and totally on TWIST (Fig. 2A).
We confirmed the induction of SNAIL at the protein level, whereas the ERKS inhibitor XMD8-92 reversed
DCA effects (Fig. 2B). Hence, ERK5 mediates DCA effects on EMT. Consistent with these findings, flow
cytometric analysis confirmed that DCA promoted a partial EMT phenotype in HCT116 cells, as
evidenced by increased vimentin expression and a trend toward increased N-cadherin expression.
Pharmacological inhibition of fatty acid oxidation with etomoxir partially reversed these changes,
indicating that FAO contributes to DCA-induced EMT (Supplemental Fig. 2A).

The ERK5 pathway is involved in EMT and cell migration (34, 35). To investigate the effects of DCA on
cell migration, we performed transwell assays. DCA increased HCT116 migration and co-addition of OA
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did not increase DCA effects (Fig. 2C-D); although OA per se was able to induce migration. This could
indicate that both compounds propel a similar mechanism. XMD8-92 completely blocked cell migration.
In wound healing experiments, another model of metastatic potential, DCA induced wound closure
similarly to TGF-B (Fig. 2E-F), a factor that induces EMT at least partially by promoting FA
metabolism(37). XMD8-92 significantly inhibited wound healing (Fig. 2E-F) and reversed the effects of
DCA. TGF-B induced the expression of CD36, ACADVL and ERK5 along with EMT-related genes such as
SNAIL, ZEB1 and TWIST (Fig. 2H), but to a lesser extent than DCA (Fig. 2G-H). Finally, both TGF-B and
DCA increased the expression of stress ligand genes (Fig. 2I), suggesting that changes in lipid
metabolism may be implicated in multiple physiological processes (see below).

DCA favors cell motility and invasion in 3D cultures

To further assess the impact of DCA on HCT116 cell migration, we generated 3D tumor spheroids in
ultra-low attachment (ULA) plates. DCA significantly reduced the spheroid area after seven days of
treatment (Fig. 3A-B), showing that DCA also had cytostatic activity in 3D tumor cell cultures, as in 2D
(37, 41) (41-43). Notably, DCA significantly increased the number of detached cells around the
spheroids (Fig. 3A, C). We removed and pooled the spheroids, and separately pooled the remaining
medium containing detached cells for each condition (Fig. 3D-E). DCA increased the expression of the
same metabolic (CD36 and ACADVL) and EMT (ERKS5, SNAIL and ZEB1) genes in 2D and 3D cultures. An
increase was found in both the cells that stayed in the spheroid (Fig. 3D) and the cells that detached
(Fig. 3E), with the exception of ACADVL, which did not change in detached cells and MHC-I that
increased in attached cells, but decreased in detached cells. We also found that DCA increased the
expression of the activating ligand for NK cell ULBP4 and PVR in HCT116 cells grown in spheroids
(Fig. 3D-E).

Next, we analyzed the invasive capacity of the spheroids treated with DCA. HCT116 cells were cultivated
in ULA 96-well plates and after spheroid formation, they were transferred onto a 7% Geltrex matrix and
treated with 10mM DCA each day (Fig. 3F-J). Without treatment and after 13 days, the control spheroid
reached an average 2.48x10° um? whereas DCA-treated spheres only 3.8x10° pm? (Fig. 3F, ). Thus, DCA
limited spheroid size. Video capture shows the effects of DCA throughout the 16 days (Fig. 3G). In
contrast, DCA favored cell migration and invasion of the surrounding environment and these invasive
cells changed their phenotype (Fig. 3F-H). With DCA, the cells detached from each other and from the
spheroid. To overcome the inherent problem of the variable spheroid sizes, we quantified the area that
was occupied by cells outside the spheroid core, and called this “invasion area” (Fig. 3H, J), then
determined the ratio between the invasion area and the core area (Fig. 3J). DCA increased this ratio after
13 days in culture, indicating that it increased cell detachment and mobility in 3D structures. The addition
of OA did not affect the core size of the spheres (Fig. 3K). However, it strongly increased the
invasion/core ratio, especially in the presence of DCA (Fig. 3L), suggesting the involvement of lipid
metabolism.
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DCA-induced metabolic rewiring is associated with increased expression of stress ligands on tumor
cells, recruitment of NK cells and sensitization to NK cells

We recently showed that DCA increases the expression of genes encoding NK cell-activating ligands in
leukemic cells(41). As mentioned above, in 2D culture conditions, DCA also able to increased MICA,
MICB, ULBP1 and ULBP4 in HCT116 cells (Fig. 2I). ICAM-1 expression also increased. Consistent with
these transcriptional changes, flow cytometric analysis demonstrated an increased surface expression
of stress ligands following DCA treatment. Importantly, inhibition of fatty acid oxidation with etomoxir
partially reversed this induction, indicating that FAO contributes to DCA-mediated stress ligand
expression. Similar results were obtained in MDA-MB-231 breast cancer cells (Supplemental Fig. 2B-C).

Hence, FAO induces the expression of a pattern of ligands that should favor NK cell recognition and NK
cell-mediated elimination. Furthermore, DCA induced stress ligand expression in both spheroids and
detached cells (Fig. 3D-E). Hence, we analyzed whether DCA favored NK cell recognition by tumor cells.
First, we incubated CTFR-stained in vitro expanded and activated NK cells (eNK) with HCT116 spheroids
for 48h, harvested the spheroids and surrounding medium separately, and analyzed the cells by flow
cytometry (Fig. 4A). DCA increased NK cell infiltration in spheroids (Fig. 4A1). As expected, a reduction in
the non-infiltrate fraction was observed (Fig. 4A2). To visualize NK cell infiltration, we stained HCT116
spheroids with calcein before adding the CTFR-stained eNK cells. DCA-treated spheroids showed a
significant increase in NK cell infiltration (Fig. 4B-C). We also used automated microscopy Cytation®,
which confirmed that DCA promoted eNK to deeply infiltrate the spheroids (Supplemental Fig. 3A). This
was even more evident when spheroids formed from MDA-MB-231 cells (Supplemental Fig. 3B). As DCA
recruited eNK towards the spheroids, we investigated if it could favor tumor cell destruction. In 2D, DCA
did not significantly increase eNK cytotoxicity (Fig. 4D). However, in 3D DCA and eNK separately reduced
spheroid area and when used together they significantly reduced it further (Fig. 4E). Notably, DCA did not
reduce the surrounding (halo) area, which mainly comprised eNK (Fig. 4F). Supplemental Fig. 4A shows
that eNK cells moved to the center of the well in the absence of spheroids. To exclude the possibility that
eNK moved to the spheroids due to gravity, we placed the spheroids out of the well center (Supplemental
Fig. 4B). We observed that eNK cells actively moved towards the spheroid. This showed that NK cells
infiltrated the spheroids, which was further enhanced upon DCA treatment.

FAO increases metastasis in a zebrafish model

We have shown in several in vitro models that DCA induces EMT in cancer cells, facilitating their
migration and invasion. To assess this property in vivo, we chose zebrafish as a suitable model (44),
enabling the investigation of cell motility at the level of individual cells in a longitudinal context. We used
the MDA-MB-231 cell line because of its invasiveness and aggressiveness (38), and evaluated
metastasis by counting the number of fish in which cells were observed in the zebrafish body away from
the injection site (periyolk space), specifically in the tail, at various time points. Epifluorescence images
obtained after in vivo monitoring at 24, 48, 72, and 120 hours post injection (hpi) allowed us to determine

the effect of DCA on cell invasion properties (Fig. 5A-D). DCA-treated MDA-MB231 xenografted cells
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were observed in the tail in more than 80% of fish at 24hpi, compared to only 57% of untreated cells at
the same time point (Fig. 5A-B). However, at 120hpi, we did not observe statistical differences, as the
fraction of invasive cells in non-treated fish increased progressively to reach 100% under both conditions
(Fig. 5B). Hence, to study drug effects on motility, we focused in relative short time periods before
engrafted cells naturally colonize the host. High-resolution images showed single-cell migration to the
perivascular caudal region at 24hpi (Fig. 5A, D). In DCA-treated cells, invasive cells were more numerous
at the periphery of the dorsal longitudinal anastomotic vessel (DLV) and posterior cardinal vein (PCV) in
the zebrafish caudal region than in non-treated cells. Moreover, we noticed that DCA pretreated cells
were more dispersed after injection than non-treated cells (Fig. 5D). To assess whether FAO enhances
the number of migrating cells, we measured the area of the invading cells (Fig. 5C). At 24hpi, the mean
area tended to increase in the DCA-treated condition compared to than in the non-treated condition,
although this effect was lost at later time points.

FAO sensitized tumor cells to NK cell-induced killing in vivo

To investigate whether metabolic changes sensitized tumor cells to NK cell-mediated killing, we treated
MDA-MB231 cells with DCA and engrafted them as shown in Fig. 5 alongside eNK cells in zebrafish.
DCA-treated tumor cells exhibited increased presence in the tail region. eNK migrated through the
vascular system of the zebrafish larvae and successfully reached the tail (Supplemental Fig. 5A). In the
presence of eNK cells, there was a significant reduction in the number of tumor cells reaching the tail,
effectively preventing tumor cell invasion in this area (supplemental Fig. 5B). We quantified the CTFR
fluorescence intensity in the tail as a readout of tumor cell invasion. NK cell effects were more apparent
in DCA-treated cells (Supplemental Fig. 5B). To compare the effect of NK cells on control cells versus
DCA-treated cells, the fluorescence intensity in non-eNK treated fish was set to 100 (Fig. 6). This enabled
the comparative analysis, revealing that eNK cells were more effective on preventing the DCA-treated
MDA-MB231 cells to reach the tail than on non-treated cells (Fig. 6B).

DCA favors metastasis formation in mice

To further assess the ability of DCA to promote metastasis, we orthotopically engrafted 4T1 cells into
the mammary fat

pad of athymic nude fox n1 mice. In this 4T1 model, engrafted cells migrate to the lung generating
visible metastasis

that can be quantified because they are not stained with Indian ink and appear as white dots in the lung
(Fig. 7A). DCA

was administered by oral gavage to ensure optimal bioavailability. Athymic nude fox n1 mice lack
functional T and B
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cells but retain NK cells (39). DCA did not affect mice weight or primary tumor volume (Supplemental
Fig. 6A). Visually, the effect of DCA on the number of lung metastasis was unclear (Fig. 7A, left).
Quantification showed that DCA treatment did not induce a statistically significant change in the average
number of metastasis in these mice (Fig. 7B, left).

We subsequently conducted a second experiment using NOD-scid IL2ry=/- (NSG / NOD-SCID-y) mice
(supplemental

Figure 6B), which lack NK cells in addition to being devoid of T and B cells (45, 46). Again, DCA did not
alter body weight, behavior, or primary tumor volume (Supplemental Fig. 6B). In the absence of NK cells,
lung metastasis increased by a factor of 10 (Fig. 7B, compare y axes in left and right), supporting the
essential role of this lymphocyte lineage in metastasis immune surveillance as discussed earlier.
Moreover, visual inspection of lungs showed that DCA clearly increased the number of metastasis/lung
(Fig. 7A, right). Quantification revealed a statistically significant increase in the average number of
metastasis per lung lobe in the presence of DCA (Fig. 7B, right). Therefore, NK cells can, at least partially,
decrease the pro-metastatic effect of DCA.

Together, these results demonstrate that DCA enhances cell motility and metastatic dissemination in
two complementary in vivo models, and that the presence of NK cells counteracts the pro-metastatic
potential of DCA.

Discussion

FAO, which fuels B-oxidation and mitochondrial respiration, is strongly associated with tumor
progression, invasion, and metastasis (5, 6).To sustain elevated FAQO, metastatic cells increase fatty acid
import and activate multiple FAO-related genes, notably CD36 (4, 6). Our findings show that artificially
stimulating FAO through DCA induces motility, invasion, EMT-associated transcriptional programs, and
mesenchymal marker expression, supporting the idea of a reciprocal reinforcement between FAO and
EMT (Fig. 8). Importantly, pharmacological inhibition of FAO with etomoxir partially reversed the DCA-
induced changes in EMT markers, providing functional evidence that FAO actively contributes to the
acquisition of the mesenchymal phenotype rather than merely accompanying it (Fig. 8; Supplemental
Fig. 2A-C).

A notable observation from our study is that DCA significantly decreased intracellular levels of two major
saturated fatty acids, palmitic acid (C16:0) and stearic acid (C18:0), in HCT116 cells; with a concomitant
accumulation of neutral lipids, as revealed by BODIPY staining using both immunofluorescence
microscopy and flow cytometry. Although at first glance these results might seem contradictory, they
align well with the metabolic adaptations described in FAO-driven cancer cell plasticity. Several studies
have shown that FAO activation accelerates the consumption of free saturated fatty acids, including
palmitate and stearate, which are preferential substrates for B-oxidation (47-51). Simultaneously,
increased FAO produces an excess of acyl-CoA molecules that cells must buffer to avoid lipotoxicity.
Cancer cells typically manage this stress by channeling fatty acids into triglyceride synthesis and storing
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them within lipid droplets, leading to an overall accumulation of neutral lipids (48, 50).Thus, the depletion
of free palmitic and stearic acids likely reflects their rapid use as substrates for FAO, whereas the
increase in neutral lipids reflects compensatory lipid droplet formation. DCA also stimulates
mitochondrial biogenesis and cell mass, leading to cellular hypertrophy (52). Thus, even though the total
amount of neutral lipids increases, lipid density (lipid fluorescence signal normalized to cell surface area
or volume) does not increase, because the enlargement of the cell dilutes the increase in lipid content.
This coordinated remodeling of lipid pools is characteristic of FAO-driven metabolic states associated
with EMT, enhanced migration, and metastatic competence (53, 54).

It is well-known that metastatic cells increase their motility, rely more heavily on FAO and become more
susceptible to NK cell surveillance. We show here that FAO promotes the expression of NK-activating
ligands, thereby enhancing NK-mediated tumor cell killing. Importantly, pharmacological inhibition of
FAO partially reversed the DCA-induced increase in stress ligand expression in HCT116 cells and showed
the same trend in MDA-MB-231 cells, indicating that FAO directly contributes to the acquisition of this
immunogenic phenotype across distinct tumor types. This effect was consistently observed in 3D
matrices and in zebrafish xenografts but was considerably weaker in 2D cultures. The discrepancy likely
arises from structural and biophysical differences between 2D monolayers and 3D environments.
Extracellular matrix composition, cell-cell contacts, mechanical constraints, and cytokine diffusion differ
greatly between these contexts and are known to facilitate immune synapse formation and NK
recruitment in 3D structures (55). Similar matrix-dependent modulation of NK activity has been reported
in several cancer models (56).

In both 2D and 3D settings, FAO induction through DCA increased the expression of the activating ligand
PVR (CD155), a nectin-like adhesion molecule involved in adhesion, proliferation, migration, and immune
regulation (57, 58). PVR interacts with both activating and inhibitory NK receptors, including
CD226/DNAM-1 (58, 59), TIGIT, and CD96 (60), and is often overexpressed in aggressive tumors (61). We
also found that FAO reduced the expression of E-Cadherin (CDH1) and MHC-|, two inhibitory ligands
recognized by KLRG1 and KIRs, respectively (11, 16). In addition, FAO increased ULBP4 in 3D cultures
and ULBP1/MICA/B in 2D cultures, all of which serve as ligands for the activating receptor NKG2D (15).
NK cell engagement depends on the integration of multiple activating and inhibitory signals (62, 63), and
because the loss of E-Cad/KLRG1 interaction alone does not restore NK cytotoxicity (11), it is unlikely
that one ligand alone mediates FAO-induced NK sensitization. Instead, our data support the emergence
of a combinatorial ligand “pattern” driven by FAO, which may vary among cancers and patients and could
contribute to the heterogeneous clinical response to DCA (29, 64).

In our model we have used expanded and activated NK cells (eNK), which have a different metabolic
profile than naive NK cells. However, it should be noted that peripheral blood NK cells once are recruited
close to the tumor should start their activation and/or will be quickly activated once infiltrating the tumor
environment or by encountering the tumor target cell. Therefore, the use of activated NK cells could
reflect the physiological context. In addition, in cancer patients peripheral blood NK cells could contain
NK cells that have already been in contact with the tumor cells, and are indeed activated. This has been
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unveiled for example by the presence of tumor molecules in NK cells by the process of trogocytosis (65,
66).

In the zebrafish model, DCA-pretreated cells displayed enhanced motility during the first 24 hours, after
which the effect waned. DCA is rapidly metabolized, which may limit its long-term influence on cancer
cell behavior in vivo. Moreover, DCA reduced proliferation, leading to fewer cells at later time points
compared with controls. By 72 hours, virtually all injected cells had disseminated throughout the host,
regardless of treatment, making any early differences in migration less distinguishable. These transient
effects are consistent with other studies describing the time-dependent metabolic and migratory
changes induced by DCA (67).

Nude mice, despite lacking T cells, retain functional NK cells (39). In contrast, NSG mice lack NK cells
and therefore cannot exert NK-mediated immunosurveillance (48, 69). Consequently, the pro-metastatic
effects of DCA, driven by FAO induction and EMT, were more apparent in NSG mice, where they were no
longer counterbalanced by NK-cell surveillance. These results are consistent with the well-established
role of NK cells as critical regulators of metastatic seeding and outgrowth (12, 70) and support the idea
that FAO exposes a metabolic vulnerability that can be exploited by NK cells. Indeed, our findings
suggest that DCA simultaneously promotes tumor cell dissemination while increasing tumor
susceptibility to NK-cell recognition, resulting in two opposing effects whose relative contribution
depends on the presence or absence of NK cells.

ERKS5 is a good candidate to play a central role as regulator of EMT, FAQO, and immune recognition (33, 35,
68). Targeting ERK5 or FAO-related components such as CD36 (10, 69) may provide therapeutic benéefits,
particularly given that CD36 overexpression promotes metastasis and correlates with poor prognosis
across multiple cancer types (6, 7, 70, 71). DCA has shown inconsistent clinical efficacy (64), and
although its ability to induce oxidative metabolism and sensitize cancer cells to NK cell killing is
intriguing, its pro-migration and pro-invasion effects raise concerns, especially at doses higher than
those typically used clinically. Nonetheless, metabolic rewiring as a strategy to enhance NK activation
remains promising. Metformin, for instance, can sensitize tumors to NK cells by increasing ICAM-1
expression (27). Drugs targeting metabolic pathways to modulate NK-tumor interactions may represent
an emerging class of immunotherapies (22, 25), and our results provide a conceptual and
methodological framework to identify such compounds.

In conclusion, during EMT and metastatic progression, tumor cells rely heavily on FAO and this metabolic
program induces a distinctive pattern of NK-recognizable ligands. This suggests the existence of an
Achilles’ heel in metastatic cells, which may be exploited by therapies that enhance NK surveillance or
modulate tumor cell metabolism.

Methods
Cell culture and transient transfections
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The colon carcinoma HCT116 (gift from SIRIC Montpellier) and the triple negative breast cancer MDA-
MB231 cell lines were cultivated in 75cm2 flasks (Corning) in DMEM Glutamax containing Glucose
(4.5g/L), pyruvate (0.11g/L) and 10% Fetal Bovine Serum (without antibiotics). Cell number, viability and
death were analyzed using a Muse Cell Analyzer (Millipore) by incubating cells with Muse Count &
Viability and Annexin V and Dead Cell kits respectively, following the manufacturer’s instructions.
Absence of mycoplasma in the medium is checked monthly.

For cell transfection, 2 million HCT116 cells were plated, and after 48 h they reached 80% confluency.
Then, 300 pl of Opti-MEM (Invitrogen) was taken separately in two 5ml polypropylene tubes for each
condition and 40 pl of Lipofectamine 2000 transfection reagent RNAIMAX (Invitrogen) was added to one
of them and 12 pl of siRNA (20uM) was added to another tube for each condition following the
manufacturer’s protocol. All siRNAs, that is siCD36, siERKS and siControl were ON-TARGETplus
SMARTpools (mixture of 4 siRNA) from Dharmacon. The cells were then analyzed after 48 h.

Cell Migration Assay

Cells (25x10% in 200 pl of medium without FBS) were seeded in the top chamber (insert) of 24-well
transwell plates (Corning), and treated with T0mM DCA and/or 3uM OA. The outer chambers contained
700ul of the same conditioned medium with 10% FBS, except for the negative control, which did not
contain FBS. This treatment was repeated at 24 h. At 48h, the medium was removed from both the insert
and well. The inserts were washed twice with 1 x PBS, and cells were fixed in 4% paraformaldehyde
(PFA) for 10 min. The cells were stained with crystal violet (24 h) and washed twice with 1X PBS.
Staining from the upper layer of the well was removed using a cotton-tipped applicator and the inserts
were allowed to dry. Finally, the lower layer (cells that reached the underside of the insert) was analyzed
under a microscope and pictures were taken before analyzing the number of colonies.

RT-QPCR experiments

Total RNA was extracted using NucleoSpin RNA isolation columns (Macherey-Nagel), reverse
transcription was carried out using the iScript™ cDNA Synthesis Kit (Bio-Rad) and 100uL of RNAse free
water was added to the 20ul sample. Two pl of each sample were analyzed in a light cycler 480 Roche.
All samples were analyzed using the 2 (-DDCt) method and normalized to B-actin mRNA levels.

Mito stress test (Seahorse XF)

Agilent Seahorse XF96 Cell Culture Microplates were pre-coated with poly-d-lysine. Then 7,5x103
HCT116 cells were seeded in regular growth medium and treated with 5mM DCA and/or 3uM OA. The
medium was changed after 24h and cells analyzed at 48h. Thirty minutes before the analysis, the
seahorse was calibrated for the Mito stress test. The microplates were loaded and analyzed for 90 min.
The oxygen consumption rate was determined using an XFe/XF analyzer.

Immunoblotting
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Samples were collected, washed with PBS and lysed in RIPA buffer. Protein concentration was
determined by BCA assay (Pierce) before denaturation and electrophoresis on 4-15% TGX gels (BioRad).
Protein transfer was performed using a TransTurbo system (Bio-Rad) on nitrocellulose membranes (Bio-
Rad). After blocking for 1 h with 5% non-fat milk, the membranes were incubated overnight at 4°C in
agitation with primary antibodies, washed three times with PBS-Tween 0.1% and incubated with the
appropriate HRP-labeled secondary antibody for 1 h. Membranes were washed out three times with PBS-
Tween 0.1% and developed with Substrat HRP Immobilon Western (Millipore). Band quantification was
performed using the “ImagelLab” software from BioRad and represented as the ratio between the protein
of interest and a control protein i.e. actin or tubulin. The value of 1 is arbitrarily given to control cells.
Anti-CD36 antibody was from Gentex (GTX112891). EMT related protein antibodies were from the EMT
antibody sampler kit (Cell Signaling, #9782). The antibody against B-Actin and HRP-labeled secondary
antibodies were from Sigma.

Immunofluorescence

Thirty-thousand HCT116 cells were seeded on coverslips into 6-well plates and treated for 48h with
sterile water (vehicle) or 5 mM DCA and/or 3uM OA. On the third day, the medium was removed and
each well was washed with PBS. Then the cells were fixed in 4% PFA for 15 minutes at RT. After fixation,
cells were incubated at RT for 15 minutes with an anti-CD36 antibody (CD36-PE clone REA760, Miltenyi;
1/100) and washed twice with PBS. Then, they were incubated for 15 minutes with DAPI (1/1000) and
washed twice with PBS. After mounting the slides, they were dried in the dark for at least 2 days at 4°C
and analyzed with a Leica Sp8 microscope.

Neutral lipids levels (Bodipy)

It was basically performed as previously described (72). For immunofluorescence analysis, HCT116
were seeded on poly-D-lysine coated coverslips at day 0 and treated with 5mM DCA and/or 3uM OA for
48h. Cells were fixed with 4% PFA, and stained with Bodipy (2uM, 15min at 37°C) and DAPI. Images were
taken with a Sp8 Leica microscope.

For lipid quantification by flow cytometry, HCT116 cells were seeded at 1x10° cells in 10 cm dishes and
treated with 5mM DCA and 30uM OA for 48h. Cells were incubated with Bodipy for 15 minutes, wash
with PBS and harvested after trypsinization. After centrifugation, cells were resuspended in PBS and
analyzed in a Gallios Flow cytometer (Beckman). Results were analyzed with Kaluza Software.

Neutral lipids/cell surface

Cells were seeded at 3,000 cells per well in 96-well uClear black plates (PS, F-bottom chimney well;
Cellstar, ref. 655090, lot E23033LG) and cultured for 48 h in the presence of DCA, 10 mM) and oleic acid
(OA, 30 uM).

On Day 2, cells were fixed in 4% PFA and permeabilized with 0.01% Triton X-100. Lipid droplets were
stained with BODIPY™ 558/568 C12 (ThermoFisher, 1:2000), F-actin with Alexa Fluor™ 647-647-
phalloidin (ThermoFisher, 1:5000) for 45 min, and nuclei with Hoechst (1: 10,000, 3 min).
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High-content imaging was performed on an Opera spinning disk confocal system (PerkinElmer) using
standard excitation/emission settings. Image segmentation and quantitative feature extraction were
carried out in Harmony® (PerkinElmer) using built-in algorithms for nuclei, cytoplasm, and lipid droplet
detection.

Metabolomic Analysis

HCT116 cells were treated for 48 h with DCA (1, 5, and 10 mM). After trypsinization and centrifugation,
pellets were resuspended in 250 pL Milli-Q water and homogenized. Aliquots (100 pL) were used for
NL_AGT and total fatty acid analyses; the remainder for protein quantification.

Neutral lipids were extracted using the Bligh and Dyer method (1959) with internal standards
(stigmasterol, cholesteryl heptadecanoate, glyceryl trinonadecanoate). Extracts were analyzed by GC-FID
(Trace 1600, Thermo Electron) on an RTX-5 column (5 m x 0.25 mm, 0.25 ym; 190-350°C, 5°C/min; H, 5
mL/min) (Barrans et al., 1994).

Lipid residues were hydrolyzed (0.5 M KOH/methanol, 55°C, 30 min), transmethylated (14%
BF,/methanol, 80°C, 1 h), and extracted with heptane. FAMEs were analyzed by GC-FID (Trace 1300,
Thermo Fisher) using a Famewax RESTEK column (30 m x 0.32 mm, 0.25 ym; 100-250°C, 6°C/min; H,
1.5 mL/min) (Lillington et al., 1981).

Flow Cytometry

Briefly, 1 x 10° cells were stained with the appropriate antibodies in PBS, 2% FBS and incubated at 4°C
for 20 min. Cells were then washed and suspended in 200-250 pl of PBS and 2% FBS and the staining
was analyzed using a Gallios flow cytometer (Beckman) and its Kaluza software.

NK cell expansion and culture (eNK)

NK cells were expanded from patient umbilical cord blood according to the protocol developed by our
team (73, 74) and then cultivated in RPMI 1640 GlutaMAX™ + 10% FBS, at 37°C with 5% of CO2 until use.
eNK cells were counted with the Muse® Cell Analyzer.

eNK labeling

eNK cells were labeled for 20min with CellTrace™ Far Red in RPMI 1640 GlutaMAX™ without serum,
washed with RPMI 1640 GlutaMAX™ + 10% FBS and suspended in complete spheroid medium. They
were seeded with the spheroids at a ratio effector: target of 1:1 and incubated at 37°C with 5% of CO, in
the AgilentBioTek BioSpa 8 to begin the imaging kinetic.

eNK cell infiltration by flow cytometry

One thousand HCT116 cells were resuspended in serum-free medium containing 1uM Calcein-AM
(Invitrogen®, ref. C1430) for 4 h at 37°C. Spheroids were formed into U-plate ultra-low attachment
cluster 96 well round bottom plates (Corning® Costar®, 7007) and grown for 2 days, then treated with

10mM DCA for 2 additional days. On day 5, NK cells stained with CellTrace™ FarRed (Invitrogen®, ref.
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C34564, 1:3000 dilution) following the provider’s instructions and added to the HCT116 spheroids at E:T
ratio 1:1. Next day, the spheroids and their supernatants were pooled together. After sedimentation of
the spheroids, the supernatants are collected separately. Both were prepared for flow cytometry
analysis.

Spectral flow cytometry for EMT and Stress ligands panel

HCT116 and MDA-MB-231 cells were seeded at 1x10° cells per well in 24-well plates. The following day,
cells were treated with 10 mM DCA, 10 uM etomoxir, or both for 24 or 48 h. Three independent
experiments were performed at 24 h and four at 48 h. Cells were detached using TrypLE to preserve
surface proteins, and viability was assessed using Fixable Viability Dye eFluor 780 (Invitrogen). Three
separate staining tubes were prepared for each condition. The EMT surface tube contained E-cadherin
VioBright V423 (clone REA811, Miltenyi Biotec, 1:200) and N-cadherin APC (clone 8C11, 1:200). The
intracellular EMT tube was fixed and permeabilized for 20 min at 4°C, washed with Perm/Wash buffer,
and stained with vimentin PE (clone REA409, Miltenyi Biotec, 1:200). The stress-ligand tube contained
MICA/B APC (clone REA1076, Miltenyi Biotec), ULBP4 PE (clone 709116, R&D Systems) and ULBP2/5/6
Alexa Fluor 405 (clone 165903, R&D Systems), each used at 1:200. Samples were acquired on a Cytek
Northern Lights spectral flow cytometer and analysed using SpectroFlo software. Debris, doublets and
non-viable cells were excluded before analysing marker expression within the live singlet-cell population.

Spheroid formation

Four hundred HCT116 or MDA MB 231 cells were seeded in U-plate ultra-low attachment cluster 96 well
round bottom (Costar, #7007) plates in 200uL of DMEM/F12 media supplemented with B27 (Invitrogen),
20ng/mL EGF (Peprotech), 10ng/mL B-FGF (Peprotech) and 5ug/mL of human insulin (Peprotech).
Plates were then centrifuged twice (opposite sides) without brakes at 400g. Spheroid formation was
followed daily under a Zeiss microscope.

Spheroids in Geltrex™

Spheroids were formed in ULA and transferred into a Falcon® 96-well Clear Round Bottom plate (one per
well) by pipetting 20uL of medium containing the spheroid with P200 tips. Geltrex™ was diluted in cold
PBS to obtain a 7% solution and 100uL were added on the transferred spheroids to resuspend them. The
plate was centrifuged for 5min at 4°C, 300g, to eliminate bubbles. Then it was incubated at 37°C in 5%
CO2 for 30-45min to polymerize the gel. Once Geltrex™ polymerized, 100uL of complete spheroid
medium was added, directly on the gel, with the different treatments: H,0 (control), 3uM OA and/or
10mM DCA (dissolve in H,0). Treated spheroids were incubated at 37°C with 5% CO, and treatments
were renewed every day and invasiveness measured as previously described (75).

Spheroid Imaging
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The 96-well plate containing spheroids in Geltrex™ 7% were imaged daily with the Agilent BioTek Cytation
5. eNK co-culture imaging kinetic was realized automatically by the association of the BioSpa and the
Cytation 5. The plate was transferred between the tools by a robotic arm every 2 hours.

Measures of the spheroid core and invasive area

The measures of the spheroid core and invasive area (Example Fig. 5C) were performed on the Agilent
BioTek Gen5 software and reported on an Excel spreadsheet. The invasiveness was calculated by the
ratio between the spheroid area and the invasive area.

Mouse experiment

4T1-luciferase breast cancer cells tested pathogen-free were cultured under standard conditions,
harvested at ~ 60% confluency, washed, and suspended in PBS before orthotopic injection of 1 x 108
cells into the fourth mammary fat pad of 7-week-old female mice. Athymic nude fox n1 mice (n = 20) or
NOD SCID-g mice (n = 14) were randomly assigned into two groups receiving either DCA (100 mg/kg/day
in water, oral gavage monday—friday) or vehicle alone, beginning the day after implantation and
continuing for 17 days to treatment groups, and treatments were administered without blinding. Mice
were weighed every 2 days and tumor volume was measured using a Caliper. After 3 weeks of treatment,
mice were sacrificed by cervical dislocation and tumors were extracted and measured. Lungs were
injected with a needle through the trachea with a solution of 15% Indian ink in distilled water, until the
lungs were completely swollen. Black swollen lungs were then extracted from the mice and fixed using
Fekete's solution (40 ml of glacial acetic acid, 80 ml of 37% Formalin, 580 ml of (100%) ethanol and 200
ml of water). Metastases in the lung were observed as white (non-colored) dots and the different lobes
were dissociated to accurately count the number of metastases in each lobe. Data were evaluated using
two-way ANOVA for longitudinal measurements and unpaired t-tests or Mann—Whitney tests for
endpoint comparisons, with p < 0.05 considered significant. All animal experiments were conducted in
accordance with French regulations and were approved by the relevant French authorities under protocol
number APAFIS #23071-2019112714372794 v4.

Zebrafish in-vivo assay

For in vivo metastasis assay, MDA-MB231 cells were treated for 72h with 10mM DCA and labeled with
5uM CTFR (Thermofisher). Four hundred cells were injected in the perivitelline space of 48hpf (hours
post-fertilization) zebrafish embryo after being anesthetized with MS-222 (200 mg/I, Sigma-Aldrich) and
maintained at 33°C. A total of 32 fish were used for both conditions (n = 32). DCA effects were assessed
at 24, 48, 72 and 120hpi (hours post-injection) using epifluorescence microscopy (inverted confocal
microscope TCS SP5, Leica systems). The area of invading cells was measured using Fiji software (44,
76).

For high-resolution imaging, 400 CTFR-labeled MDA-MB231 cells were injected into the perivitelline
space of Tg(Kdrl:egfp) transgenic zebrafish line with fluorescent vasculature. At 48hpf zebrafish
embryos were placed on glass-bottom petri dishes and covered with methylcellulose containing 0.003%
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tricaine (Sigma-Aldrich). Images were acquired using a Leica SP8 confocal microscope (Leica
Microsystems).

Cytotoxic assay of eNK cells in zebrafish

We injected eNK alongside the cancerous MDA-MB231 cell line into the perivitelline space of 48hpf
zebrafish embryos. MDA-MB231 cells were pre-treated with DCA for 72 hours prior and then labeled with
CTFR and suspended at a concentration of 80 x 10° cells/mL to inject 4nL in embryos (200
cells/embryo). For the SDH-mAb arming, eNK cells were armed with SDH-cetuximab or SDH-rituximab by
incubating them with 10 pg/mL of these mAbs for one hour at 37°C with 5% CO, as previously described
(77). The eNK were labeled with Violet Cell Trace and injected at an effector-to-target ratio of 5:1 into the
perivitelline space of 48hpf embryos. Imaging was performed using an epifluorescence microscopy. The
program Fiji was used to measure the mean fluorescence intensity of cells in the tail of the zebrafish
embryos at 48hpi.

Statistical analysis:

All statistical analyses were performed using GraphPad Prism version 9 (GraphPad Software, San Diego,
CA, USA). Unless otherwise indicated, data are presented as mean * standard deviation (SD) from at
least three independent biological experiments. The number of independent experiments (n) or
biological replicates analyzed is specified in the corresponding figure legends.

For comparisons involving more than two groups, statistical significance was assessed using one-way
ANOVA followed by Tukey's multiple-comparison test. For spheroid growth and invasion kinetics
involving multiple independent comparisons, multiple unpaired t-tests with Holm-Sidak correction for
multiple testing were applied. Comparisons between two independent groups were performed using an
unpaired Student's t-test, whereas paired t-tests were used when measurements were obtained from
matched samples (e.g., NK-cell donor experiments). When data did not meet the assumptions of
parametric testing, comparisons were performed using the Mann—-Whitney U test. Longitudinal
measurements, including tumor growth, were analyzed using two-way ANOVA, whereas categorical
variables, such as the proportion of zebrafish presenting metastatic dissemination, were analyzed using
the chi-square test.

Statistical significance is indicated as follows: P < 0.05 (*), P<0.01 (**), P < 0.001 (***), and P <0.0001

(****) .
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Figure 1

DCA increases lipid metabolism and oxidative phosphorylation (OXPHOS) in HCT116 cells. A-B)
HCT116 cells were treated with 5mM DCA and 3uM oleic acid (OA) for 48h. Cells were incubated with
Bodipy and DAPI and analyzed by immunofluorescence (A) or by flow cytometry (B) in 3 independent
experiments. C-D) Cells were transfected with a siRNA control (siControl) or with a siRNA for ERKS
(siERKS5). Forty-eight hours after transfection 200000 cells/well were seeded in 6 wells plates and
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treated with T0mM DCA. After 48h, RNA was extracted and the relative mRNA level of CD36 (C) and
ACADVL CD36 (D) were assessed and normalized to B-actin mRNA (n=3). E) Cells were treated with 5mM
DCA and/or 3uM OA. After 48h, CD36 expression (in red) was assessed by microscopy (n=3). F) Cells
were treated as in (A) and the oxygen consumption rate (OCR) was analyzed in a Seahorse. Statistical
analysis was performed using one-way Anova followed by a Tukey multiple comparison test. G-H)

HCT116 cells were treated with 1 and 10mM of DCA and analyzed by mass spectrometry. Graphs
represent mean +/- SD. *p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0007; Tukey's test was used to
compare condition to control or as depicted in the graphic.
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Figure 2

FAO induces EMT and a migratory phenotype in 2-Dimension (2D) through the ERK5 pathway. A)
Twenty-four hours after seeding and at 60% confluency, HCT116 cells were transfected with either
siControl or siERKS and 48h later treated with T0mM DCA. After 48h, RNA was extracted and the relative
mRNA level of ZEB7, SNAIL and TWIST were assessed and normalized to B-actin mRNA levels (n=3). B)
Cells were seeded and treated for 48h with 20mM DCA and 5 uM of the ERKS5 inhibitor XMD8-92. SNAIL
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and tubulin expression were analyzed by western blot. C) 7500 HCT116 cells were seeded in inserts of a
transwell system in a FBS-deprived medium and incubated with T0mM DCA, 3uM OA and/or 5uM of
XMD8-92. The lower part of the transwell contained 10% FBS to attract cells. After 48h we analyzed the
number of colonies formed on the other side of the insert after fixation and crystal violet staining
(representative of 3 experiments). D) Three fields of the 3 independent experiments were analyzed by
counting the number of colonies. E) Four million HCT116 cells were seeded per well and one day later a
wound was created by scratching the cell layer vertically with a 100pL tip. Pictures were taken at this
initial time, then cells were treated the same day and each day with 10mM DCA, 2ng/mL TGFB-2 and/or
5uM of XMD8-92. Representative images of the wound healing at initial time and after 40h are shown. F)
The area of the wounds of 3 independent experiments were calculated per condition with the software
"ImageJ”. G-) HCT116 cells were seeded at 2x10° cells per well in 6 wells plates and treated for 24h with
10mM DCA or 2ng/mL TGFB-2. RNA was extracted and mRNA gene levels quantified. These were split in
metabolic genes (G; CD36, ACDVL and ERK5), EMT-related genes (H; SNAIL, ZEB1, TWIST) and NK cell
ligands (I; MICA, MICB, ULBP1 and ULBP4). The data were analyzed with the 2* (-DDCt) method and
normalized to B-actin mRNA levels. The graphs represent mean+/-SD of the relative mRNA (n=3). *p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.00071; Tukey's test was used to compare condition to control or
as depicted in the graphic.
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Figure 3

DCA decreases tumor growth and increases tumor cell detachment and invasion in in vitro 3D models.
A-D) HCT116 were grown to generate spheroids in “Ultra Low attachment plates” in DMEM F12 B27 +
Insulin/EGF/FGF medium and treated with 1T0mM DCA for 7 days. Images A) were taken, B) the area of
the spheres and C) the number of cells detached from them were analyzed with the software "ImageJ”.
The graphs represent the mean +/- SD. D-E) Spheroids were individually collected from the wells and
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pooled. The remaining detached cells were also pooled for each condition. 96 wells were pooled for
each condition to obtain enough RNA, which was extracted and RT-QPCR performed for each condition:
spheres (D) and detached cells (E). The data were analyzed with the 2* (-DDCt) method and normalized
to B-actin mMRNA levels. The graphs represent mean+/-SD of the relative mRNA (n=3). * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001; Tukey’s test was used to compare condition to control or as depicted
in the graphic. F-L) HCT116 cells were cultivated in ultra-low attachment 96-well plate. When spheroids
were formed, they were transferred in U-bottom 96-well plate and resuspended in GeltrexTM. Treatments
were performed every day from day 0 and during 16 days and images were taken on a Cytation 5. F)
Representative pictures of spheroids growth and tumor invasive profile in GeltrexTM. G) Video of cell
invasion at different time points, with DCA-treated cells at right of the images. H) Schematic
representation of the sphere (the core) and the invasive area (in blue) generated by the cells around the
sphere. 1) Growth curve of the spheroids’ core. J) Invasiveness is measured by the ratio between the
invasion area and the core area. K-L) Heat maps of the core (K) or the invasion area (L) of spheroids
growing with or without 10mM DCA in the presence of different concentrations of OA. We analyzed 6
wells per condition and the experiment were replicated 3 times. All the results were treated by GraphPad
Prism 9 software with multiple t test; statistical significance determined using the Holm-Sidak method;
alpha = 0.05. * p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. * p<0.05; **p<0.01, ***p<0.001, ****p<0.0007;
unpaired T test.
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Figure 4

DCA increases NK cell infiltration into tumor cell spheroids and sensitizes tumor cells to NK cell-
mediated killing. To assess eNK infiltration in spheroids both flow cytometry (FC) and confocal
microscopy were used. A) FC: spheroids pre-treated with DCA or H20 (DCA vehicle) for 48 hours were
cocultured with CTFR-stained eNK cells for 8 hours. We collected separately spheroids and the
remaining cells in the media to compare the infiltrated and the media’s remaining fraction of eNK cells.
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Cell fluorescence was assessed: CTFR positive population in the right side of the graphs represents NK
cells whereas spheroids tumor cells are the CTFR negative population. B) Confocal microscopy: Calcein-
AM (green) stained spheroids and CTFR stained eNK cells (red) were co-cultured for 24h, and imaging
was processed by confocal microscopy (Leica-SP8). Images represent different confocal planes of the
spheroids. C) Fluorescence intensity was analyzed with the software "ImageJ”. The graphs represent the
mean = SD. D) Twenty thousand HCT116 cells were plated in 24-well plates and treated with 10mM DCA
or H20 for 24h then incubated with eNK at an effector: target (E:T) ratio of 2:1. After 6 hours, HCT116
cells were counted. Graphs show mean * SD of 5 independent eNK expansions. Statistical analysis was
performed by the paired t test using the GraphPad Prism 9. E) After seeding, tumor spheroids were
treated daily for 3 days with 10 mM DCA or H20. eNK cells were added at E:T ratio of 2:1 for 48h.
Cytotoxicity (spheroid destruction) was monitored by brightfield microscopy, and Fiji software measured
and analyzed the solid spheroid area as described in (F). The graph represents the mean + SD of the
sphere area of 24 spheroids which were processed in 2 independent days, i.e. 12 spheroids/experiment.
Statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparison test. *
p<0.05; **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5

DCA induces invasion in vivoin a zebrafish model. A) In a zebrafish invasion assay, MDA-MB231 cells
pretreated or not with T0mM DCA were labelled with CTFR and injected in the periyolk of 48hpf
zebrafishes larvae. Epifluorescence images (inverted confocal microscope TCS SP5, Leica systems)
were taken at 24, 48, 72 and 120h and cell migration was quantified. Scale bar represents 100 um. B)
The number of zebrafish with metastatic cells in the tail was counted at 24, 48, 72 and 120h post
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engraftment. Statistical differences were analyzed using chi square test, * p<0.05. C) Graph depicts the
area of invading cells in zebrafish with metastasis; n=3.

D) DCA enhances perivascular metastasis in the caudal part at 24h post injection (hpi). The same human
cells were equally engrafted in transgenic zebrafish line: Tg(Kdrl:egfp to visualize the vascular system
(green). High-resolution images were acquired using a confocal microscope. Scale bar=100um.
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Figure 6

DCA-treated migratory cells are more susceptible to NK-cell-mediated control. A) Fluorescently/CTFR
labelled MDA-MB-231 breast cancer cells (red), either untreated or DCA-treated, were co-injected
together with eNK cells (blue) into the perivitelline space of 48 hpf zebrafish larvae at a 5:1 NK-to-cancer
cell ratio. Pictures were taken 24 hours post-engraftment. B) Graph represents the mean + SD of two
independent experiments. Tumor cell migration was quantified by measuring the mean fluorescence
intensity of labeled tumor cells in the tail region of zebrafish larvae. Fluorescence values were
normalized to the corresponding tumor-only control conditions (set to 100%). Data represent the
percentage of mean fluorescence intensity in the presence of NK cells relative to their respective
controls. Data are represented as mean + SD (n=10 per group). Statistical significance was assessed
using a non-parametric Mann—Whitney test * p<0.05.
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Figure 7

DCA-induced lung metastasis are controlled by NK cells. One million 4T1-luciferase breast cancer cells
were engrafted into the fourth mammary fat pad of 7-week-old female athymic nude fox n1 mice (n=20)
or NOD SCID-g mice (n=14) and were randomized into two groups receiving either DCA (100 mg/kg/day
in water, oral gavage Monday-Friday) or vehicle alone, beginning the day after implantation and
continuing for 17 days, during which body weight and tumor volume were measured every week. Mice
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were weighed every 2 days and tumor volume was measured using a Caliper. After 3 weeks, mice were
sacrificed by cervical dislocation and tumors were extracted and measured. A) Lungs were injected with
a needle through the trachea with a solution of 15% Indian ink in distilled water, until the lungs were
completely swollen. Black swollen lungs were then extracted from the mice and fixed using Fekete’s
solution (40 ml of glacial acetic acid, 80 ml of 37% Formalin, 580 ml of (100%) ethanol and 200 ml of
water). B) Metastases in the lung were observed as white (non-colored) dots and the different lobes
were dissociated to accurately count the number of metastases in each lobe. Data were evaluated using
two-way ANOVA for longitudinal measurements and unpaired t-tests or Mann—Whitney tests for end
point comparisons, with p < 0.05 considered significant.
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Figure 8

The relationship between lipid metabolism, metastasis, and NK cell-mediated tumor immune
surveillance. The graphical abstract describes how forcing tumor cells to perform fatty acid oxidation
(FAO) with dichloroacetate (DCA) activates the ERK5 pathway. This activation induces the expression of
lipid metabolism proteins (such as CD36, ACSLs, and ACADs) that promote lipid accumulation in lipid
droplets. Concurrently, DCA upregulates various transcription factors involved in the epithelial-to-
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mesenchymal transition (EMT), including ZEB1/2, SLUG, and SNAIL, thereby facilitating a metastatic
phenotype. These changes in metastatic cells promote the expression of stress ligands (e.g., MICA/B,
ULBP2, and PVR), enhancing NK cell recognition via the activating receptors NKG2D and CD226.
Furthermore, DCA may increase the expression of mitochondrial biogenesis genes and increase cell
size.
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