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ll-driven amoeboid invasive behavior
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from oxidative stress. Blocking SLC7A11
function represents a potential strategy to
prevent metastatic spread.
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SUMMARY

Oxidative stress limits metastasis, and amoeboid cancer cells have been identified in a variety of cancers as a
subset of metastatic cancer cells characterized by high Rho-ROCK-driven Myosin Il activity. They display
fast individual migration and have increased survival abilities during metastasis. Amoeboid migrating cells
require lower mitochondrial metabolism, but how they maintain low oxidative stress remains unclear. Using
a combination of cancer cell lines in complex matrices, mouse xenografts, patient databases, and tissue mi-
croarrays, we show that SLC7A11 is highly expressed in amoeboid cancer cells, at the invasive front of pri-
mary tumors, and in metastatic lesions. We find that high SLC7A11 expression supports cancer cell survival
and 3D invasion by promoting Myosin Il activity while protecting cancer cells against oxidative stress. Target-
ing SLC7A11 effectively impairs amoeboid behavior, highlighting its potential as a therapeutic vulnerability in

metastatic melanomas.

INTRODUCTION

Metastasis is a key clinical challenge underscoring the need to
identify critical targets in cancer dissemination. Key pivotal steps
in the metastatic cascade involve deregulated cell migration’
and increased cell survival under different metabolic stress con-
ditions.? Ameboid cell migration is characterized by rapid move-
ment and a rounded cell morphology.® This migratory mode re-
lies on increased Myosin Il activity, which leads to membrane
blebs functioning as both protrusions and pro-survival plat-
forms.“® Rho A/C activate Rho-associated protein kinases
(ROCK1 and ROCK?2), which in turn phosphorylate Myosin Light
Chain II (MLC2), enhancing Mpyosin Il-driven actomyosin
contractility.”

Amoeboid cancer cells are highly metastatic, therapy resis-
tant, and immune suppressive, highlighting their ability to survive
certain stresses.® The prevalence of amoeboid cells at the inva-
sive front (IF) of tumors correlates with aggressiveness, poor
prognosis, and resistance to therapy,®® while these cells have
been identified in a range of different cancer types, including
melanoma,”® %" preast,'® liver,'*'® pancreatic,'® prostate,'”
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and head and neck'® cancer. Some aspects of their aggressive
behavior can be eradicated with ROCK inhibitors (ROCKis), ®2°
which are currently in active development,'® but treatments spe-
cifically targeting these aggressive cells are urgently needed.”'®

On the other hand, metabolic plasticity is crucial during meta-
static dissemination.?’ Amoeboid cancer cell migration is sup-
ported by lower mitochondrial metabolism associated with over-
all lower levels of oxidative stress.®?? However, how amoeboid
cells sustain low levels of intracellular reactive oxygen species
(ROS) is not fully understood, although there are some connec-
tions to lower Rac GTP levels'*2® and lower adhesion strength.*
Cellular adaptations such as increased levels of ROS-detoxifying
enzymes and reductive power are crucial for cancer cells to sur-
vive in high oxidative stress such as that encountered in circula-
tion.? Glutathione (GSH), comprising cysteine, glutamate, and
glycine, plays a crucial role in this process.”® Cysteine availabil-
ity, the rate-limiting step in GSH synthesis, is essential. Cancer
cells often rely on importing cystine through the Xc™ antiporter
system. This transporter is composed of two subunits: SLC3A2
(4F2hc), a heavy-chain glycoprotein, and SLC7A11 (xCT), the
transport module. Although SLC3A2 plays a crucial role in
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Figure 1. SLC7A11 expression is associated with amoeboid metastatic features
(A) RNA-seq data of SLC7A11 expression levels in invading cells compared to the non-migratory core from MV3 spheroids embedded in collagen | (GEO:

GSE215750).
(B) Representative QuPath mark-up image and quantification of SLC7A11 in intradermal tumors in mice from A375P cells (n = 13 tumors/group). Scale bar,

200 pm.

(legend continued on next page)
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guiding the transporter to the plasma membrane, its direct
contribution to transport activity is less clearly defined compared
to the active transport function of SLC7A11.?° Inhibiting
SLC7A11 disrupts GSH homeostasis and leads to an accumula-
tion of ROS, ultimately causing cell death via ferroptosis.>” Given
the low ROS levels present in highly metastatic ameboid cancer
cells,®'%2272428 \we hypothesize that targeting their antioxidant
capacity could impair their survival and invasive properties—
both crucial for their metastatic potential.

RESULTS

SLC7A11 promotes amoeboid behavior

GSH—the main antioxidant in cells—is a tripeptide (y-L-glu-
tamyl-L-cysteinylglycine) using cysteine as a rate-limiting pre-
cursor.?® SLC7A11 imports cystine—the oxidized form of
cysteine—which is rapidly reduced in the cytosol and used for
GSH synthesis, while glutamate is exported in exchange. By sus-
taining GSH levels, SLC7A11 supports redox balance and pro-
tects cancer cells from oxidative stress.>° SLC7A11 is therefore
frequently upregulated in various cancers, where its overexpres-
sion is associated with poor prognosis.?**"

Amoeboid cancer cells are predominant at the invasive front of
primary tumors, and their presence in this site has been linked to
an enhanced capability to invade surrounding tissues and even-
tually metastasize.”*"'>** Due to its crucial role in redox homeo-
stasis, we sought to investigate whether SLC7A11 promotes
amoeboid behavior. We analyzed RNA sequencing (RNA-seq)
data using MV3 melanoma cells cultured as spheroids
embedded in collagen,®® comparing cells from the core versus
invading cells. The analysis revealed that SLC7A11 mRNA
expression was more than 2-fold higher in invading cells than
in cells from the core (Figure 1A).

To investigate this observation further, we employed isogenic
melanoma cell lines. A375M2 cells are highly metastatic, pre-
dominantly rounded melanoma cells (~90% rounded) character-
ized by elevated Myosin Il activity.>**° These cells are derived
from the less metastatic, more elongated A375P melanoma cells
(50% rounded and 50% elongated) with lower Myosin Il activity.
This makes the A375P/A375M2 system a good model for study-
ing amoeboid behavior.®**> A375P cells were orthotopically in-
jected into the dermis of immunodeficient mice. Immunohisto-
chemical analysis of the resulting tumors revealed elevated
SLC7A11 protein expression at the IF compared to the tumor
bodies (TBs) (Figure 1B).
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Next, to investigate the link between actomyosin contrac-
tility and SLC7A11 expression, we analyzed mRNA data
from an Affymetrix microarray by comparing A375M2 and
A375P cells cultured on a collagen | matrix, as well as
A375M2 cells treated with ROCK or Myosin Il inhibitors.”
This analysis revealed that SLC7A11 mRNA expression was
positively associated with high actomyosin contractility:
A375M2 cells showed higher levels of SLC7A11 gene expres-
sion than A375P cells or A375M2 cells treated with ROCKi or
the direct Myosin inhibitor blebbistatin (Figure 1C). On the
other hand, mRNA levels of SLC3A2, the other subunit of
the system Xc™ antiporter, did not show this association
(Figure S1A). SLC3A2 forms heterodimers with various other
light-chain transporters®® and may play more complex roles
in disease progression.

To validate this result in other systems and at the protein level,
we measured SLC7A11 protein in A375M2 versus A375P cells
and two additional pairs of melanoma cell lines. 4599 cells
were derived from murine melanomas harboring Braf’¢%°E 57
We further grew 4599 cells as intradermal tumors in mice, and
once the tumors were established, we isolated 4599 IF and
4599 TB cells from the IF and the TB. 4599 IF cells are more
rounded (Figures 1D and 1E) and harbor higher activity of Myosin
Il than 4599 TB cells (Figures 1F and 1G). Lastly, YUMM?1.1 (elon-
gated with low Myosin Il) and YUMM1.7 (rounded with high
Myosin Il and high amoeboid content) are derived from murine
melanomas harboring Braf'6%°®"t pten~~ Cdkn2 (Figures 1D-
1G).*® In all isogenic pairs, cancer cells with high levels of active
Myosin Il and amoeboid content showed higher protein levels of
SLC7A11 when compared with their counterparts with lower
levels of Myosin Il (Figures 1F and 1G).

To investigate the role of SLC7A11 in ameboid melanoma
cells, we assessed the functional consequence of its depletion
using invasive growth assays. Small interfering RNA (siRNA)-
mediated knockdown of SLC7A11 in A375M2 cells significantly
impaired their invasive growth potential (Figures 1H, 1I, S1B,
and S1C). Moreover, SLC7A11 loss resulted in a reduced ability
to invade through a 3D collagen matrix (Figures 1J and 1K).
Importantly, the loss of cell rounding and decreased levels
of phosphorylated MLC2 (ppMLC2) were observed after
SLC7A11 depletion (Figures S1D-S1l).

Our findings show that SLC7A11 is consistently upregulated in
multiple amoeboid cancer models. Moreover, SLC7A11 regu-
lates amoeboid behavior, including cytoskeletal dynamics, 3D
individual invasion, and 3D invasive growth.

(C) Expression levels of SLC7A11 from an Affymetrix microarray comparing highly contractile (A375M2) versus low contractile melanoma cells (A375P or A375M2
treated for 16 h with ROCK inhibitor (Y27632 [10 pM] or H1152 [5 pM]) or blebbistatin (2.5 uM) seeded on a thick layer of collagen | (GEO: GSE23764).

D) Representative bright-field images. Scale bar, 500 pm.
E) Quantification of cell morphology (>280 cells pooled from n = 3).

(
(
(
(
(
(

n = 3). Scale bar, 100 um.

F) Western blots for the indicated proteins and cell lines (A375 n = 3, 4599 n = 4, and YUMM n = 4).
G) SLC7A11 western blot quantification normalized by GAPDH (A375 n = 3, 4599 n = 4, and YUMM n = 4).
H) Representative bright-field images of A375M2 spheroids embedded in a collagen | matrix, comparing scramble control to SLC7A11 silencing on days 0 and 3

(I) Quantification of invasive growth from (H), represented as fold change in area from day 3 to day 0 (n = 3).

(J) Representative images from a 3D invasion assay, showing invading cells in green and cells at the bottom of the matrix in red. Scale bar, 100 um.

(K) Invasion assay quantification from (J), showing fold change of invasion in A375M2 scramble versus siSLC7A11 treatment (n = 4).

p values by one-way ANOVA with Tukey’s correction (A), Mann-Whitney test (B), ordinary one-way ANOVA (C), unpaired t test (E and I), and one sample t test (G
and K). For all graphs, *p < 0.05, **p < 0.01, and **p < 0.001. See also Figure S1.
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SLC7A11 is associated with melanoma invasiveness

and metastatic progression

To assess the relevance of SLC7A11 in melanoma progression,
we analyzed mRNA levels in published datasets, comparing
melanoma cell lines to normal melanocytes (Philadelphia and
Mannheim datasets). This analysis revealed an increase in
SLC7A11 expression during melanoma progression (Figure 2A).
Consistent with this finding, further evaluation of patient-derived
gene expression data from Gene Expression Omnibus (GEO) da-
tasets—Kabbarah, Talantov, and Riker—as well as The Cancer
Genome Atlas (TCGA) showed that SLC7A11 expression is
notably upregulated, particularly in metastatic lesions
(Figure 2B). On the other hand, SLC3A2 did not show a consistent
increase during metastatic progression (Figure S2A), suggesting
that SLC7A11 levels better predict disease aggressiveness.

We next analyzed SLC7A11 protein levels in human melanoma
tissue microarrays. SLC7A11 protein was upregulated in metas-
tasis compared to matched primary tumors (Figure 2C). Impor-
tantly, comparing matched TBs and IFs from the same patients,
we found higher protein levels of SLC7A11 at the IF in both pri-
mary tumors and metastatic lesions (Figures 2D and 2E). These
data show that the upregulation of SLC7A11 mRNA and protein
is an adaptation of melanoma cells that are progressing to met-
astatic stages.

One of the mechanisms through which SLC7A11 promotes tu-
mor progression is through suppression of ferroptosis, often via
facilitating glutathione peroxidase 4 (GPX4)-mediated detoxifica-
tion of lipid peroxides.?” We therefore analyzed GPX4 protein
levels in our cellular models and found that in amoeboid mela-
noma cells, high SLC7A11 protein levels can be associated
with either higher (in the 4599 and YUMM isogenic models) or
lower GPX4 levels (in A375 isogenic model) (Figures S2B and
S2C). Using TCGA data, we observed that high SLC7A11 expres-
sion in patients with melanoma could be associated with either
high or low GPX4 levels (Figures S2D and S2E). Moreover, pa-
tients could be separated into two distinct subgroups depending
on the expression of different ferroptosis-related genes
(Figures S2D and S2E). These findings indicate that SLC7A11
could contribute to metastatic progression, and in certain pa-
tients, this effect may occur independently of GPX4 levels.

Extracellular GSH protects amoeboid cancer cells from
oxidative stress

Our findings suggest that elevated SLC7A11 expression levels
in amoeboid cancer cells may play a crucial role in counteract-
ing oxidative stress encountered during metastatic dissemina-
tion.>*° Importantly, extracellular GSH mitigates oxidative
stress within the tumor microenvironment, promoting disease
progression.**

To directly evaluate whether protection from oxidative stress
enhances Mpyosin llI-driven amoeboid behavior, we treated
A375P cells with GSH. This led to an increase in cell roundness
while reducing the proportion of elongated cells (Figures 3A and
3B), an effect replicated in elongated 4599 and YUMM1.1 cells
(Figures S3A and S3B). Conversely, inhibition of amoeboid
behavior with a ROCKi (GSK269962A or H1152) in A375M2 cells
was reversed by GSH supplementation (Figures S3C-S3H), sug-
gesting that GSH supports amoeboid cytoskeletal features.
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To further investigate the impact of oxidative stress in amoe-
boid cells in culture, we exposed cells to redox-disrupting
agents, including menadione (vitamin K3), a synthetic naphtho-
quinone that increases ROS levels, and L-BSO, an inhibitor of
y-GCS that impairs GSH synthesis and ROS detoxification.
Our results show that menadione treatment significantly reduced
A375M2 cell viability compared to the vehicle control, an effect
exacerbated by two SLC7A11 inhibitors,*? erastin (1 uM) and sul-
fasalazine (SAS; 200 uM) (Figure 3C). Notably, GSH supplemen-
tation rescued cell viability in the presence of menadione, both
alone and in combination with erastin or SAS. Furthermore, co-
treatment with menadione and L-BSO resulted in a more pro-
nounced reduction in cell viability compared to menadione
treatment alone, an effect that was rescued by GSH supplemen-
tation (Figure 3D). Liquid chromatography-mass spectrometry
(LC-MS) analysis confirmed that treatment with menadione
and L-BSO decreased the ratio of reduced to oxidized gluta-
thione (GSH/GSSG) (Figure 3E), supporting the induction of an
oxidative cellular state.”® Reduced GSH was derivatized with
N-ethylmaleimide (NEM) to form Glutathione-S-ethylmaleimide
(GS-NEM) and prevent GSH auto-oxidation. Accurate measure-
ment of the GSH/GSSG ratio was measured as GS-NEM/GSSG
ratio (Figure 3E). Additionally, a decrease in the intracellular
NAD*/NADH ratio was observed (Figure 3F), indicating redox
imbalance and impaired energy metabolism.**

Previous studies have linked ROCK-Myosin Il activity levels to
redox balance.?>?* As such, extracellular ROS can enter the cell
and suppress actomyosin and ameboid features,”® while the
downregulation of ROCK activity results in Rac activation and
increased total intracellular ROS levels.?® Similar to menadione,
treating A375M2 cells with ROCKis (H1152 and GSK269962A) or
the Myosin Il inhibitor blebbistatin increased mtROS levels in
particular (Figures S3I and S3J), while GSH supplementation
reversed mtROS and restored Myosin |l activity levels
(Figures S3E-S3H and S3J).

To investigate the role of GSH in the context of SLC7A11 deple-
tion, we used LC-MS analysis. We first measured intracellular
cysteine levels, the rate-limiting precursor for GSH synthesis,*°
and observed that SLC7A11 silencing led to a significant reduc-
tion in intracellular cysteine (Figure 3G). Similar to GSH, cysteine
was measured as cysteine-NEM (Figure 3G). Notably, this
decrease was rescued by extracellular GSH supplementation,
suggesting that GSH can compensate to some extent forimpaired
cystine uptake (Figure 3G). This effect could also be due to the
breakdown of GSH into its constituent amino acids, including
cysteine.”® Next, to determine whether extracellular GSH supple-
mentation restores amoeboid invasive behavior through direct up-
take or by buffering extracellular ROS levels that could enter the
cell, we supplemented cells with °C,,"®N-labeled GSH and per-
formed LC-MS analysis after 24 h. We detected incorporation of
the labeled GSH into intracellular pools—approximately 10% of
total intracellular GSH was the isotopolog m+3 GS-NEM—
indicating that extracellular GSH is directly taken up by cells.
Importantly, this uptake occurred independently of SLC7A11
expression, as the levels of labeled GSH were comparable be-
tween control and SLC7A11-silenced cells (Figure 3H). These
findings suggest that GSH supplementation may influence ROS
homeostasis both inside and outside cells. To further validate
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Figure 2. SLC7A11 expression correlates with melanoma invasiveness and progression

(A) Expression levels of SLC7A11 in melanoma cell lines compared to primary melanocytes from the indicated databases.

(B) Expression levels of SLC7A11 using data from GEO, Kabbarah (GEO: GDS1989), Talentov (GEO: GSE3189), Riker (GEO: GSE7553), and TGCA during
melanoma progression.

(C) Representative immunohistochemistry (IHC) images for SLC7A11 in matched TBs and IFs of primary tumors and metastasis from human melanoma tissue
microarrays. Scale bar, 200 pm.

(D) SLC7A11 IHC quantification from (C) comparing primary tumors and metastasis from human melanoma tissue microarrays (n = 20).

(E) SLC7A11 IHC quantification from (C) comparing matched TBs and IFs of primary tumors and metastasis (n = 25 matched primary tumors, n = 23 matched
metastasis).

p values by one way ANOVA with Tukey’s correction (B), unpaired t test (A and D), and paired t test (E). For all graphs, *p < 0.05, ***p < 0.001, and ****p < 0.0001.
See also Figure S2.
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this, we measured both intracellular and extracellular ROS levels.
Even under basal conditions, SLC7A11 downregulation—without
additional oxidative stress—resulted in increased ROS levels both
intracellularly and extracellularly. Notably, no ROS increase was
detected after SLC7A11 knockdown if the cells had been supple-
mented with GSH—and this was true for both compartments
(Figures 3l and 3J). These data show that GSH contributes to
balancing ROS levels inside amoeboid cancer cells and in their
microenvironment.

In conclusion, SLC7A11 plays a role in maintaining redox bal-
ance within the tumor microenvironment and sustaining amoe-
boid cancer cell behavior. Moreover, by buffering oxidative
stress, GSH further supports amoeboid cytoskeletal features
while promoting cell survival.

Amoeboid cancer cells are highly sensitive to SLC7A11
inhibition
To understand if SLC7A11 targeting could be a strategy to
reduce amoeboid aggressive behaviors, we treated all isogenic
cell pairs with erastin and found that amoeboid cancer cells
(A375M2, 4599 IF, and YUMM?1.7) exhibited higher sensitivity
to this SLC7A11 inhibitor than their less metastatic counterparts
(A375P, 4599 TB, and YUMM 1.1) (Figure 4A). Consistent with
previous findings,”® we observed that treatment with erastin
(1 pM) induced cell death via ferroptosis in amoeboid cells, as
this effect was completely rescued by co-treatment with
ferrostatin-1 (1 uM) (Figure 4B), a specific ferroptosis inhibitor.*®

Importantly, treatment with erastin (1 uM) led to a marked
reduction in invasive growth, an effect that was fully rescued
by GSH ectopic supplementation (Figures 4C and 4D). The
rescue of the invasive properties of melanoma cells could be in
part due to the ability of GSH to induce ameboid features
(Figures 4E and 4F). Similar results were obtained using SAS
(Figures 4G and 4H). Since both drugs can have off-target ef-
fects,*”*® we confirmed our results using SLC7A11 depletion
via RNAi (Figures S4A-S4D).

These data show that SLC7A11 is not only a hallmark but a
vulnerability of amoeboid cancer cells, indicating its potential
as a therapeutic target.

DISCUSSION

Amoeboid cancer cells have been identified at the edge of pri-
mary tumors’-®%2* and are characterized by a unique cytoskel-
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eton, high metastatic potential, immunosuppressive and drug-
resistant capabilities,®?? and low levels of ROS.%*

In the current work, we observed increased SLC7A11 protein
levels in cells was located at the IF of tumors, where amoeboid
cancer cells are located. Consistently, our data show that highly
metastatic amoeboid cancer cells upregulate both SLC7A11
mRNA and protein compared to their less metastatic counter-
parts. Moreover, our findings reveal that SLC7A11 plays a critical
role in supporting amoeboid cancer cell invasiveness by sustain-
ing high Myosin Il activity. We find that SLC7A11 levels are
associated with melanoma progression in patients, suggesting
its potential involvement in the metastatic process when dissem-
inating cancer cells need to survive in oxidative environments
such as the bloodstream.?

Interestingly, SLC7A11 expression levels in patients can be
associated with either higher or lower GPX4 levels. Based on as-
sociation with other ferroptosis-related genes, we can speculate
that SLC7A11"9" GPX4"" tumors could possibly rely on GPX4
to evade ferroptosis,*® while SLC7A11M9" GPX4'°" tumors could
activate alternative survival pathways, such as NRF2-driven
signaling.® While ferroptosis induction holds promise for tumor
eradication, systemic GPX4 inhibition poses a risk to both adap-
tive and innate immune functions.®’ In contrast, targeting
SLC7A11 presents a potentially safer therapeutic approach, as
it is not an essential gene.®’ SLC7A11 inhibitors are used to treat
conditions such as ulcerative colitis and rheumatoid arthritis,
demonstrating favorable bioavailability and safety profiles. Addi-
tionally, these inhibitors are currently being evaluated in clinical
trials for solid tumors (ClinicalTrials.gov: NCT06134388,
NCT03847311, NCT04205357, and NCT00528047).

Our findings suggest that extracellular GSH is important in
maintaining redox homeostasis. Exposure to redox-disrupting
agents or inhibition of SLC7A11 led to an accumulation of
ROS, which was reversed by exogenous GSH supplementa-
tion. This protective effect could be in part due to GSH prevent-
ing ROS intracellular accumulation. Such high intracellular
ROS could support the activity of ARHGAP5°°—a Rho-GAP
activated by ROS that downregulates Rho-ROCK-Myosin Il
activity in amoeboid melanoma cells.>? Moreover, GSH could
play a role in detoxifying ROS through S-glutathionylation—a
post-translational modification involving cysteine residues on
proteins.>® Since actin is susceptible to S-glutathionylation,
impacting actin polymerization and becoming dysregulated
during oxidative stress,”*®” we can speculate that GSH

Figure 3. GSH protects amoeboid cancer cells from oxidative stress

(A) Representative bright-field images of A375P cells seeded on a collagen | matrix and treated with 10 mM glutathione (GSH) for 24 h. Scale bar, 100 pm.
(B) Quantification of cell roundness in A375P cells (n = 3). The top image shows violin plots representing the median with interquartile range, and the bottom image

shows mean + SEM.

(C) Percentage of viable A375M2 cells after 48 h of treatment with menadione (10 pM), erastin (1 pM), GSH (10 mM), and/or SAS (250 uM) (n = 3).

(
(
(
(
(
(

D) Percentage of viable A375M2 cells after 48 h of treatment with menadione (10 pM), GSH (10 mM), and/or L-BSO (250 pM) (n = 3).

E) LC-MS quantification of GSH (GS-NEM)-to-GSSG ratio in A375M2 cells under the indicated conditions (n = 5).

F) LC-MS quantification of NAD+/NADH ratio in A375M2 cells under the indicated conditions (n = 5).

G) LC-MS quantification of cysteine, shown as cysteine-NEM fold change relative to the untreated scramble.

H) LC-MS quantification of intracellular percentage abundance of labeled GSH (m+3 GS-NEM) in A375M2 cells under the indicated conditions.
l) Extracellular ROS (H»0,) measured with Amplex red kit (see STAR Methods).

(J) Intracellular ROS levels were measured by flow cytometry (see STAR Methods).
For all graphs, statistical analysis was performed using one-way ANOVA with Tukey’s (C and D) or Sidak’s correction (G-J), Mann-Whitney test (B, top), unpaired t
test (B, bottom), and one-sample t test (E and F). Data are presented as mean + SEM, with *p < 0.05, **p < 0.01, and ***p < 0.0001. See also Figure S3.
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Figure 4. SLC7A11 inhibition leads to loss of amoeboid features
(A) Percentage of viable cells after 72 h of treatment with SLC7A11 inhibitor (1 pM erastin for A375 cells and 0.25 uM erastin for 4599 and YUMM cells) (n = 3). Data

are presented as mean + SEM (n = 4).
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(B) Percentage of viable A375M2 cells after 48 h of treatment with erastin (1 uM) in the presence or absence of ferrostatin-1 (1 pM).
(C) Representative F-actin staining images of YUMM?1.7 spheroids embedded in a collagen | matrix and treated with glutathione (GSH; 10 mM), SLC7A11 inhibitor

(erastin, 1 pM), or both for 72 h (n = 3). Scale bar, 200 pm.

(D) Quantification of core growth (left) and invasion (right) from (B) (n = 3).
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could further control
S-glutathionylation.

Beyond redox balance, SLC7A11 plays a role in cellular pro-
cesses such as protein synthesis and nutrient availability.*®
By exporting glutamate, SLC7A11 dampens glutamate- and
glutamine-dependent processes, including mitochondrial respi-
ration.>® This aligns with our previous findings, where we demon-
strated that amoeboid metastatic cancer cells exhibit lower
levels of oxidative phosphorylation (OXPHOS) than their low
metastatic counterparts.®*

Overall, inhibiting SLC7A11 emerges as a promising therapeu-
tic strategy to target amoeboid cancer cells and prevent or inhibit
melanoma cell invasion and survival. Our analysis reveals that
SLC7A11 increased mRNA and that protein synthesis is an
adaptation of invasive and metastatic cancer cells. This sug-
gests a potential therapeutic opportunity where patients with pri-
mary tumors characterized by high levels of SLC7A11 could
benefit from anti-metastatic treatments targeting SLC7A11.
Additionally, SLC7A11 could serve as a biomarker for amoeboid
cells, aiding in patient stratification and the development of
personalized treatments.

cytoskeletal dynamics via actin

Limitations of the study

This study identifies SLC7A11 as a key regulator of redox
balance and amoeboid behavior in metastatic melanoma.
However, limitations should be considered. While SLC7A11 in-
hibitors showed efficacy, off-target effects have been
described.””*® We addressed this by using both SMARTpool
and ON-TARGETplus siRNAs, but more selective inhibitors
would strengthen the rationale behind considering SLC7A11
as a therapeutic target. Further studies are also needed to pre-
cisely elucidate how redox signaling controls cytoskeletal dy-
namics. Moreover, how other antioxidant systems/redox regu-
latory pathways support metastatic behavior remains to be
investigated.
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Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Victoria Sanz-Moreno (victoria.sanz-moreno@
icr.ac.uk).

Materials availability
All unique/stable reagents generated in this study are available from the lead
contact with a completed materials transfer agreement.

Data and code availability
® The MS-based metabolomics data presented in Figures 3E-3H have
been deposited in the NIH Common Fund’s National Metabolomics
Data Repository (NMDR) via the Metabolomics Workbench (https://
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www.metabolomicsworkbench.org). The dataset is publicly available
under the accession number NMDR: ST003925 and can be accessed
directly through the project DOI upon publication: https://doi.org/10.
21228/M8X84J. The accession number is also listed in the key
resources table.

@ This paper does not report original code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Cell lines
o Intradermal tumors for generation of 4599 cell lines
o Animal-derived tissues
o Patient-derived tissues

o METHOD DETAILS
o Chemicals

Antibodies

Cell culture and treatments

Cell morphology on collagen

siRNA transfection

Cell viability

3D invasion assay

Invasive growth assay

Western blotting

O O O O O O 0 O

(E) Representative bright-field images of A375M2 cells seeded on a collagen | matrix and treated with GSH (10 mM), SLC7A11 inhibitor (erastin, 1 uM), or both for

24 h. Scale bar, 100 pm.
(F) Percentage of elongated cells for the indicated conditions in (E) (n = 3).

(G) Representative bright-field images of A375M2 cells seeded on a collagen | matrix and treated with GSH (10 mM), SLC7A11 inhibitor (sulfasalazine [SAS],

200 pM), or both for 24 h. Scale bar, 100 pm.
(H) Percentage of elongated cells for the conditions shown in (G) (n = 3).

For all graphs, statistical significance was determined using unpaired t test (A) and one-way ANOVA with Sidak’s (B) or Tukey’s correction (D, F, and H). Data are
presented as mean + SEM. For all graphs, *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. See also Figure S4.
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Horizon Discovery

Horizon Discovery
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software/genepattern/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

A375P and A375M2 human melanoma cell lines were obtained from Prof. Richard Hynes (HHMI, MIT, USA). The 4599 murine mel-
anoma cell line, harboring the BrafALSL-V600E/+; Tyr::CreERT2\+/0 genotype, was a gift from Prof. Richard Marais (formerly Cancer
Research UK Manchester Institute) and was derived from a C57BL/6 mouse.*® YUMM1.1 eGFP-LUC cells were kindly provided by
Dr. Hector Peinado (CNIO, Spain). YUMM?1.7 parental cells were obtained from ATCC (CRL-3362).

For the generation of YUMM?1.7 eGFP-LUC cells, YUMM1.7 cells were transduced with a lentiviral vector encoding enhanced
green fluorescent protein (€GFP) and firefly luciferase 2 (ffLuc2), both driven by the human ferritin heavy chain (FerH) promoter.
The plasmid pFUGW-FerH-ffLuc2-eGFP was deposited by Dr. Glenn Merlino laboratory®® (Addgene plasmid #71393; http://n2t.
net/addgene:71393). Lentiviral particles were produced by transfecting HEK293 cells in T75 flasks with 6.25 pug of pFUGW-FerH-
ffLuc2-eGFP, 6.25 pg of packaging plasmid psPAX2, and 2.5 pg of envelope plasmid pMD2.G (Addgene) using Opti-MEM
(GIBCO) and Lipofectamine 2000 (Invitrogen), following the manufacturer’s instructions. Seventy-two hours post-transfection, viral
supernatant was harvested, filtered through a 0.45 pm PES filter to remove cell debris, and stored at —80°C in single-use aliquots to
avoid repeated freeze-thaw cycles. Parental YUMM1.7 cells were seeded at 50-70% confluency and incubated with the lentiviral
supernatant. Transduction efficiency was evaluated by assessing eGFP expression via flow cytometry and luciferase activity using
a luciferase reporter assay (Promega). Successfully transduced cells were expanded and used for downstream in vitro and in vivo
experiments.

All cell lines were grown at 37°C and 10% CO, in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (all from
GIBCO), except YUMM1.1 and YUMM1.7 cells, which were also supplemented with 1x NEAA. All cell lines were kept in culture
for a maximum of three to four passages and cell phenotypes were verified routinely. All cell lines were authenticated using short
tandem repeat DNA profiling and tested negative for mycoplasma contamination prior to use.

Intradermal tumors for generation of 4599 cell lines

These cell lines were generated in a previous study.®’ All animals were maintained under specific pathogen-free conditions and
handled in accordance with the Institutional Committees on Animal Welfare of the UK Home Office (The Home Office Animals
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Scientific Procedures Act, 1986). All animal experiments were approved by the Ethical Review Process Committees at Barts Cancer
Institute and carried out under licences from the Home Office, UK. Animals were housed in groups of 4-5 mice per cage with
access to food and water ad libitum. Mice were maintained on an alternating 12 h light-dark cycle, with controlled room temperature
(21 = 1°C) and relative humidity (40-60%). 200,000 mouse melanoma 4599 cells in 30 uL PBS were injected intradermally orthotopi-
cally into the skin of 6-8 weeks old NXG (NOD-Prkdcscid-I12rgtm1/Rj) female mice (Janvier-Labs). At the endpoint (28 days), 4599 TB
and IF derived cells were isolated from the intradermal tumors.

Animal-derived tissues

A375P tumors were generated in a previous study.®” Briefly, 2 x 10° A375P cells suspended in 50 pL of PBS ™~ were injected intra-
dermally into the skin of 6-8-week-old female NXG (NOD-PrkdcAscidA 12rgAtm1A/R]) mice. Each mouse received two injections,
one per flank, yielding two tumors per animal. A total of eight mice were used (n = 8), resulting in 16 tumors. These tumors were
collected and used in this study for immunohistological analysis. All mice were maintained under the same housing and welfare con-
ditions, in accordance with UK Home Office guidelines as described above.

Patient-derived tissues
Tumors were classified following the most recent World Health Organization criteria. Tumor samples were processed by IRB Lleida
(PT17/0015/0027) and HUB-ICO-IDIBELL (PT17/0015/0024) Biobanks integrated in the Spanish National Biobank Network and
Xarxa de Bancs de Tumors de Catalunya following standard operating procedures with the appropriate approval of the Ethics
and Scientific Committee. Samples were collected with specific informed consent, in accordance with the Helsinki Declaration.
Two cohorts were evaluated for tissue microarrays including FFPE biopsies of human primary melanomas and metastases were
included in the case series. Cohort A originally included 40 patients. Of these, 20 were retained for analysis: 12 with primary tumors
and 8 with metastatic tumors. The age of patients in the unmatched Cohort A ranged from 32 to >89 years, with a male-to-female
ratio of 1:1 (see Table S1 in the supplementary information file). These patients were not matched based on any specific criteria.
Cohort B originally consisted of 29 patients. After exclusions, 20 patients remained, each with a primary tumor and corresponding
metastasis. The age of patients in the matched Cohort B ranged from <24 to 87 years, with a male-to-female ratio of 1:1. (see
Table S2 in the supplementary information file) in the supplementary information file). Patients were excluded from both cohorts
due to tissue exhaustion or the absence of tissue microarray (TMA) data. Each biopsy was represented by two cores (1 mm diameter)
from the tumor body (TB) and two cores from the invasive front (IF) areas.””

METHOD DETAILS

Chemicals
Compounds/inhibitors: H1152 (5uM, Calbiochem #555550), GSK269962A (1M, Axon MedChem 1167), Blebbistatin (25uM, Calbio-
chem 203390), Menadione (10pM, Sigma M5625), L-Glutathione reduced (10mM, Sigma G6013), erastin (1pM unless otherwise
stated, Sigma E7781), SAS (200pM, Sigma S0883) and L-BSO (250uM, Sigma B2515).

Reagents: PureCol type | bovine collagen (Advanced BioMatrix, #5005), FibriCol type | bovine collagen (Advanced BioMatrix,
#5133), MitoSOX (5uM), Alexa Fluor 546-phalloidin (Thermo Fisher A22283).

Antibodies
SLC7A11 (Cell Signaling Technology #12691 for human samples, #98051 for mouse samples), pThr18/Ser19-MLC2 (Cell Signaling
Technology #3674), MLC2 (Cell Signaling Technology #3672), GAPDH (Millipore MAB374), GPX4 (Abcam, ab125066).

Cell culture and treatments

For cell culture on thick layers of collagen |, fibrillar bovine dermal collagen (PureCol, Advanced BioMatrix) was prepared at 1.7 mg/
mL in DMEM (300uL/T24 well; 100pL/T96 well). Cells were seeded on top of collagen in medium containing 10% FBS, allowed to
adhere for 24 h and medium changed to 1% serum with the corresponding treatment for 24 h (unless otherwise stated).

Cell morphology on collagen

Cell morphology of cells seeded on collagen matrices was quantified on still phase-contrast images using ImagedJ. Cell morphology
was assessed using the morphology descriptor tool “roundness” after manually drawing around the cell. Values closer to 1 represent
rounded morphology; values closer to 0 represent more spindle-shaped cells. Cells with a roundness index below 0.6 were consid-
ered elongated to calculate the percentage of elongated cells.

siRNA transfection

Reverse transfection was used to transiently silence SLC7A11. 2.5x10° cells/well were seeded in complete media (DMEM 10%FBS)
in 6-well plates with a mix containing 20nM siGenome SmartPool or individual OTs (On Target) siRNA oligonucleotides (Dharmacon),
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OptiMEM (GIBCO) and Lipofectamine 2000 (Invitrogen). Non-targeting siRNA was used as control. Forty-eight hours after transfec-
tion cells were split and seeded for the downstream experiments (on collagen gels from 24-well plates for cell morphology and from
12-well plates for western blotting).

Cell viability

Cell viability was analyzed through crystal violet staining. Cells were seeded in 24-well plates. After the treatment and time indicated,
media was removed, cells were washed with PBS and the remaining viable adherent cells were fixed with formaldehyde 1% for
15 min, washed again twice with PBS and stained with crystal violet solution (0.25%) for 15 min. Following this, the staining solution
was removed, and cells were washed several times with distilled water until the excess staining was eliminated. Plates were air-dried,
and the stained cells were resuspended in 10% acetic acid for quantification. Absorbance was measured at 595nm.

3D invasion assay

For 3D invasion assays, cells were resuspended in serum-free bovine collagen | solution at 1.7 mg/mL to a final concentration of
25,000 cells per 100 pL of matrix and spun down, in a 96-well plate. After the matrix was polymerized, 1% FBS-containing media
was added on top of the matrix. After 24 h cells were fixed, stained with Hoechst and imaged using a Super Resolution Spinning
Disk (TIRF/STORM/SoRa) microscope. Invasion was calculated as number of invading cells at 60 pm divided by the number of cells
at the bottom.

Invasive growth assay

A375M2 spheroids assay: A375M2 cells grown in DMEM media supplemented with 10% FBS were pelleted 24 h after transfection
with siScramble or siSLC7A11. Media was then changed to DMEM/F12 supplemented with 1X B27 supplement, 20 ng/mL EGF,
20 ng/mL FGF and 4 pg/mL of Heparin and spheroids were incubated at 37°C, 10% CO, for 72 h in 1.5 mL Eppendorf. 96 h post-
transfection, spheroids were transferred to ultra-low attachment 96-well plates containing 100 pL of a collagen | matrix (Fibricol,
2.3 mg/mL) and left to polymerise for four hours, when supplemented DMEM media was added. After this time, images were taken
of spheroids for day 0 (day 4 post-transfection) and left in the incubator at 37°C, 10% CO, for 72 h, where spheroids were fixed in 12%
PFA for two hours and washed three times in PBS. Pictures were taken again for day 3 (day 7 post-transfection) using EVOS M7000 in
brightfield. Spheroid growth was calculated in FIJI (ImageJ) by dividing the area of the spheroids at day 3 vs. day 0 and calculated as a
fold change.

YUMM 1.7 spheroid assay: Spheroid cell culture was performed using the hanging drop method, as described previously by Del
Duca et al..® Briefly, 1 000 cells/drop were seeded in hanging drops for 72h. Once formed, spheroids were collected and seeded in
100pL collagen | solution (3.5mg/ml high concentration FibriCol type | bovine collagen (Advanced BioMatrix, #5133)) in ultra-low
attachment 96-well plates. After allowing the gels to polymerise for 2h at 37°C, 10% CO,, day 0 brightfield images were taken using
a ZEISS Axio Observer microscope. Then, indicated treatments were added in 1% FBS containing media, for the indicated times.
Finally, spheres were fixed with 4% formaldehyde and imaged using a ZEISS Axio Observer microscope. QuPath v0.3.2 software
was used to quantify the area covered by cells at day 0 and at final time point pictures. Core growth was calculated as follows: incre-
ment area = area Tf/area TO. To measure invasive growth, the day 0 core detection was duplicated final time point picture and
expanded at a 200pm distance. The pixel classifier was used to classify all cells as detections. Core and core +200pum annotation
measurements of total area and area occupied by the classifier were exported to Excel. Invasion was calculated as follows: invasion =
area occupied by cells/total area between core and core +200pum.

Where indicated, spheroids were stained for F-actin. Spheroids were permeabilised using 0.5% Triton X-100 in 5% BSA-PBS over-
night, washed 5 min with PBS-T 0.01%, washed 3 x 5min with PBS, blocked in 5% BSA-PBS for 1hour and incubated with Alexa
Fluor 546-phalloidin (A22283, Thermo Fisher, 1:400 in 0.3% Triton X-100-5% BSA-PBS) for 2 h at room temperature. Finally, spher-
oids were washed 5 min with PBS-T 0.01% and 3 x 5min with PBS. Images were taken with a Zeiss LSM 880 confocal microscope
with Airyscan super resolution mode (Carl Zeiss, Germany). Zen software (https://www.zeiss.com/microscopy/us/products/
software/zeiss-zen.html) was used to acquire images (Carl Zeiss, Germany).

Western blotting

Cells were lysed in Laemmli Lysis Buffer and snap frozen. Then, lysates were boiled for 5 min, sonicated for 15 seconds and spun
down. Cell lysates were resolved by SDS-polyacrylamide gels (SDS-PAGE) in non-reducing conditions and transferred to PVDF fil-
ters (0.45pm, Immobilion). Membranes were blocked in 5% BSA in 0.1% Tween 20-TBS. Primary antibodies were incubated over-
night at 4°C. ECL Plus or Prime ECL detection System (GE Healthcare) with HRP-conjugated secondary antibodies (Amersham ECL
Rabbit IgG, HRP-linked whole Ab (from donkey) NA934 and Amersham ECL Mouse IgG, HRP-linked whole Ab (from sheep) NA931,
1:10 000 GE Healthcare) were used for detection. Bands were quantified using Fiji 1.53t software (http://fiji.sc).

Measurement of extracellular ROS

Extracellular ROS levels were assessed using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific)
following the manufacturer’s protocol. A375M2 scramble and A375M2 siSLC7A11 cells were incubated overnight in phenol red-free,
serum-free DMEM. The next day, conditioned media were collected without centrifugation and immediately processed for H,O,
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quantification. Samples were incubated with 50 pM Amplex Red reagent and 0.2 U/mL horseradish peroxidase (HRP) in a 96-well
plate for 1 h at room temperature, protected from light. Absorbance was measured at 560 nm, and H,O, levels were analyzed. Pos-
itive and negative controls for H,O, were included to validate assay performance. Data were expressed as fold change in absorbance
relative to control conditions.

Measurement of intracellular ROS

A375M2 cells were seeded in 6-well plates at approximately 250,000 cells per well. The following day, cells were treated with or
without 10 mM GSH. One hour later, the cells received either DMSO or ROCK inhibitor treatment. After 24 h, cells were treated
with trypsin, centrifuged, and resuspended in a solution containing 5 pM mitoSOX to assess mitochondrial ROS or 5 pM CM-
H2DCFDA to measure total ROS. The cells were then incubated at 37°C for 30 min. Following staining, 500 pL of FACS buffer
(1% BSA, 2 mM EDTA, and 0.1% NaN3; in PBS) was added to each sample, which was immediately acquired using a Beckman
Coulter CytoFLEX LX Cell Analyzer (for A375M2 scramble/siSLC7A11 cells and GSK269962A treatment) or BD FACS CANTO I
flow cytometer (for H1152 treatment) and analyzed with FlowJo version 7.6.5 software (Tree Star).

Metabolite extraction and LC-MS analysis

A375M2 scramble and A375M2 siSLC7A11 cells were seeded at 250,000 cells per well in a 6-well plate and incubated for 48 h to
reach ~70-80% confluence. 24 h prior to extraction, cells were treated with 250 uM L-BSO in 1% FBS, menadione in 1% FBS,
or corresponding vehicle controls.

For the 3C,,'®N -labelled GSH (Cambridge isotope, CNLM-6245) study, cells were supplemented with 10 mM *C-GSH in 1% FBS
media overnight prior to extraction.

On the day of extraction, plates were placed on ice and 500pL media was collected. Cells were then washed twice with cold
30mM N-Ethylmaleimide (NEM: Sigma, E3876)-PBS (pH 7.4) and snap-frozen in liquid nitrogen then placed back on ice. Cell sam-
ples were collected using 100pL of pre-cooled (—20°C) extraction buffer (Methanol/Acetonitrile/Water, 2/2/1 v/v:v supplemented
with TmM NEM) using a cell-scraper and transferred into an Eppendorf tube. Media samples, and unused media serving as control,
were mixed (1/1 v/v) with extraction buffer. Samples were then centrifuged for 10min at +4°C, 10.000rpm. Cell and media super-
natant were then mixed with cold acetonitrile (1/1 v/v), centrifuged again and the supernatant transferred into LC/MS vials for
analysis.

Metabolomic analysis was performed using a UHPLC-Q/TOF system. Chromatographic separation was carried out on an Agilent
1290 Infinity Il Binary Pumpusing a InfinityLab Poroshell 120 EC-C18 column (2.7um, 3.0 mm x 150 mm, - Agilent: 693975-302T)
maintained at 40°C. Samples were maintained at 4°C in an autosampler and injection volume was set to 10pL. The elution of me-
tabolites through the column was achieved at a flow rate of 0.200mL/min using solvent A, water containing 0.1% formic acid and
solvent B, acetonitrile containing 0.1% formic acid, both supplemented with 2.5uM InfinityLab Deactivator Additive. The following
gradient was used for elution: Omin, 1%B; 1.5min, 1%B; 15min, 80%B; 17min, 99%B; 19min, 99%B; 20min, 1%B. Mass spectrom-
etry analysis was performed on an Agilent 6546 LC/Q-TOF mass spectrometer in positive polarity mode. Agilent Masshunter Work-
station Data Acquisition software (https://www.agilent.com/en/product/software-informatics/mass-spectrometry-software/data-
acquisition) was used for data acquisition. For data analysis, Agilent Profinder B.8.0.00 was used with a library of pre-determined
retention times (+/— 0.20min shift) and accurate mass (+/— 15ppm shift) for metabolites of interests. Data was normalized to protein
concentration, determined using the Pierce BCA Protein Assay Kit.

Analysis of gene expression from public databases

Normalized gene expression microarray data of rounded-amoeboid melanoma cells (GSE23764)” were analyzed by comparing
rounded-amoeboid A375M2 cells to more elongated and less contractile A375P cells or to A375M2 cells treated with ROCK1/2 in-
hibitors (H1152 and Y27632) or blebbistatin. Heatmaps were performed using Morpheus (Broad Institute).

Gene expression data of invading cells compared to the non-migratory core from MV3 spheroids embedded in collagen | was used
to analyze expression of SLC7A11 (GSE215750).%°

Gene expression data from four melanocyte datasets GSE4570,°* GSE4840,°° and data from melanoma cell lines (Mannheim
cohort GSE4843°° and Philadelphia cohort GSE4841°°) was used to analyze expression of SLC7A11. Gene expression data of hu-
man melanoma samples from published microarray studies was used to analyze expression of SLC7A11 in melanoma progression.
From public database GEO (Gene Expression Omnibus) we extracted expression data from the Kabbarah: GSE46517°°; Talantov:
GSE3189°"; and Riker: GSE7553%® series. Data were normalized using Gene Pattern (http://www.broadinstitute.org/cancer/
software/genepattern/).

Gene expression data of human melanoma samples from The Cancer Genome Atlas (TCGA) database (http://cancergenome.nih.
gov/) was obtained from cBioportal (www.cbioportal.org) and used to analyze gene expression in melanoma progression.

For ferroptosis signature analysis, mRNA data for Skin Cutaneous Melanoma TCGA pan-cancer atlas project was obtained from
cBioportal (www.cbioportal.org) in RSEM normalised expression. Only metastatic samples were used, and patients were separated
in high and low SLC7A11 by median value, where only the high expression patients were selected for further analysis. SLC7A11 high
patients were separated again by median value of RSEM mRNA expression into high or low GPX4 expression and fold change calcu-
lated as high versus low expression. Heatmap shows log2 fold change of each gene in the ferroptosis signature and statistical value
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was calculated using unpaired t test. Heatmap was generated using Morpheus (Broad Institute; https://software.broadinstitute.org/
morpheusy/).

Immunohistochemistry

Tumor tissues were formalin-fixed and paraffin-embedded as per standard protocols. Sections of 4um thickness were heated at
60°C for 1 h and then incubated in xylene and ethanol series, with 2 x 5 min H,O./ethanol incubations to block endogenous perox-
idase. Antigen retrieval was performed in Antigen Unmasking Solution pH 6 (H-3300, Vector Labs) using a pressure cooker system
(110°C for 10 min). Samples were washed in Dako Wash Buffer (S3006), before primary antibody incubation (overnight, 1:300 anti-
SLC7A11, CST #12691 for human samples, #98051 for mouse samples), diluted in Antibody Diluent Reagent Solution (003218,
invitrogen/ThermoFisher Scientific). Samples were washed and incubated with ImnmPRESS polymer secondary goat anti-rabbit anti-
body (goat anti-rabbit, RTU, Vector Labs, MP-7451) for 45 min. The reaction was developed using VIP peroxidase substrate solution
(Vector Labs, SK-4600) for 10 min. All incubations were carried out at room temperature. Slides were counterstained with haematox-
ylin and mounted using DPX mounting medium (06522-500 ML, sigma). Slides were imaged using the NanoZoomer S210 slide scan-
ner (Hamamatsu, Japan).

Staining quantification was performed using QuPath 0.1.2.%° Whole section images (WSI) from mouse tissue and TMAs were
analyzed performing positive cell detection, and three different thresholds were applied according to the intensity scores (0, 1, 2
and 3). Next, the software was trained by creating a random tree classification algorithm combined with the intensity information,
to differentiate tumor from stroma, necrosis and immune cells. Then, IHC staining was graded semi-quantitatively by considering
the percentage and intensity of the staining. A histologic score (Hs) was obtained from each sample, and values ranged from
0 (no immunoreaction) to 300 (maximum immunoreactivity) arbitrary units. The score was obtained by applying the following formula,
Hs =1 x (% light staining) + 2 x (% moderate staining) + 3 x (% strong staining). Cell segmentation was performed using QuPath
v0.5.1, leveraging the StarDist HE heavy augmentation pretrained model for H&E-like staining. The model was applied to SLC7A11-
stained immunohistochemistry (IHC) images after manual annotation of tumor body (TB) and invasive front (IF) regions. Prior to seg-
mentation, images were pre-processed with stain vector normalization to optimise compatibility with the pretrained model. The
StarDist model outputs included precise nuclear and cell boundaries, which were used to extract morphological metrics.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 10.1.1 software (GraphPad, San Diego). The following statistical analysis
were used: one sample t test, unpaired t test, paired t test, Mann-Whitney’s test, one-way ANOVA with Tukey’s, or Dunnett’s post
hoc test, and two-way ANOVA with Fisher’s LSD test. Data were represented in bar graphs and dot plots as mean + standard error of
the mean (SEM) and violin plots as median with interquartile range. In Figure legends, “n” means number of independent experiments
unless otherwise stated. Significance was defined as p < 0.05, *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001, ns not significant.
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