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BDH2-driven lysosome-to-mitochondria 
iron transfer shapes ferroptosis vulnerability 
of the melanoma cell states
 

Iron sustains cancer cell plasticity, yet it also sensitizes the mesenchymal, 
drug-tolerant phenotype to ferroptosis. This posits that iron 
compartmentalization must be tightly regulated. However, the molecular 
machinery governing organelle Fe(II) compartmentalization remains 
elusive. Here, we show that BDH2 is a key effector of inter-organelle Fe(II) 
redistribution and ferroptosis vulnerability during melanoma transition 
from a melanocytic (MEL) to a mesenchymal-like (MES) phenotype.  
In MEL cells, BDH2 localizes at the mitochondria–lysosome contacts 
(MLCs) to generate the siderophore 2,5-dihydroxybenzoic acid (2,5-DHBA), 
which ferries iron into the mitochondria. Fe(II) transfer by BDH2 supports 
mitochondrial bioenergetics, which is required to maintain lysosomal 
acidification and MLC formation. Loss of BDH2 alters lysosomal  
pH and MLC tethering dynamics, causing lysosomal iron sequestration, 
which primes MES cells for ferroptosis. Rescuing BDH2 expression, or 
supplementing 2,5-DHBA, rectifies lysosomal pH and MLCs, protecting  
MES cells from ferroptosis and enhancing their ability to metastasize.  
Thus, we unveil a BDH2-dependent mechanism that orchestrates 
inter-organelle Fe(II) transfer, linking metabolic regulation of  
lysosomal pH to the ferroptosis vulnerability of the mesenchymal, 
drug-tolerant cancer cells.

Iron sustains a wide range of cellular processes, and maintenance of 
intracellular iron homeostasis is crucial for cell viability1–3. Lysosomes 
regulate iron import, export and mobilization in the cell, whereas 
mitochondria are the major cellular site of iron utilization4–6. Mito-
chondria utilize iron for the biosynthesis of haem and Fe–S clusters, 
which are cofactors of mitochondrial enzymes involved in the tricar-
boxylic acid (TCA) cycle and respiratory-chain complexes, as well as 
of several non-mitochondrial enzymes7,8. However, intracellular iron 
can be detrimental to the cell because of the reactive nature of its 
redox-active ferrous form (Fe(II))9–13. Fe(II) can react with hydrogen 
peroxide in Fenton reactions, generating reactive oxygen species (ROS) 
that can induce lethal damage to cellular components9–13. Cellular mem-
branes rich in polyunsaturated fatty acids are particularly prone to ROS 
attack. Lipid peroxidation is an established hallmark of ferroptosis, 

an iron-dependent lytic form of cell death driven by dysregulation of 
major cellular antioxidant systems9,14–16. This implies that intracellular 
iron compartmentalization needs to be tightly controlled.

Iron bolsters cancer cells’ epigenetic and metabolic remodelling, 
thereby supporting cancer cell plasticity11,17, which refers to the ability 
of cancer cells to transition from one cell state to another in response 
to environmental cues, including therapeutic insults18,19. Importantly, 
cancer cell plasticity is a key driver of therapeutic resistance and meta-
static spread17–20.

The accumulation of redox-active iron in lysosomes has been 
suggested to sustain the mesenchymal, drug-resistant phenotype11,17 
while priming these malignant cells for ferroptosis11,13. We therefore 
postulated that cancer cells evolved mechanisms to fine-tune intracel-
lular iron compartmentalization effectively, enabling metabolic and 
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(OXPHOS) complexes (complexes I, II, III and IV)31 (Extended Data 
Fig. 2a,b) and an overall diminished basal and maximal respiratory 
capacity (or oxygen consumption rate (OCR)) (Fig. 1e and Extended 
Data Fig. 2c). In the MEL cells, chelation of lysosomal iron by DFO low-
ered mitochondrial iron levels (Fig. 1f,g) and reduced mitochondrial 
respiration (Fig. 1e and Extended Data Fig. 2c) while further diminishing 
the low OCR of the MES cells (Fig. 1e and Extended Data Fig. 2c), consist-
ent with the established requirement of mitochondrial iron for efficient 
respiration4–6,11,32. Similarly, ironomycin, a compound that sequesters 
iron(II) in lysosomes11 (Extended Data Fig. 2d,e), and liproxstatin-1  
(Lip-1), which localizes to the lysosomes and binds to iron in this subcel-
lular compartment13 (Extended Data Fig. 2h–k), reduced mitochondrial 
iron levels and the OCR in MEL cells33 (Extended Data Fig. 2d–k).

We then tested whether silencing the expression of MITF in meta-
bolically proficient MEL cells could trigger a redistribution of iron 
from mitochondria to lysosomes. In line with this, stable depletion (by 
CRISPR/Cas9) (Fig. 1h) or reduction (by short hairpin RNA (shRNA)) of 
MITF in MEL cells (Extended Data Fig. 2l) induced the accumulation of 
Fe(II) in lysosomes (Fig. 1i,j and Extended Data Fig. 2m,n). This effect 
was coupled with a concomitant decrease of iron levels in the mito-
chondria (Fig. 1k,l and Extended Data Fig. 2o,p), compromised OCR 
capacity (Fig. 1m and Extended Data Fig. 2q–s) and reduced levels of 
the iron-dependent OXPHOS complexes (Extended Data Fig. 2t–w).

Overall, these data demonstrate that organelle iron compartmen-
talization is rewired during melanoma phenotype switching.

Mitochondria–lysosome contacts control iron 
compartmentalization in melanoma cells
We next sought to characterize the molecular mechanisms underly-
ing the differential organellar Fe(II) compartmentalization of distinct 
melanoma cell states. Lysosomes and mitochondria communicate by 
the dynamic formation of subcellular sites of close appositions, called 
mitochondria–lysosome contact sites (MLCs)34,35.

MLC establishment requires the active GTP-bound form of the 
lysosomal GTPase RAB7 (ref. 34). Intriguingly, the downregulation of 
RAB7 expression has been shown to favour melanoma invasion and 
metastasis36. Consistently, RAB7 levels were lower in MES cells than 
in MEL cells (Extended Data Fig. 3a). We therefore posited that the dif-
ferential inter-organellar iron redistribution of these melanoma cell 
phenotypes could involve dysregulation of MLCs.

The characterization of MLCs is technically challenging due to 
their nanoscopic size (≤10 nm) and highly transient nature (contact 
duration of >10 s)34. We then used the newly generated split GFP-based 
contact site sensors (SPLICS) engineered to visualize MLCs of varying 
widths, specifically short (around 4–5 nm) and long (around 10 nm) 
interactions37 (Fig. 2a). Transfection of MEL and MES cells with the 
SPLICS sensors, combined with quantitative imaging, revealed that 
there were fewer short and long MLCs in MES cells than in MEL cells 
(Fig. 2b–e).

MLCs have been implicated in the trafficking of calcium, amino 
acids and cholesterol from lysosomes to mitochondria, whereas their 
role in iron transfer has only been hypothesized35. To image the dynamic 
formation of MLCs and concomitantly measure iron(II) transfer from 
lysosomes to mitochondria, we used super-resolution structured 
illumination microscopy (SIM) live imaging in MEL cells costained 
with LysoTracker Green, MitoTracker Deep Red and rhodamine  
B-[(2,2’-bipyridine-4-yl)-aminocarbonyl]benzyl ester (RDA). RDA is a 
mitochondrial-targeted fluorescence probe that experiences quench-
ing on binding to ferrous iron38. Tracking lysosomal movements over 
time revealed that, on stable MLC formation (with a contact dura-
tion in the time range of 10–60 s), RDA fluorescence intensity dimin-
ished in the lysosomal–mitochondrial overlapping area, indicative of 
inter-organelle iron transfer (Fig. 2f,g). Conversely, in the absence of 
MLCs, mitochondrial RDA fluorescence remained stable over the same 
temporal interval (Fig. 2f,g). This suggests that the dynamic interaction 

phenotypic plasticity while circumventing its toxic effects. Strikingly, 
the specific molecular machinery governing inter-organelle iron traf-
ficking—and the impact of its disruption on cancer cell fate—remains 
unexplored.

Results
Inter-organelle iron redistribution is a hallmark of the 
melanoma phenotype switching
To unravel whether inter-organelle redistribution of Fe(II) occurs dur-
ing the transition of cancer cell states, we used melanoma as a model of 
phenotype plasticity21,22. A key determinant of melanoma phenotypic 
identity is the microphthalmia-associated transcription factor (MITF), 
which promotes proliferation and differentiation while suppressing 
invasion21–23. Melanoma cells can reversibly switch between two major 
transcriptional states: an MITFhi melanocytic (MEL) (or ‘proliferative’) 
to an MITFlo mesenchymal-like (MES) (or ‘invasive’) phenotype. The 
MEL state is characterized by high levels of the transcription factor 
SOX10 and low levels of the receptor tyrosine kinase AXL. By contrast, 
the less-differentiated MES state exhibits high AXL levels, along with 
increased expression of the epithelial-to-mesenchymal transition 
(EMT) markers, such as SOX9 (ref. 24), EGFR and ZEB1 (ref. 25), and 
melanoma-specific regulators, such as TCF4 (ref. 26) (Extended Data 
Fig. 1a). These transcriptional states are linked to differences in inva-
sion, metastasis, and therapy resistance21,25,27,28.

We examined organelle iron redistribution in steady-state condi-
tions in a panel of melanoma cell lines and short-term patient-derived 
melanoma cell lines, with a well-defined MEL (MITFhiAXLloSOX10hi) 
or MES (MITFloAXLhiSOX9hi) phenotype (Extended Data Fig. 1a and 
Supplementary Table 1). Compared with their MEL counterpart, MES 
cells displayed a modest increase in cellular Fe(II) levels in basal con-
ditions and upon iron(II) overload with ferrous ammonium sulfate 
(FAS) (Extended Data Fig. 1b,c). Levels of the endogenous Iron Regu-
latory Protein 2 (IRP2), which undergoes proteasomal degradation 
in iron-replete cells29,30, were lower in MES than in MEL cells, and this 
difference was further exacerbated by FAS treatment (Extended Data 
Fig. 1d,e). Chelating lysosomal iron with deferoxamine (DFO) enhanced 
IRP2 levels in both cell types (Extended Data Fig. 1d,e).

We then used super-resolution microscopy to image the intracel-
lular compartmentalization of ferrous iron with various small-molecule 
fluorescent probes in conjunction with organelle-specific dyes: 
LysoTracker Green for late endosomes (LEs) and lysosomes, 
and MitoTracker Deep Red for the mitochondrial network. Total 
redox-active Fe(II) was detected with FerroOrange (Fig. 1a,b and 
Extended Data Fig. 1f,g), and mitochondrial iron and lysosomal iron 
were visualized using Mito-FerroGreen (Fig. 1c,d and Extended Data 
Fig. 1h–k) and RhoNox-M (Extended Data Fig. 1l,m), respectively.

MES cells were characterized by a marked accumulation of Fe(II) in 
LEs and lysosomes (Fig. 1a,b and Extended Data Fig. 1f,g,l,m) coupled 
with a reduced Fe(II) level in mitochondria (Fig. 1c,d and Extended Data 
Fig. 1h–k). By contrast, MEL cells displayed the opposite phenotype, 
with a clear mitochondrial iron distribution (Fig. 1a–d and Extended 
Data Fig. 1f–m).

Live imaging and colocalization analysis of FerroOrange-labelled 
MEL and MES cells transfected with CD63–enhanced GFP (eGFP) or 
Lamp1–eGFP to stain LEs only or LEs/lysosomes, respectively, con-
firmed that there was a significant accumulation of iron in the acidic 
vesicles of MES cells when compared with MEL cells (Extended Data 
Fig. 1n–t). No significant differences in mitochondrial mass or mem-
brane potential were observed between MEL and MES cells (Extended 
Data Fig. 1u,v). These results suggest that the differential iron compart-
mentalization under steady-state conditions was not driven by gross 
mitochondrial alterations, but could involve a defect in the egress of iron 
from LEs/lysosomes (hereafter referred to as ‘lysosomes’ for brevity)4–6.

In line with their low mitochondrial Fe(II) content, MES cells exhib-
ited reduced expression of iron-dependent oxidative phosphorylation 
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Fig. 1 | Inter-organelle iron redistribution is a hallmark of the melanoma 
phenotype switching. a,b, Representative images (a, scale bars, 10 µm) and 
quantification of lysosomal iron using FerroOrange mean fluorescence intensity 
(MFI) per cell in the lysosomal mask (b) in M229MEL (n = 54) and M229RMES 
(n = 48) cells (three independent experiments). c,d, Representative images 
(c, scale bars, 10 µm) and quantification of mitochondrial iron levels using 
Mito-FerroGreen MFI per cell (d) in M229MEL (n = 50) and M229RMES (n = 50) cells 
(three independent experiments). e, OCR of M229MEL and M229RMES cells in basal 
(−), FAS-treated and DFO-treated conditions (n = 5). f,g, Representative images 
(f, scale bars, 10 µm) and quantification of mitochondrial iron using Mito-
FerroGreen MFI per cell (g) in M229MEL basal (n = 31), FAS-treated (n = 30) and 
DFO-treated (n = 30) cells and M229RMES basal (n = 30), FAS-treated (n = 30) and 
DFO-treated (n = 30) cells (three independent experiments). h, Representative 

western blot of MITF in M229MEL control single-guide RNA (sgCTR) or MITF-
targeted sgRNA (sgMITF) cells (n = 3). β-Actin was used as a loading control.  
i,j, Representative images (i, scale bars, 10 µm) and quantification of 
lysosomal iron levels using FerroOrange MFI per cell within the lysosomal 
mask (j) in M229MEL sgCTR (n = 30) or sgMITF (n = 30) cells (three independent 
experiments). k,l, Representative images (k, scale bars, 10 µm) and 
quantification of mitochondrial iron levels using Mito-FerroGreen MFI per 
cell (l) in M229MEL sgCTR (n = 30) or sgMITF (n = 30) cells (three independent 
experiments). m, OCR of M229MEL sgCTR or sgMITF cells (n = 4). Magnified 
images of the boxed areas are shown for detail (a, c, f, i and k). Data are 
presented as mean ± s.e.m. Statistical significance was assessed by unpaired 
two-tailed Student’s t-test (b,d,j,l) and one-way analysis of variance (ANOVA) (g).
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between lysosomes and mitochondria is crucial for efficient iron trans-
fer between these organelles.

To assess the role of RAB7 in MLC formation, we stably transduced 
RAB7lo MES cells with wild-type (WT) RAB7 or its constitutively active 
GTP-bound mutant RAB7-Q67L, or the dominant negative mutant 
RAB7-T22N (Extended Data Fig. 3b), which cannot hydrolyse GTP34. 
Although the expression of RAB7 WT or RAB7-Q67L in MES cells 
increased the number of short MLCs, RAB7-T22N decreased their 
formation (Fig. 2h,i). None of the RAB7 mutants exhibited altered 
formation of long MLCs (Extended Data Fig. 3c,d), suggesting that 
these mitochondria–lysosomes appositions tend to be more stable 
and are less subject to changes in RAB7 expression or activity, in line 
with a recent report37.

Because Ca2+ transfer between lysosomes and mitochondria 
occurs through RAB7-regulated short MLCs37,39, we hypothesized that 
increased levels of lysosomal Fe(II) in MES cells specifically involves 
defects in RAB7-mediated short MLCs. Expression of RAB7 WT led to 
a decrease in lysosomal Fe(II) (Extended Data Fig. 3e,f), and this effect 
was blunted by expressing dominant negative RAB7-T22N (Extended 
Data Fig. 3e,f). However, these changes were mild and did not lead to 
elevated mitochondrial Fe(II) content (Extended Data Fig. 3g,h) or 
mitochondrial respiration of the MES cells (Extended Data Fig. 3i,j) to 
the extent observed in MEL cells.

To capture MLC dynamics, we used super-resolution live imaging 
in cells stained with LysoTracker Green and MitoTracker Deep Red. 
Compared with their MEL counterparts, MES cells exhibited longer 
contact duration (Extended Data Fig. 4a,b), a phenotype reminiscent 
of lysosomal pH defects40. In line with this, lysosomes of MES cells 
displayed a reduced acidity (Fig. 2j and Extended Data Fig. 4c,d), an 
attenuated proteolytic activity (Extended Data Fig. 4e), and an enlarged 
morphology (without a change in density) (Fig. 2k,l and Extended Data 
Fig. 4f,g), suggestive of impaired lysosomal function1.

Preserving acidic lysosomal pH has been previously linked to the 
ability of lysosomes to release iron4–6. Genetic manipulation of RAB7 
levels or activity in MES cells did not induce lysosomal acidification, 
whereas RAB7-T22N showed a trend toward further alkalinization of the 
lysosomal pH (Extended Data Fig. 4h). Overall, these findings indicate 
that, although RAB7 can restore the formation of short MLCs in MES 
cells, its impact on lysosomal iron trafficking is limited. This is because 
RAB7 cannot reverse lysosomal pH, and as a result, it fails to enhance 
mitochondrial iron uptake and restore the OCR capacity of these cells.

To evaluate the relevance of lysosomal pH for organellar Fe(II) 
redistribution, we rectified the defective lysosomal pH of MES cells by 

exploiting poly(d,l-lactide-co-glycolide) (PLGA)-acidic nanoparticles 
(acNPs)41–43 (Fig. 2m), which have been previously used to restore lyso-
somal acidification defects in cellular and in vivo models of lysosomal 
diseases42,43. In accordance with this, supplementing MES cells with 
acNPs rescued the acidic lysosomal pH (Fig. 2n), improved lysoso-
mal morphology (Fig. 2o,p), reduced lysosomal iron load (Fig. 2q,r), 
increased the integrity of short MLCs (Fig. 2s,t) and partially, yet signifi-
cantly, rescued mitochondrial Fe(II) levels (Fig. 2u,v). However, mito-
chondrial respiration was not fully rescued by acNPs either (Extended 
Data Fig. 4i,j). Notably, providing FAS, which enters the cell indepen-
dently of endocytosis, increased total iron levels in both MEL and MES 
cells (Extended Data Fig. 1b,e and Extended Data Fig. 4k), but failed 
to elevate mitochondrial iron levels and OCR in MES cells (Fig. 1e–g).

Thus, all tested interventions—genetic (RAB7) or chemical 
(acNPs)—that improve the stability of short MLCs and the release of 
lysosomal iron do not fully rescue mitochondrial Fe(II) content and OCR 
capacity. This suggests that additional molecular players operating at 
the mitochondria–lysosome interface are involved.

The MES phenotype is associated with reduced levels of  
BDH2, the mammalian homologue of the bacterial EntA
To gain insights into potential mediators of inter-organelle iron traffick-
ing, we performed an in silico analysis using the published transcrip-
tome of 51 melanoma cell lines classified according to their cell status28. 
We compiled a literature-based list of all iron-metabolism-related 
genes (Supplementary Table 2) and extracted their expression values 
from this dataset to obtain an iron-metabolism-specific transcriptional 
signature of melanoma lines. A semi-supervised principal component 
analysis of the dataset, including 110 iron-related genes, separated 
melanoma cells into two clusters associated with the MEL and MES 
melanoma phenotypes (Fig. 3a). Differential expression (DE) analysis 
revealed that MES cells were hallmarked by the downregulation of the 
lysosomal ATP6V genes (encoding essential subunits of the lysosomal 
proton pump v-ATPase)4–6, SLC11A2 (or DMT1, the major lysosomal iron 
transporter and exporter)44–46, MCOLN1 (or TRPML1, the non-selective 
cation channel permeable to Fe(II) and Ca2+)47 and several genes encod-
ing mitochondrial proteins involved in Fe–S cluster and haem synthe-
sis, such as BOLA3 (ref. 48), MMS19 (ref. 49) HMOX2 (ref. 50,51) and 
UROS52,53 (Fig. 3b, Extended Data Fig. 5a and Supplementary Table 3). 
As expected, the MLC mediator RAB7, which is under the control of the 
melanocytic transcription factor SOX10 and the oncogene MYC36, was 
also downregulated, altogether confirming our functional data in a 
larger set of human melanoma cell lines (Fig. 3b, Extended Data Fig. 5a 

Fig. 2 | Mitochondria–lysosome contacts regulate iron compartmentalization 
in melanoma cells. a, Schematics of the SPLICS sensor mechanism. Parts of  
this figure were created using BioRender. b,c, Representative images  
(b, scale bars, 10 µm) and quantification of short MLCs per cell (c) in M229MEL 
(n = 30) and M229RMES (n = 29) cells (three independent experiments).  
d,e, Representative images (d, scale bars, 10 µm) and quantification of long MLCs 
per cell (e) in M229MEL (n = 29) and M229RMES (n = 30) cells (three independent 
experiments). f,g, Representative images (f, scale bars, 1 µm) and quantification 
of the average difference (Δ) in the RDA MFI per cell, measured between the 
end and start of MLC events (g); quantification compares ‘MLC’ regions, that 
is, overlapping MitoTracker+LysoTracker+ area (in white, n = 22), to ‘No MLC’ 
regions, that is, mean RDA intensity in the MitoTracker+ area during the same 
time interval (n = 20) in M229MEL cells (four independent experiments). t, time. 
h,i, Representative images (h, scale bars, 10 µm) and quantification of short 
MLCs per cell (i) in M229MES EV (n = 30), RAB7 WT (n = 30), RAB7-Q67L (n = 28) 
and RAB7-T22N (n = 40) cells (three independent experiments). j, Relative 
lysosomal pH levels (LysoSensor MFI) of M229RMES versus M229MEL cells (n = 3). 
k,l, Representative images (k, scale bars, 10 µm for whole-cell images, 0.5 µm 
for magnified images) and quantification of cellular density and average 
area (l) of lysosomes in M229MEL (n = 30) and M229RMES (n = 30) cells stained 
with LysoTracker (three independent experiments). m, Schematics of the 

acNP mechanism. Parts of this figure were created in BioRender. n, Relative 
lysosomal pH levels (LysoSensor MFI) of acNP-treated (+) versus untreated 
(–) M229RMES cells (n = 4). o,p, Representative images (o, scale bars, 10 µm for 
whole-cell image; 0.5 µm for magnified images) and quantification of average 
area (p) of lysosomes in acNP-treated (n = 79) and untreated (n = 76) M229RMES 
cells (four independent experiments). q,r, Representative images (q, scale 
bars, 10 µm) and quantification of lysosomal iron levels using FerroOrange 
MFI per cell in the lysosomal mask (r) in acNP-treated (n = 59) and untreated 
(n = 60) M229RMES cells (three independent experiments). s,t, Representative 
images (s, scale bars, 10 µm) and quantification of the number of short MLCs 
per cell (t) in acNP-treated (n = 26) and untreated (n = 29) M229RMES cells (three 
independent experiments). u,v, Representative images (u, scale bars, 10 µm) and 
quantification of mitochondrial iron using Mito-FerroGreen MFI per cell (v) in 
acNP-treated (n = 60) and untreated (n = 61) M229RMES cells (four independent 
experiments). Data in bar plots are shown as mean ± s.e.m. Data in the box plot (g) 
represent the median (centre line), the 25th and 75th percentiles (bounds of the 
box); and the whiskers indicate the minimum and maximum values. Statistical 
significance was assessed by unpaired two-tailed Student’s t-test (c,e,g,l,p,r,t,v), 
one-way ANOVA (i) and two-tailed one-sample t-test (j,n). Magnified images of 
the boxed areas are shown for detail (o, q and u).
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and Supplementary Table 3). However, MES cells showed a consistent 
upregulation of SLC25A37 (coding for Mitoferrin-1, the inner mito-
chondrial membrane iron transporter)54–56, STEAP3 (lysosomal ferric 
reductase that reduces Fe(III) to Fe(II))57 and CD44 (a transmembrane 

glycoprotein involved in cellular uptake of iron via endocytosis in 
mesenchymal cells)17 (Fig. 3b, Extended Data Fig. 5a and Supplemen-
tary Table 3). Of note, the levels of SLC25A28, encoding Mitoferrin-2, 
were unchanged (Fig. 3b, Extended Data Fig. 5a and Supplementary 
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Fig. 3 | The MES phenotype is associated with reduced levels of BDH2, the 
mammalian homologue of the bacterial EntA. a, Principal component analysis 
(PCA) plot showing the clustering pattern of melanoma cell lines28 on the basis of 
the expression of 106 iron metabolism-related genes. Cell lines are coloured by 
their phenotype (MES in orange, MEL in grey). v.e., variance explained. b, Volcano 
plot showing the statistically significant differentially expressed (DE) iron-
metabolism-related genes between the two melanoma clusters (or melanoma 
M-lines), MES versus MEL. The number of significant genes per condition is 
reported in brackets in the legend (t-test, P value threshold < 0.05; n.s., not 
significant). c–e, Representative western blot of v-ATPase H and v-ATPaseA1 (c), 
Mitoferrin-1 (d) and CD44 (e) in MEL (M249, M249R and M229) and MES (M233, 
M238, M238R, M229R and M257) cells (n = 2). f,g, Representative western blot of 
BDH2 in MEL (M229, MM001, MM034) and MES (M229R, MM047, MM099) cells 
(n = 3). h, Representative western blot and quantification of BDH2 in M229MEL 

control siRNA (siCTR) or siRNA targeting BDH2 (siBDH2) cells (n = 3). i, Relative 
2,5-DHBA levels in M229MEL siBDH2 versus siCTR cells (n = 3). j, Schematics of PDX 
model treatment and tumour progression. MRD, minimal residual disease; RES, 
resistance. Parts of this figure were created in BioRender. k,l, Representative 
images (k, scale bars, 20 µm) of BDH2, MITF and RAB7 multiplex costaining of the 
primary tumour from a melanoma PDX model, and quantification (l) of  
BDH2 correlation with MITF and RAB7 expression in five PDX tumours.  
m,n, Representative images (m, scale bars, 20 µm) of BDH2, MITF and RAB7 
multiplex costaining of the primary tumour from a melanoma MEL006 PDX 
model21 at different drug-resistant stages in response to D/T treatment and 
quantification (n) of the percentage of different populations on the basis of their 
expression levels. For western blots, β-actin was used as a loading control. Data 
are presented as mean ± s.e.m. Statistical significance was assessed by two-tailed 
one-sample t-test (h,i). *P < 0.05.
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Table 3). In line with their RNA levels, the protein expression levels 
of several subunits of the lysosomal proton pump v-ATPase were 
downregulated in MES cells (Fig. 3c), Mitoferrin-1 and CD44 were 
upregulated (Fig. 3d,e), whereas the levels of DMT1 and TRPML1 were 
unchanged (Extended Data Fig. 5b,c). Despite the increased expression 
of Mitoferrin-1, mitochondrial iron import remained defective in MES 
cells (Fig. 1c,d and Extended Data Fig. 1h,i), pointing to an inadequate 
Fe(II) transfer through the outer mitochondrial membrane.

Of note, the top DE iron-related gene significantly downregulated 
in MES cells was BDH2, a member of the family of 3-hydroxybutyrate 
dehydrogenase 2 enzymes58 (Fig. 3b, Extended Data Fig. 5a and Supple-
mentary Table 3). This enzyme drew our attention because BDH2 has 
been described as the functional mammalian homologue of the bac-
terial EntA protein involved in the synthesis of 2,3-dihydroxybenzoic 
acid (DHBA), the iron-binding moiety of the bacterial enterobactin59. In 
mammalian cells, BDH2 produces 2,5-DHBA, which works as a sidero-
phore to import iron into the mitochondria59. In line with RNA expres-
sion data, BDH2 protein levels were high in MEL cells (Fig. 3f,g) but 
were either low or undetectable in MES cells (Fig. 3f,g). Silencing BDH2 
in MEL cells (Fig. 3h) reduced the levels of 2,5-DHBA as measured by 
liquid chromatography–mass spectrometry (LC–MS) (Fig. 3i), thus 
confirming the role of BDH2 in 2,5-DHBA production.

To explore BDH2 expression profile in an in vivo disease context, 
we analysed a single-cell RNA-seq (scRNA-seq) dataset from melanoma 
patient-derived xenografts (PDXs), which describes the dynamics of the 
melanoma cell-state transition in response to treatment with inhibi-
tors of BRAFV600E and BRAFV600K (BRAFV600E/K) (dabrafenib) and MEK 
(trametinib) (D/T)21 (Fig. 3j). BDH2 expression was higher in the MITFhi 
MEL melanoma lineages than in the MITFlo MES drug-resistant melanoma 
phenotype, which includes neural crest stem cells (NCSC) and invasive 
states with enhanced metastatic potential (Extended Data Fig. 5d).

Given this tight correlation between MITF and BDH2, and the 
reported downregulation of RAB7 levels in MES cells36, we performed 
multiplexed immunohistochemistry in PDX models (MEL006, MEL015) 
derived from patients with BRAFV600E/K mutant melanoma21 to evalu-
ate their coexpression in baseline conditions and under therapeutic 
pressure. MITF expression was heterogeneous in treatment-naive (t0) 
lesions (Fig. 3k), and BDH2 positively correlated with MITF and RAB7 
levels (Fig. 3k,l). In response to D/T treatment, the MITFhiRAB7hiBDH2hi 
population decreased in drug-tolerant cells, with the emergence of the 
minimal residual disease (MRD) phase, and reappeared at the onset of 
resistance (RES) (Fig. 3m,n and Extended Data Fig. 5e). This is consistent 
with the importance of reversible phenotype switching as a driver of 
drug tolerance and resistance, previously reported in these models18,20,21.

We next tested whether MITF could directly regulate the transcrip-
tion of this iron-modulating enzyme. Chromatin immunoprecipitation 
and sequencing (ChIP–seq) analysis indicated the presence of MITF 
binding sites upstream of the BDH2 gene (Extended Data Fig. 5f), sug-
gesting that MITF can contribute to the transcriptional regulation of 
BDH2, which is consistent with the coexpression analysis (Fig. 3k–n and 

Extended Data Fig. 5d,e). MITF depletion in MEL cells reduced, but did 
not abolish, BDH2 protein levels (Extended Data Fig. 5g–j), indicating 
that, besides MITF, other transcription factors or post-transcriptional 
mechanisms contribute to maintaining BDH2 expression in MEL cells.

Together these data indicate that, as MITF levels and activity 
decrease during the phenotype switching, the expression of BDH2 
and its product, the siderophore 2,5-DHBA, are downregulated.

Production of 2,5-DHBA by BDH2 is required for 
inter-organelle iron transport
MES cells exhibited elevated levels of the mitochondrial inner mem-
brane iron importer Mitoferrin-1, suggesting a potential for importing 
iron into the mitochondrial matrix. However, despite this upregula-
tion, MES cells also exhibited defective mitochondrial iron levels and 
metabolism. We therefore hypothesized that, in these cells, the reduc-
tion in BDH2 and its product 2,5-DBHA could underlie this deficiency, 
limiting effective mitochondrial iron import even in the presence of 
elevated expression of Mitoferrin-1 (or SLC25A37).

Silencing (Fig. 4a) or knocking out (by CRISPR/Cas9) BDH2 
(Extended Data Fig. 6e) in MEL cells led to a decrease in mitochon-
drial iron levels (Fig. 4b,c and Extended Data Fig. 6a,b,f,g), and a cor-
responding accumulation in lysosomal iron (Fig. 4d,e and Extended 
Data Fig. 6c,d,h,i). In line with this, increasing the expression of BDH2 in 
MES cells (Fig. 4f) induced the opposite organellar iron redistribution 
effect (Fig. 4g–j). Likewise, supplementing 2,5-DHBA to MES cells phe-
nocopied the effects of the BDH2 overexpression in a dose-dependent 
manner (Fig. 4k–n and Extended Data Fig. 6j–q). In MES cells, ele-
vated BDH2 levels or supplementation with 2,5-DHBA was associated 
with a modest (although not statistically significant) increase in OCR 
(Fig. 4o,p and Extended Data Fig. 7a,b) and a trend toward an increase 
in the iron-dependent OXPHOS complexes (Extended Data Fig. 7c–f). 
The partial restoration of mitochondrial bioenergetics by the BDH2–
2,5-DHBA axis in MES cells under these settings could involve inefficient 
Ca2+ import to the mitochondria owing to their reduced VDAC levels 
(Extended Data Fig. 7k,l) and/or to the absence of microenvironmental 
factors influencing metabolic plasticity32.

Of note, neither BDH2 expression nor 2,5-DHBA treatment sig-
nificantly altered the IRP2 protein levels (Extended Data Fig. 7g–j). 
Because IRP2 is an iron-responsive regulator of cytosolic iron levels, 
these data suggest that the BDH2–2,5-DHBA axis could specifically 
regulate lysosomal–mitochondrial Fe(II) redistribution, rather than 
affecting the overall levels of cytosolic iron.

Collectively, these data highlight a major role of the BDH2–
2,5-DHBA axis in maintaining lysosome-to-mitochondria iron redistri-
bution and, consequently, mitochondrial respiration in MITFhi MEL cells.

BDH2 localizes at the mitochondria–lysosome contacts to 
regulate lysosomal pH and MLC formation
The generation of 2,5-DHBA by BDH2 has been shown to favour iron 
import in the mitochondria of mammalian cells59. Although BDH2 is 

Fig. 4 | Production of 2,5-DHBA by BDH2 is required for inter-organelle iron 
transport. a, Representative western blot of BDH2 in M229MEL shCTR and shBDH2 
cells (n = 2). b,c, Representative images (b, scale bars, 10 µm) and quantification 
of mitochondrial iron levels using Mito-FerroGreen MFI per cell (c) in M229MEL 
shCTR (n = 30) and shBDH2 (n = 30) cells (three independent experiments).  
d,e, Representative images (d, scale bar: 10 µm) and quantification of lysosomal 
iron using FerroOrange MFI per cell within the lysosomal mask (e) in M229MEL 
shCTR (n = 30) and shBDH2 (n = 30) cells (three independent experiments).  
f, Representative western blot of BDH2 in M229RMES EV and BDH2 cells (n = 3).  
g,h, Representative images (g, scale bars, 10 µm) and quantification of 
mitochondrial iron using Mito-FerroGreen MFI per cell (h) in M229RMES EV 
(n = 30) and BDH2 (n = 30) cells (three independent experiments).  
i,j, Representative images (i, scale bar: 10 µm) and quantification of lysosomal 
iron using FerroOrange MFI per cell within the lysosomal mask (j) in M229RMES  

EV (n = 30) and BDH2 (n = 30) cells (three independent experiments).  
k,l, Representative images (k, scale bars, 10 µm) and quantification of 
mitochondrial iron using Mito-FerroGreen MFI per cell (l) in M229RMES cells that 
were untreated (n = 60), treated with FAS (n = 60) or treated with 1 mM (n = 60) or 
5 mM (n = 50) 2,5-DHBA (three independent experiments). m,n, Representative 
images (m, scale bars, 10 µm) and quantification of lysosomal iron using 
FerroOrange MFI per cell within the lysosomal mask (n) in M229RMES cells that 
were untreated (n = 30), treated with FAS (n = 30) or treated with 1 mM (n = 30) or 
5 mM (n = 31) 2,5-DHBA (three independent experiments). o, OCR of EV and BDH2 
M229RMES cells (n = 3). p, OCR of M229RMES cells that were untreated or treated 
with FAS and 2,5-DHBA (n = 5). For western blots, β-actin was used as a loading 
control. Data are presented as mean ± s.e.m. Statistical significance was assessed 
by unpaired two-tailed Student’s t-test (c,e,h,j) or one-way ANOVA (l,n). Magnified 
images of the boxed areas are shown for detail (b, d, g, i, k and m).
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considered to be mainly a cytosolic enzyme59, in light of our findings, 
we hypothesized that mitochondrial localization of BDH2 could facili-
tate more efficient capture of lysosomal iron and its transport in the 
mitochondria.

We used SIM to assess the colocalization of BDH2 with the outer 
mitochondrial membrane (OMM) marker TOM20 in different mela-
noma cell lines with defined MEL and MES phenotypes. After normal-
izing for the overall differential expression of BDH2 in these cells, we 
observed a substantial association of BDH2 with the OMM in several 
MEL cell lines (Fig. 5a,b and Extended Data Fig. 8a,b). By contrast, 
only a minor fraction of BDH2 colocalized with TOM20 in MES cells 
(Fig. 5a,b and Extended Data Fig. 8a,b). To image MLCs and evaluate the 
presence of BDH2 in these membrane subdomains, we performed SIM 
on cells costained with antibodies against LAMP1, TOM20 and BDH2. 
In MEL cells, a large fraction of TOM20–LAMP1 double-positive areas 
contained BDH2, suggesting that it was present at mitochondria– 
lysosome contacts (Fig. 5c,d). This overlap was significantly lower in 
MES cells (Fig. 5d).

Because increasing BDH2 expression in MES cells restored homeo-
static iron redistribution between lysosomes and mitochondria, we 
sought to gain more mechanistic insights into the potential effects of 
the BDH2–2,5-DHBA axis on lysosomal pH. Silencing BDH2 in MEL cells 
resulted in alkalinization of the lysosomal pH (Fig. 5e). By contrast, 
increasing the levels of BDH2 or supplementing 2,5-DHBA effectively 
reduced lysosomal pH of MES cells (Fig. 5f,g) and consistently restored 
their degradative capacity (Extended Data Fig. 8c,d), despite v-ATPase 
protein levels remaining unchanged (Extended Data Fig. 8e–h).

Our findings that lysosomal re-acidification in MES cells pro-
moted the formation of short MLCs (Fig. 2s,t), and that BDH2 expres-
sion or 2,5-DHBA supplementation rescued lysosomal pH (Fig. 5e–g), 
prompted us to test whether the BDH2–2,5-DHBA axis modulates short 
MLC formation. In accordance with this, the expression of BDH2 or 
treatment with 2,5-DHBA led to an increase in short MLCs in MES cells 
(Fig. 5h–k), whereas BDH2 silencing had the opposite effect in MEL 
cells (Fig. 5l,m).

To determine whether RAB7 expression is required for recruit-
ment of BDH2 to mitochondria, we expressed the constitutively active 
RAB7-Q67L mutant or the dominant negative RAB7-T22N mutant and 
performed colocalization studies of TOM20 and BDH2. Strengthening 
short MLCs in MES cells with RAB7-Q67L (Fig. 2f,g), or further weaken-
ing them with RAB7-T22N (Fig. 2f,g), did not change BDH2 localization 

in these cells (Extended Data Fig. 8i,j), suggesting that BDH2 is recruited 
to the mitochondria independently of RAB7 activity. This likely explains 
why restoring RAB7 levels or activity in MES cells in the absence of a 
functional BDH2–2,5-DHBA axis is not sufficient to fully rescue the 
defects in iron transfer at the MLCs (Extended Data Fig. 3e–h) and to 
rectify the lysosomal pH (Extended Data Fig. 4f).

The presence of BDH2 at the mitochondrial side of the MLCs, 
and its biological effect on iron redistribution, raised the question of 
whether its product 2,5-DHBA could favour the mobilization of iron 
from lysosomes to mitochondria.

Previous studies using different cellular settings have raised 
doubts about the ability of 2,5-DHBA to tightly bind iron and function 
as a siderophore60–62. However, using nuclear magnetic resonance 
(NMR) spectroscopy and visual inspection, we found that 2,5-DHBA 
binds to both Fe(III) and Fe(II) (Extended Data Fig. 8k–n). The inter-
action of 2,5-DHBA with Fe(III) was stable under acidic conditions 
(as found in lysosomes), whereas complexes with Fe(II) and Fe(III) 
dissociated at higher pH (>8) (Extended Data Fig. 8k–n). This finding 
supports the established role of 2,5-DHBA as a siderophore59 and sug-
gests that 2,5-DHBA can bind iron at the acidic pH of the lysosome and 
then release it in a more alkaline environment, similar to that found in 
the mitochondrial matrix63.

Next, we conducted in-cell labelling of an alkyne-containing syn-
thetic analogue of 2,5-DHBA, which we named cDHBA, by means of click 
chemistry (Extended Data Fig. 8o). We used the same concentration 
that corrected mitochondrial iron uptake and restored functional MLCs 
in MES cells (Extended Data Fig. 8o–q). cDHBA fluorescence localized 
in the cytosol, nucleus, and proximal to the mitochondrial network 
(Extended Data Fig. 8o–q), further suggesting a role for 2,5-DHBA in 
mediating internalization of iron in mitochondria.

We investigated whether efficient mitochondrial OXPHOS elicited 
by Fe(II) transfer to mitochondria through the BDH2–2,5-DHBA axis at 
MLCs could favour lysosomal acidification by supporting the lysosomal 
V-ATPase activity that utilizes ATP hydrolysis to pump protons into 
the lysosomal lumen (Fig. 5n). Acute inhibition of the mitochondrial 
complex V (ATP synthase) by oligomycin caused an alkalinization of 
the lysosomal pH (Fig. 5o) and curbed short MLC formation in MEL 
cells (Fig. 5p,q).

Of note, blocking mitochondrial iron import by knocking out (by 
CRISPR/Cas9) SLC25A37 (encoding Mitoferrin-1) (Fig. 5r) counteracted 
the rescue effects of BDH2–2,5-DHBA on mitochondrial iron (Fig. 5s,t 

Fig. 5 | BDH2 localizes at the mitochondria–lysosome contacts to regulate 
lysosomal pH and MLC formation. a,b, Representative SIM images (a, scale 
bars, 10 µm) and quantification of BDH2 intracellular localization (b) in 
M229MEL (n = 29) and M229RMES (n = 24) cells (three independent experiments). 
c,d, Representative SIM images (c, scale bar, 10 µm) and quantification of the 
presence of BDH2 at the MLCs (d) in M229MEL (n = 45) and M229RMES (n = 40) cells 
(three independent experiments). e, Relative lysosomal pH levels (LysoSensor 
MFI) of M229MEL shBDH2 versus shCTR cells (n = 5). f, Relative lysosomal pH levels 
(LysoSensor MFI) of M229RMES BDH2 versus EV cells (n = 3). g, Relative lysosomal 
pH levels (LysoSensor MFI) of M229RMES 2,5-DHBA-treated versus untreated 
cells (n = 4). h,i, Representative images (h, scale bars, 10 µm) and quantification 
of short MLCs per cell (i) in M229RMES EV (n = 30) and BDH2 (n = 30) cells (three 
independent experiments). j,k, Representative images (j, scale bars, 10 µm)  
and quantification of short MLCs per cell (k) in M229RMES untreated (n = 29)  
and 2,5-DHBA-treated (n = 28) cells (three independent experiments).  
l,m, Representative images (l, scale bars, 10 µm) and quantification of short MLCs 
per cell (m) in M229MEL shCTR (n = 18) and shBDH2 (n = 23) cells (two independent 
experiments). n, Schematics of the hypothesized mechanism through which ATP 
production by the mitochondrial OXPHOS complex V (ATP synthase) stimulates 
the activity of the lysosomal ATP-dependent proton pump (v-ATPase). Parts of 
this figure were created in BioRender. o, Relative lysosomal pH levels (LysoSensor 
MFI) of M229MEL oligomycin-treated (oligo) versus untreated cells (n = 5).  
p,q, Representative images (p, scale bars, 10 µm) and quantification of short 
MLCs per cell (q) in M229MEL untreated (n = 30) and oligomycin-treated  

(oligo, n = 29) cells (four independent experiments). r, Representative western 
blot of Mitoferrin-1 in M229RMES sgCTR or sgMfrn1 cells (n = 2) (Mfrn1 encodes 
Mitoferrin-1). s,t, Representative images (s, scale bars, 10 µm) and quantification 
of mitochondrial iron levels using Mito-FerroGreen MFI per cell (t) in M229RMES 
sgCTR basal (n = 30) or 2,5-DHBA-treated (n = 30) cells and sgMfrn1 basal 
(n = 30) or 2,5-DHBA-treated (n = 30) cells (three independent experiments) 
u, Relative lysosomal pH levels (LysoSensor MFI) of M229RMES sgCTR basal 
(−) or 2,5-DHBA-treated cells and sgMfrn1 basal or 2,5-DHBA-treated cells 
(n = 5). v,w, Representative images (v, scale bars, 10 µm) and quantification of 
short MLCs per cell (w) in M229RMES sgCTR basal (n = 24) or 2,5-DHBA-treated 
(n = 26) cells and sgMfrn1 basal (n = 26) or 2,5-DHBA-treated (n = 28) cells (two 
independent experiments). x, Schematics of the molecular mechanism: in an 
MLC, BDH2 on the mitochondrial outer membrane produces 2,5-DHBA, which 
binds to Fe(II), enabling its internalization in mitochondria through the inner 
mitochondrial membrane transporter Mitoferrin-1; the consequent increase in 
mitochondrial respiration enhances the production of ATP by the ATP synthase, 
in turn favouring the activity of the lysosomal v-ATPase, which is responsible for 
lysosomal lumen acidification; finally, lysosomal acidity sustains the formation 
of MLCs, further promoting iron transfer from the lysosomes to mitochondria. 
Parts of this figure were created in BioRender. For western blots, β-actin was 
used as a loading control. Data are presented as the mean ± s.e.m. Statistical 
significance was assessed by unpaired two-tailed Student’s t-test (b,d,i,k,m,q), 
two-tailed one-sample t-test (e,f,g,o,u) or one-way ANOVA (t,w). Magnified 
images of the boxed areas are shown for detail (a and s).
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Fig. 6 | The BDH2–2,5-DHBA axis protects MES cells against ferroptosis in vitro 
and in the bloodstream. a, Cell death of M229RMES EV and BDH2 spheroids upon 
IKE treatment alone (−) and in combination with Liproxstatin-1 (Lip-1) (n = 4). b, Cell 
death of M229RMES untreated and 2,5-DHBA-treated spheroids upon IKE treatment 
(n = 3). c, Levels of lipid peroxidation, as determined by the Bodipy C11 assay, in 
M229RMES spheroids upon IKE treatment alone and in combination with Lip-1 (n = 4). 
d,e, Representative images (d, scale bars, 10 µm) and quantification of lysosomal 
iron using FerroOrange MFI per cell in the lysosomal mask (e) in M229RMES 
untreated (n = 30) and 2,5-DHBA-treated (n = 30) cells (three independent 
experiments). f,g, Representative images (f, scale bars, 10 µm) and quantification 
of mitochondrial iron using Mito-FerroGreen MFI per cell (g) in M229RMES 
untreated (n = 30) and 2,5-DHBA-treated (n = 29) cells (three independent 

experiments). h,i, Percentage of viability of YUMM3.3MES untreated and 2,5-DHBA-
treated cells upon treatment with increasing doses of RSL3 (h) and IKE (i).  
j, Schematic of the in vivo experiment. Parts of this figure were created in 
BioRender. k,l, Flow cytometry gating strategy (k) and quantification (l) of live 
YUMM3.3MES dsRed cells detected in the lungs 24 h after tail-vein injection and after 
treatment with Lip-1 (n = 8), 2,5-DHBA (n = 7) or nothing (n = 7) for 24 h. m,n, Flow 
cytometry gating strategy (m) and quantification (n) of live YUMM3.3MES dsRed cells 
CTR (n = 6) and BDH2 (n = 6) detected in the lungs 24 h following tail-vein injection. 
o, Schematic of the in vivo mechanism. Parts of this figure were created in BioRender. 
Data are presented as mean ± s.e.m. Statistical significance was assessed by one-way 
ANOVA (a,c,l), and unpaired two-tailed Student’s t-test (b,e,g–i,n). Magnified images 
of the boxed areas are shown for detail (d and f). *P < 0.05.
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and Extended Data Fig. 8r,s), lysosomal pH (Fig. 5u) and MLCs (Fig. 5v,w) 
in MES cells.

Together, these results suggest that the effects exerted by the 
BDH2–2,5-DHBA axis on mitochondrial iron and energy metabolism 
favour the maintenance of the acidic lysosomal pH, which is required 
for MLC formation (Fig. 5x).

The BDH2–2,5-DHBA axis protects MES cells against 
ferroptosis in vitro and in the bloodstream
We next asked how inter-organellar iron remodelling through the 
BDH2–2,5-DHBA axis influences the ferroptosis sensitivity of MES cells, 
using both two-dimensional (2D) cultures and three-dimensional (3D) 
spheroids, which better recapitulate the architecture and metabolic 
characteristics of tumours64–67. We first confirmed that the panel of 
MES cell lines used in our study succumbed to bona fide ferropto-
sis following exposure to the canonical ferroptosis inducers (FINs), 
(1S,3R)-RSL3 (RSL3) and imidazole-ketone erastin (IKE) (Extended 
Data Fig. 9a,c). By contrast, MEL cells were resistant to FINs (Extended 
Data Fig. 9a,c). Ferroptosis was validated by the selective inhibition 
of cell death by the iron chelator DFO, and the ferroptosis inhibitor 
ferrostatin-1 (Ferr-1), but not by apoptosis or necroptosis inhibitors 
(Extended Data Fig. 9b,d).

Expression of BDH2 in MES cells, or supplementation of 2,5-DHBA 
to the 3D spheroids, mitigated lipid peroxidation and ferroptosis as 
compared with parental cells (empty vector (EV) or untreated, respec-
tively) (Fig. 6a–c). Similar protective effects were observed in 2D cul-
tures (Extended Data Fig. 9e–g). Notably, lowering the lysosomal pH 
by providing acNPs to MES cells was partially protective (Extended 
Data Fig. 9h), thus connecting lysosomal pH control of the iron pool 
to ferroptosis vulnerability.

2,5-DHBA has been suggested to be an inhibitor of arachidonate 
15-lipoxygenase (LOX) enzyme activity68, raising the possibility that 
this could contribute to the ferroptosis-mitigating effect of the sidero-
phore. However, at concentrations that effectively block ferropto-
sis, 2,5-DHBA did not affect LOX activity in basal conditions or upon 
stimulation with its substrate, iron(II) (provided as FAS) (Extended 
Data Fig. 9i). These findings rule out that the ferroptosis-protecting 
effects of this metabolite were mediated by the potential off-target 
inhibition of LOX enzymes.

We then tested whether BDH2, or its product 2,5-DHBA, influenced 
cell death responses induced by clinically relevant anti-melanoma 
therapies. Modulating BDH2 expression, either by downregulating it in 
MEL cells or upregulating it in MES cells, did not change cell responses 
to apoptosis induced by vemurafenib or D/T (Extended Data Fig. 9j–m).  
Similarly, BDH2 expression did not protect MES cells from cell death 
induced by H2O2 (Extended Data Fig. 9n). Melanoma cells are inher-
ently resistant to necroptosis owing to the low expression of essen-
tial necroptotic effectors, such as RIPK3 or MLKL69,70 (Extended Data 
Fig. 9o), suggesting that the effects of the BDH2–2,5-DHBA axis are 
specific to iron-mediated lipid peroxidation and do not extend to 
D/T-induced apoptosis or broader oxidative stress insult in our settings.

To determine whether the BDH2-dependent regulation of iron 
inter-organelle compartmentalization is evolutionarily conserved, 
we tested the effects of BDH2 and 2,5-DHBA against ferroptosis in 
the murine melanoma cell line YUMM3.3. This model was selected 
to explore the functional effects of the BDH2–2,5-DHBA axis for sev-
eral reasons: (1) similar to human MES melanoma cells, it expresses 
low or undetectable levels of BDH2 (Extended Data Fig. 9p); (2) it 
exhibits the lysosomal-rich and ferroptosis-sensitive iron phenotype 
(Fig. 6d–i and Extended Data Fig. 9q) that (3) is mitigated by the expres-
sion of BDH2 or by supplementing the cells with 2,5-DHBA (Fig. 6d–i 
and Extended Data Fig. 9q). Furthermore, YUMM3.3 cells have been 
shown to be particularly vulnerable to ferroptosis when disseminat-
ing through the iron-rich bloodstream while being protected by the 
lymph environment71.

We then explored whether rescuing BDH2 expression in YUMM3.3 
cells or pretreating them with the siderophore 2,5-DHBA altered the 
seeding ability of MES cells to secondary sites, such as the lungs, during 
the circulatory phase of the metastatic cascade (Fig. 6j). Once surviv-
ing cancer cells enter the hostile environment of the blood flow, they 
reach the secondary site within a few hours72, so we explored the lung 
homing potential of MES cells 24 h after tail-vein injection (Fig. 6j).

YUMM3.3 cells demonstrated poor seeding potential (Fig. 6k–n 
and Extended Data Fig. 9r). Pretreatment with the ferroptosis inhibi-
tor Lip-1 significantly increased their lung-homing capacity (Fig. 6k,l 
and Extended Data Fig. 9r), consistent with the role of ferroptosis as 
a mechanism contributing to the death of blood-circulating cancer 
cells71. YUMM3.3 cells treated with 2,5-DHBA showed a trend toward 
increased seeding capacity relative to their corresponding control cells 
(Fig. 6k,l and Extended Data Fig. 9r). Notably, elevated BDH2 levels in 
these MES cells heightened their lung seeding competence (Fig. 6m,n 
and Extended Data Fig. 9r).

Together, these data indicate that the BDH2–2,5-DHBA axis shields 
MES cells from ferroptosis into the haematogenous circulation, thereby 
enhancing their seeding ability to a secondary organ (Fig. 6o).

Discussion
Our work provides multiple lines of evidence supporting an 
unprecedented mechanism that connects BDH2 regulation of iron 
inter-organellar distribution with lysosomal pH and mitochondrial 
metabolism. This model deploys a system conserved from bacteria 
through humans that relies on BDH2, the mammalian homologue of 
the bacteria EntA, and its product, the siderophore 2,5-DHBA59. Just as 
bacteria exploit 2,3-DHBA secretion to import iron for their growth, 
this BDH2-regulated cell-autonomous mechanism represents an evo-
lutionarily conserved strategy for trafficing endocytosis-acquired 
extracellular iron from the lysosomes to the mitochondria, thereby 
fostering the metabolism of actively proliferating cancer cells. We 
unveil that, to ensure the effective transfer of Fe(II) to the mitochondria, 
BDH2 is strategically located at MLCs and fosters a positive feedforward 
mechanism that integrates mitochondria bioenergetics with the main-
tenance of lysosomal pH and functional organelle communication. As 
a consequence of the dedifferentiation programme driven by the loss 
of MITF, the BDH2–2,5-DHBA axis is compromised, causing retention 
of Fe(II) in the lysosomes and priming mesenchymal-like melanoma 
cells for ferroptosis.

Our findings indicate that the transition from the MITFhi cell state 
to the MITFlo drug-tolerant MES phenotype is accompanied by the redis-
tribution of redox-active Fe(II) between mitochondria and lysosomes, 
key organelles involved in the utilization and storage of iron, respec-
tively1. By tracking the spatiotemporal dynamics of inter-organelle iron 
transfer under homeostasis, we revealed that this requires efficient 
MLC formation. Remarkably, our data further suggest that MLCs exhibit 
significant heterogeneity in intermembrane distances and tethering 
durations, which could reflect diversity in their functional roles. For 
example, narrow contacts are associated with calcium transfer and 
mitochondrial dynamics37. Our findings support the notion that iron 
transfer requires similar short-distance contacts between organelles. 
However, whether metal transfer engages the simultaneous contact of 
lysosomes with multiple mitochondria and/or is influenced by contact 
duration remains to be investigated.

Notwithstanding, our work strongly supports the idea that the 
BDH2–2,5-DHBA axis is both necessary and sufficient to rescue the 
acidic lysosomal pH, which is essential for MLC formation and iron 
trafficking to the mitochondria. By contrast, restoring RAB7 levels 
or GTP hydrolysing activity in MES cells recovers MLCs but does not 
acidify the lysosomal pH or correct mitochondrial OXPHOS. The crucial 
role of the BDH2–2,5-DHBA axis is consistent with our 3D SIM imaging, 
which unveils a pool of BDH2 at MLCs. A prior study identified BDH2 as 
the mammalian homologue of the bacterial EntA protein that catalyses 
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the production of 2,3-DHBA during enterobactin biosynthesis59. Sidero-
phore depletion in cells or zebrafish embryos blunted haem synthesis 
and mitochondrial iron import. Of note, the same study suggested 
that iron is imported into the mitochondria as an iron–siderophore 
complex59.

Hence, the recruitment of BDH2 to the mitochondrial side of 
MLCs could enable the local production of 2,5-DHBA in these subdo-
mains of membrane interaction, allowing efficient binding of iron and 
subsequent transport and release of Fe(II) in the mitochondria in a 
pH-regulated manner. It remains to be determined whether the effects 
of the BDH2–2,5-DHBA axis involve other mitochondria-tethering 
proteins73,74 and work in concert with mitochondrial carriers enabling 
iron transport. Also, we cannot rule out further roles for cytosolic 
BDH2, which might contribute to the observed phenotype. Because 
of its ability to convert 3-hydroxybutyrate into acetoacetate, BDH2 
could further support mitochondrial TCA by providing ketone bodies75. 
However, although Bdh2−/− mice display anaemia and iron overload in 
tissue, they do not exhibit defects in ketone-body metabolism in vivo75. 
This suggests that a major role for BDH2 is to control iron metabolism 
both at the cellular and systemic levels.

Notwithstanding, our study highlights the role of mitochondrial 
bioenergetics, facilitated by the BDH2-regulated mitochondrial iron 
transfer, in maintaining the acidic lysosomal pH. This aligns with the 
findings that inhibition of complex V by oligomycin, which impairs 
ATP production, or Mitoferrin-1 deletion, which prevents the uptake 
of mitochondrial iron, similarly cause alkalinization of the lysosomes 
and inhibition of MLC tethering dynamics.

Of note, the activity of the lysosomal iron transporters DMT1 and 
TRPML1 is pH-dependent45,76,77, further connecting the relevance of the 
feedback loop driven by the BDH2–2,5-DHBA axis for inter-organelle 
iron trafficking. In support of our model, a recent work indicated that 
DMT1 silencing, by impairing mitochondrial iron transfer, reduced 
mitochondrial bioenergetics and heightened the invasive fitness of 
triple-negative breast cancer cells78.

Silencing MITF in MEL cells leads to a concomitant reduction of 
BDH2 levels and partially phenocopies the loss of BDH2. This sug-
gests that BDH2 expression is regulated by MITF, a possibility that 
is supported by our ChIP–seq analysis. Furthermore, loss of MITF 
is accompanied by impairment in mitochondrial OXPHOS and the 
downregulation of BDH2 expression, along with a primary set of gene 
products functionally linked to the maintenance of the acidic lysosomal 
pH and iron transport.

In accordance with this, in samples from melanoma patients, 
BDH2 is expressed in the MITFhiRAB7hi cell population and is 
co-downregulated at the emergence of MRD triggered by targeted  
therapy21. This suggests a temporal, dynamic coregulation between 
MITF and BDH2 that remains to be fully deciphered. Our study suggests 
that, during targeted therapy, the concomitant downregulation of BDH2 
and RAB7 and the consequent lysosomal iron compartmentalization 
could selectively sensitize the MRD population of MES/drug-tolerant 
cells to ferroptosis inducers. The avidity of the drug-tolerant/MES 
state for the import of iron through endocytosis11,13,17, along with their 
elevated content of polyunsaturated phospholipids in membranes79–81, 
exposes these cells to a ‘lysosomal vulnerability’ that primes the MES 
phenotype for ferroptosis. This hypothesis is consistent with recent 
studies harnessing the higher iron load of metastatic cancer cells to 
promote ferroptosis by activating lysosomal iron13.

Although our findings indicate that the loss of BDH2 expression in 
MES cells leads to susceptibility to ferroptosis both in vitro and in vivo, 
BDH2 has also been reported to modulate apoptosis and autophagy in 
other solid tumours through various mechanisms82,83. Although these 
studies did not examine the impact on cancer cells’ phenotype, they 
suggest that the role of BDH2 in cancer could be context-specific, war-
ranting further investigations into the therapeutic benefits of BDH2 
modulation in melanoma.

In summary, our data identify BDH2 as an essential effector of 
MLCs and iron compartmentalization, which mechanistically links 
mitochondrial metabolism and lysosomal function to the ferroptosis 
vulnerability of melanoma cells. We provide evidence that rescuing 
the BDH2–2,5-DHBA axis in human or murine mesenchymal-like cells 
curbs their vulnerability to ferroptosis in vitro and during metastatic 
seeding in vivo. After surviving in the circulation, to form metastasis 
cancer cells must be able to colonize and thrive within the metastatic 
environment. Whether fluctuations in BDH2 levels and the resulting 
shift in lysosome-to-mitochondria iron transfer constitute an adaptive 
mechanism endowing melanoma cells with the metabolic plasticity 
required for their survival and proliferation in the metastatic niche, 
remains to be investigated. Notably, loss of DMT1 fostered the out-
growth of lung metastatic nodules in both human and murine models 
of triple-negative breast cancer cells78. Thus, depleting mitochondrial 
iron while accumulating it in endo-lysosomes could enhance the meta-
static ability of aggressive cancer cells in secondary organs, a liability 
that ferroptosis-inducing approaches could target.

Finally, because iron dyshomeostasis and lysosomal–mito-
chondrial dysfunctions are hallmarks of aging5,6,84 and various 
lysosomal-associated diseases, including neurodegenerative disor-
ders85 linked to enhanced vulnerability to ferroptosis86, the BDH2–
2,5-DHBA inter-organelle cross-talk identified in our study could have 
broader implications and therapeutic potential.

Methods
Reagents
2,5-DHBA (149357), ammonium iron(II) sulfate hexahydrate (FAS) 
(203505), ammonium iron(III) citrate (FAC) (F5879), Resomer RG 503H 
PLGA (719870), Ferrostatin 1 (SML0583) and DFO (D9533),were pur-
chased from Sigma-Aldrich. Liproxstatin-1 (950455-15-9) was purchased 
from Cayman. SYTOX Green Nucleic Acid Stain (S7020), Viability Dye 
eFluor 780 (65-0865-14) and BODIPY 581/591 C11 (D3861) were pur-
chased from Thermo Fisher Scientific. IKE (S8877) and RSL3 (S8155) 
were purchased from Selleckchem. Nec-1s (2263) was purchased 
from BioVision. Z-Val-Ala-DL-Asp(OMe)-fluoromethylketone (ZVAD) 
(4027403) was purchased from Bachem. FerroOrange (F374-12) and 
Mito-FerroGreen (M489-10) were purchased from Dojindo. Lipoxy-
genase Assay Kit (ab241038) was purchased from Abcam. RhoNox-M87 
was synthesized as previously described11. The generation of SPLICSS–
P2ALY–MT and SPLICSL–P2ALY–MT plasmids is described in ref. 37.

Cell culture
The human melanoma cell lines M229, M229R, M238, M238R, M249 
and M249R were a gift from R. Lo (UCLA), and M202, M395, M233 
and M257 were a gift from A. Ribas (UCLA). All the cell lines were 
maintained in Dulbecco’s modified Eagle medium (DMEM) (D6546, 
Sigma-Aldrich) supplemented with 10% (vol/vol) FBS (PAN-Biotech), 
2 mM glutamine (35050-038, Thermo Fisher Scientific) and penicillin 
(100 units ml−1)–streptomycin (0.1 mg ml−1) (P0781, Sigma-Aldrich). 
Cell lines with acquired resistance to vemurafenib (PLX4032/PLX, 
10618-10, Sanbio) (M249R, M229R and M238R) were maintained con-
tinuously on 1 μM PLX in cell culture. For specific assays, cells were 
treated with 100 µM FAS or FAC, 100 µM DFO, 2.5 µM ironomycin and 
1 mM 2,5-DHBA for 24 h; 100 nM bafilomycin A1 and 1 µM oligomycin for 
1 h; and 1 µM Liproxstatin-1 for 1 h (imaging) or 24 h (lipid peroxidation 
and cell death). To generate shCTR-, shMITF- and shBDH2-transfected 
M229 cells and EV or RAB7-WT-, RAB7-Q67L-, RAB7-T22N- and BDH2- 
overexpressing M229R cells, following viral particle production and 
transduction, cells that had integrated the constructs were kept under 
antibiotic selection. Human short-term patient-derived melanoma 
cell lines MM001 and MM099 were derived from patient biopsies by 
the Laboratory of Oncology and Experimental Surgery (G. Ghanem, 
Institute Jules Bordet). These cells were maintained in Ham’s F-10 nutri-
ent mix medium (22390, Thermo Fisher Scientifics), supplemented 
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with 10% FBS, 2.4% l-glutamine and 1% penicillin–streptomycin. The 
murine melanoma cell line YUMM3.3 dsRed was a gift from A. Tas-
dogan (Institute for Tumor Metabolism, University Hospital Essen). 
These cells were maintained in DMEM/F12 (11520396, Thermo Fisher 
Scientific) medium containing 10% FBS and supplemented with 1% 
penicillin–streptomycin. All cells were maintained routinely in 5% 
CO2 and 95% air at 37 °C. Cells were routinely checked for mycoplasma 
contamination using the plasmotest kit (Invivogen), according to the 
manufacturer’s instructions.

Nucleofection
Nucleofection was used to transiently transfect cells with siRNAs or 
plasmids and to stably knock out genes of interest. Nucleofection 
was performed using the SF 4D-Nucleofector kit (V4XC-2024, Lonza), 
following the protocol recommended by the manufacturer. To knock 
down BDH2, siRNA transient nucleofection was performed using 
200 nM of non-targeting siRNA (Horizon) or siRNA against human BDH2 
(Horizon). Knockout was achieved by nucleofecting ribonucleoprotein 
complexes (RNPs) consisting of pooled sgRNAs against a scrambled 
region or against BDH2 or MITF conjugated with Cas9 (Synthego).  
To transiently express the SPLICS–P2ALY–MT reporters37 and the 
FIRE–pHLy plasmid88, nucleofection was performed using 2.5 µg of the  
plasmids. Experiments were conducted using pooled clones.

Acidic nanoparticles preparation
AcNPs were prepared as previously described41. In brief, 31 mg of 
Resomer RG 503H PLGA (lactide to glycolide ratio 50:50, molecular 
weight 24–38 kDa) (719870, Sigma-Aldrich) was dissolved in 3.1 ml 
of tetrahydrofuran, and subsequently 500 µl of this solution was 
simultaneously injected (3 ml × min−1) with 1.5 ml of deionized water  
(9 ml × min−1) using syringe pumps, resulting in a concentration of 
2.5 mg × ml−1. Cells were then treated with 1 µM acNP for 24 h.

Imaging
Airyscan live-cell imaging of Fe(II). Cells were seeded on glass-bottom 
dishes with 1.5 mm coverslips (P35G-1.5-14-C, Mattek) and stained with 
LysoTracker green (L7526, Thermo Fisher Scientific), MitoTracker 
deep red (M22426, Invitrogen), FerroOrange (F374, Dojindo) and 
Mito-FerroGreen (M489, Dojindo), according to the manufacturer’s 
instructions. Cells were imaged in HBSS (14025092, Thermo Fisher 
Scientific). Image acquisition was performed using an inverted Zeiss 
LSM880 microscope in fast Airyscan mode with a Plan Apochromat ×60 
oil objective lens (NA 1.4). The setup was controlled by ZEN black (v2.3, 
Carl Zeiss Microscopy). Image processing and analysis were performed 
using ImageJ/Fiji Software.

Widefield live-cell imaging for lysosomal pH measurement. Cells 
were seeded on glass-bottom dishes with 1.5-mm coverslips (P35G-
1.5-14-C, Mattek) and stained with LysoSensor Yellow/Blue DND-160 
(L7545, Thermo Fisher Scientific) in HBSS (14025092, Thermo Fisher 
Scientific). Image acquisition was done using an Olympus IX81 Cell^R 
microscope equipped with a Hamamatsu Image EM EM-CCD camera 
and a Plan Apochromat Scientific ×40 oil objective lens (NA 1.3) with a 
×1.6 camera relay lens. The fluorophore was excited through a mercury 
lamp, with 340/11 excitation filter; the signal was collected with an 
525/50 emission filter (at the isosbestic point). Image processing and 
analysis were performed using ImageJ/Fiji Software.

SPLICS reporter Airyscan imaging. Following nucleofection of the 
SPLICSS–P2ALY–MT and SPLICSL–P2ALY–MT plasmids, cells were 
seeded on glass-bottom dishes with 1.5 mm coverslips (P35G-1.5-14-C, 
Mattek) and fixed with 4% PFA for 15 min. Imaging was performed  
using an inverted Zeiss LSM880 microscope in fast Airyscan mode with 
a Plan Apochromat ×60 oil objective (NA 1.4). Z-stacks were collected 
at the Nyquist sampling rate. The setup was controlled by ZEN black 

(v2.3, Carl Zeiss Microscopy). Image processing and analysis were 
performed using Imaris (v10.2).

Structured illumination microscopy for measurement of  
mitochondria–lysosome contacts. For image acquisition, an inverted 
Zeiss Elyra 7 (with lattice SIM module for structured illumination) micro-
scope equipped with two PCO.edge 4.2 CLHS sCMOS cameras in com-
bination with a ×63 Plan Apochromat objective (NA 1.40) was used. 
The setup was controlled by ZEN black (v3.0, Carl Zeiss Microscopy). 
MitoTracker Deep Red was excited using a 640 nm laser (0.20% of a 
500 mW diode), and the emission was captured above 640 nm on cam-
era 1 with a 50-ms exposure time. RDA was excited with a 561 nm laser 
(0.25% of a 500 mW diode), and the emission was collected between  
560 and 640 nm on camera 2 with a 50 ms exposure time. Lysotracker 
green was excited with a 488 nm laser (0.20% of a 500 mW diode), and the 
emission was collected between 490 and 560 nm on camera 1 with a 30 ms 
exposure time. The same combination of filters (LBF405/488/561/647 
and BP 490-560 + LP640) was used for every channel, with sequential 
acquisition. Lysosome–mitochondria dynamics were recorded in a 
time-lapse experiment without delay between the timepoints (4.2-s 
interval), implementing a focus strategy every five time points. Images 
were captured at 512×512 pixels with a sampling rate of 63 nm pixel−, 
with the same SIM grid (grid G3 with 36.5 μm spacing) to optimize the 
imaging speed. Images were processed by SIM reconstruction using 
a processing strength of 7.0 for the Mitochondria Deep Red channel, 
and 6.5 for Lysotracker Green and RDA channels. The baseline cut was 
scaled to the raw image, and the detrend option was used for bleaching 
correction. For image analysis, mitochondria were segmented using a 
pixel classifier trained in Ilastik on images acquired in the MitoTracker 
channel. Lysosomes were then detected using StarDist, which was applied 
to images stained with LysoTracker. Lysosomal tracking was performed 
using the trackpy library, with a search range of 15 pixels and a memory of 
2 frames. To assess interactions between mitochondria and lysosomes, 
a ring-shaped region was generated around each lysosome. The over-
lap between segmented mitochondria and each lysosomal ring was 
calculated to identify contact sites between the two organelles (MLC). 
For each contact region, the mean intensity of RDA was measured as 
a proxy for signal at the MLC. As a control (no contact), the mean RDA 
intensity across the entire mitochondrial network was considered. 
Boxplots in Figure 2 show the quantification of the average difference 
(Δ) in MFI of RDA per cell, measured between the end and start of MLC 
events. This quantification compares ‘MLC’ regions, that is, overlapping 
MitoTracker+LysoTracker+ areas, to ‘No MLC’ regions, defined as the mean 
RDA intensity in the MitoTracker+ areas during the same time interval.

Immunocytochemistry and Airyscan imaging. Cells were seeded on 
glass-bottom dishes with 1.5 mm coverslips (P35G-1.5-14-C, Mattek), 
fixed with 4% PFA for 15 min, followed by permeabilization and block-
ing in 0.1% saponin, 5% normal goat serum for 1 h. Cells were incubated 
with primary antibodies (1:100 anti-Lamp1 (Ab25630, Abcam), 1:100 
anti-Tom20 (ab186735, Abcam)) overnight at 4 °C and were then washed 
before the addition of secondary antibodies conjugated with Alexa 
Fluor 488 (1:500, A11034 or A11029, Invitrogen) for 1 h at room tem-
perature (RT). Coverslips were mounted with Prolong Gold (P36934, 
Thermo Fisher Scientific). Images were acquired in an inverted Zeiss 
LSM880 microscope in fast Airyscan mode with a Plan Apochromat 
×60 oil objective lens (NA 1.4). Z-stacks were captured at the Nyquist 
sampling rate. The setup was controlled by ZEN black (v2.3, Carl Zeiss 
Microscopy). Image processing and analysis were performed using 
ImageJ/Fiji software. Colocalization analysis was performed using the 
JAcoP plugin, Manders coefficients89.

Immunocytochemistry and structured illumination microscopy. 
Cells were seeded on chemically cleaned 1.5H high-performance  
coverslips (0109030091, Marienfeld). Cells were fixed with 4% PFA 
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and 0.05% glutaraldehyde for 15 min, followed by permeabilization 
and blocking in 0.1% saponin and 5% normal goat serum for 1 h. Cells 
were incubated with primary antibodies (1:100 anti-Lamp1 (ab24170, 
Abcam), 1:100 anti-Tom20 (ab289670 or ab186735 Abcam), 1:00 
anti-Bdh2 (sc-393030, Santa Cruz Biotechnology)) overnight at 4 °C 
followed by washing before the addition of secondary antibodies 
conjugated with Alexa Fluor 488, Alexa Fluor 546 or Alexa Fluor 647 
(1:500, A11030 or A11034 or A48265, Invitrogen) for 1 h at RT. After 
immunocytochemistry, samples were mounted with Prolong Glass 
(P36980, Thermo Fisher Scientific). Image acquisition was done with a 
Nikon Ti2 N-SIM S microscope equipped with a Hamamatsu ORCA-Flash 
4.0 (C13440) in combination with an SR HP Apo TIRF ×100 objective 
lens (NA 1.49). The setup was controlled using NIS-Elements 5.30.07 
(Build 1569). Stacks of 3 µm were acquired in 3D SIM mode (3 angles 
and 5 phases per image), with a step size of 0.06 µm. Samples were 
excited sequentially with 488 nm, 561 nm or 640 nm lasers; the emis-
sions were collected using bandpass filters of 525/30, 595/30 or Cy5 em, 
respectively. Stack reconstruction was optimized for each wavelength 
and performed in batches per experiment. Postprocessing and image 
analysis were done in batches using NIS-Elements 5.42.03 (Nikon). The 
GA3 analysis protocol included background subtraction of a constant 
noise background and automated 3D thresholding. A manual thresh-
old was applied for mitochondria when necessary. Binary masks were 
added to find overlapping 3D structures, which were counted, and 
their volume was measured. Image visualization was done using Imaris. 
Alternatively, image acquisition was done with an inverted Zeiss Elyra 
7 (with lattice SIM module for structured illumination) microscope, 
equipped with two PCO.edge 4.2 CLHS sCMOS cameras in combina-
tion with a Plan Apochromat ×60 objective lens (NA 1.4). The setup was 
controlled by ZEN black (v3.0, Carl Zeiss Microscopy). Samples were 
excited sequentially either with a 488 nm or 561 nm laser. Emission was 
collected with a bandpass filter 420–480 or 570–620, respectively. 
Image processing and analysis were performed using Imaris (v10.2).

Multiplex immunocytochemistry. Tissue samples from represent-
ative lesions were collected and fixed in 4% paraformaldehyde for 
24 h and then processed for paraffin embedding (HistoStar Embed-
ding Workstation). Sections of 4 µm of thickness obtained from the 
paraffin-embedded tissues (Thermo Scientific Microm HM355S 
microtome) were mounted on Superfrost Plus Adhesion slides (Thermo 
Scientific). The following antibodies were used: anti-BDH2 (rabbit, 
1:100, Novus Biologicals, NBP2-32713), anti-SLC25A37 (rabbit, 1:50, Pro-
teinTech, 26469-1), anti-MITF (rabbit, 1: 200, Sigma, HPA003259) and 
anti-RAB7 (rabbit, 1:100, Cell Signalling, 9367). Furthermore, the Opal 
6-Plex Detection Kit - for Whole Slide Imaging (Akoya, NEL871001KT) 
was used for tyramide signal amplification, following the manu-
facturer’s protocol. For introduction of the secondary horseradish  
peroxidase (HRP), the Envision+/HRP goat anti-rabbit (Dako Envision+ 
Single Reagents, HRP, Rabbit, Code K4003) was used for all antibodies. 
The various proteins were detected by using the OPAL 520 (BDH2), 
OPAL 690 (SLC25A37), OPAL 480 (MITF), OPAL 570 (S100A1) or OPAL 
780 (RAB7) reagents, according to the manufacturer’s protocol. Images 
were acquired on the Akoya PhenoImager HT (formerly known as Vectra 
Polaris) using a ×20 objective without binning.

ChIP–seq. All the methodology and conditions used for the ChIP–
seq performed in 501Mel cells and subsequent data analyses were 
previously described in Laurette et al.90 and are publicly available 
at GSE61967. The FOSL2 and TEAD4 ChIP–seq data are previously 
described in Fontanals-Cirera et al.91 and are publicly available at 
GSE94488.

Total iron measurement
Intracellular total iron and iron redox species (Fe(II), Fe(III))  
measurements. Cells were lysed in modified RIPA lysis buffer 

containing PBS pH 7.4, 0.5% sodium deoxycholate, 1% NP-40 containing 
1 mM PMSF, 1 mM orthovanadate and 1× cOmplete Protease Inhibitor 
on ice for 45 min with gentle agitation. Cell lysates were centrifuged at 
10,000g for 10 min, and supernatants were analysed. Speciation and 
quantification of Fe(II) and Fe(III) were performed by capillary electro-
phoresis inductively coupled plasma mass spectrometry (CE-ICP-MS), 
as previously described92. In brief, samples were analysed on a ‘PrinCe 
706’ CE system equipped with an uncoated capillary (85 cm × 50 μm ID) 
and a laboratory-constructed CE-ICP-MS interface for element selec-
tive iron quantification of separated iron redox species at ICP-DRC-MS. 
Separation and quantification of Fe(II) and Fe(III) were performed in 
20 mM HCl-electrolyte at a separation voltage of +25 kV separation volt-
age and 56Fe isotope detection at ICP-DRC-MS. DRC technology, with 
NH3 as the reaction gas, was used for interference-free detection of the 
56Fe isotope. Total iron content was determined to assess iron-recovery 
accuracy using ICP-sector field mass spectrometry (ICP-sf-MS). The 
ICP-sf-MS (‘ELEMENT 2’, Thermo Fisher Scientific) settings included 
radio frequency power (1260 W), plasma gas flow (16 L Ar min−1), aux-
iliary gas flow (0.85 L Ar min−1), nebulizer gas flow (1.085 L Ar min−1) and 
a dwell time of 300 ms. The sum of quantified iron species per sample 
from CE-ICP-DRC-MS was compared with total iron content (set at 
100%), yielding values ranging between 90% and 107%.

Intracellular Fe(II) measurements. Intracellular Fe(II) content was 
measured upon staining of cells with FerroOrange (F374, Dojindo) as 
previously described93. In brief, cells were seeded in a black 96-well 
plate and stained with 1 µM FerroOrange in HBSS. Following incubation 
with the dye, the plate was read using a Synergy H1 Multimode reader 
(BioTek), with the excitation set at 543 nm and emission at 580 nm. For 
protein normalization, cells were collected in RIPA buffer for BCA-based 
protein quantification.

Cell death assays
Cells were seeded in a clear-bottom white 96-well plate (3610,  
Costar). Then, 1 μM of SYTOX Green dye (S7020, Thermo Fisher Sci-
entific) was added with the cell death inducers and inhibitors. Cells 
were first pretreated with the inhibitors for 2 h (30 µM Z-VAD-FMK, 
30 µM necrostatin-1s, 100 µM deferoxamine (DFO), 2 µM ferrostatin-1), 
and then treated with the ferroptosis inducers for 24 h (2.5 µM RSL3, 
1.25 µM IKE). After 24 h, the MFI was measured using a Synergy H1 
Multimode reader (BioTek), with the excitation set at 485 nm and 
emission at 538 nm.

3D spheroid model
To create the spheroids, 10,000 cells per well were seeded for 2 days 
in non-adherent 96-well plates (Nucleon Sphere plates from Thermo 
Fisher Scientific). After 2 days, spheroids were treated with IKE (10 µM) 
with or without Liproxstatin-1 (1 µM) for 24 h (6 spheroids per condi-
tion). After 24 h, spheroids from the same condition were pooled, 
washed (5 min at 300g) and trypsinized (5 min at 37 °C) to obtain a 
single-cell suspension. Then the cells were stained for flow cytometry 
analysis with eFluor 780 Live/Dead dye (for the viability assay) and 
Bodipy C11 (to detect lipid peroxidation) for 30 min. Cells were analysed 
with the BD LSFortessa X-20 + HTS flow cytometer.

2,5-DHBA measurement by metabolomics
Cells were lysed using an extraction buffer composed of 80% methanol 
and containing 2 µM d27 myristic acid. Cell lysates were centrifuged at 
20,000g for 15 min. The resulting pellet was used for protein quantifi-
cation and normalization, and the supernatant was used for 2,5-DHBA 
measurement. 10 μl of each sample was loaded into a Dionex UltiMate 
3000 LC System (Thermo Scientific Bremen, Germany) equipped with 
a C-18 column (Acquity UPLC -HSS T3 1.8 μm; 2.1 × 150 mm, Waters) 
coupled to a Q Exactive Orbitrap mass spectrometer (Thermo Fisher 
Scientific) operating in negative ion mode. A step gradient was carried 
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out using solvent A (10 mM TBA and 15 mM acetic acid) and solvent 
B (100% methanol). The gradient began with 5% solvent B and 95% 
solvent A, maintaining this ratio until 2 min postinjection. A linear 
gradient then increased to 37% B by 7 min and 41% by 14 min. Between 
14 and 26 min, the gradient increased to 95% of B, where it remained for 
4 min. At 30 min, the gradient returned to 5% B. Chromatography was 
stopped at 40 min, maintaining a constant flow rate of 0.25 ml min−1, 
and the column was placed at 40 °C throughout the analysis. The MS 
operated in full scan mode (m/z range: 70.0000–1050.0000) using a 
spray voltage of 4.80 kV, capillary temperature of 300 °C, sheath gas 
at 40.0 and auxiliary gas at 10.0. The AGC target was set at 3.0 × 106 
using a resolution of ×140,000, with a maximum IT fill time of 512 ms. 
Data collection was performed using the Xcalibur software (Thermo 
Fisher Scientific). The data analyses were performed by integrating 
the peak areas using El-Maven, through Polly (Elucidata). For protein 
quantification, the pellet obtained from the extraction step was dis-
solved in a 200 nM NaOH solution and incubated at 95 °C for 20 min. 
Lysate was cooled down on ice and spun for 10 min at 5,000 r.p.m. using 
an Eppendorf tabletop centrifuge.

Flow cytometry
Cells were stained with DQ Red BSA (D12051, Thermo Fisher Scientifics), 
Tetramethylrhodamine (TMRM) (T668, Thermo Fisher Scientifics), 
MitoTracker green (M7514, Thermo Fisher Scientifics), BODIPY 581/591 
C11 (D3861, Thermo Fisher Scientifics) and eBioscience Fixable Viability 
Dye eFluor 780 (65-0865, Thermo Fisher Scientifics), according to the 
manufacturer’s instructions. Cells were analysed using a BD FACSCanto II 
system (BD Biosciences), and data were analysed using FCS Express (v6).

Immunoblotting
Cells were lysed in RIPA buffer (89900, Thermo Fisher Scientific). 
Protein concentrations in cell lysates were determined using the BCA 
protein assay reagents (23225, Thermo Fisher Scientific). Precision 
Plus Protein ladder (1610374, Bio-Rad) was used for protein size refer-
ence. Samples were separated by SDS–PAGE on the Criterion system 
(Bio-Rad) on a 4%–12% Bis-TRIS gel and electrophoretically transferred 
to Amersham Protran 2 μm-pored nitrocellulose paper (GE Health-
care). The blots were blocked for 1 h at RT in TBS-T buffer (50 mM 
Tris, pH 7.4, 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat dry 
milk (wt/vol) and then incubated with primary and secondary anti-
body solutions prepared in blocking buffer. Primary antibodies to 
MITF (1:1,000, MA5-14154) and OxPhos Human WB Antibody Cocktail 
(1:1,000, 45-8199) were purchased from Thermo Fisher Scientific; BDH2 
(1:1,000, 27207-1-AP) and DMT1 (1:1,000, 20507-1-AP) were purchased 
from Proteintech; Sox10 (1:1,000, sc-365692), v-ATPase H (1:1,000, 
sc-166227) and v-ATPase A (1:1,000, sc-374475) were purchased from 
Santa Cruz Biotechnology; AXL (1:1,000, 8661), SOX9 (1:1,000, 82630), 
IRP2 (1:1,000, 37135), RAB7 (1:1,000, 2094), HA-Tag (1:1,000, 14904), 
EGFR (1:1,000, 4267), ZEB1 (1:1,000, 3396), MLKL (1:1,000, 14993) and 
VDAC (1:1,000, 4866) were purchased from Cell Signaling Technology; 
TRPML1 (1:1,000, ab28508) and TCF4 (1:1,000, ab217668) were pur-
chased from Abcam; MCU (1:1000, HPA016480) and β-actin (1:2,000, 
A5441) were purchased from Sigma-Aldrich. Appropriate secondary 
antibodies for chemical (HRP-based) detection were purchased from 
Cell Signalling Technologies (7074S, 7076S), and those used for infrared 
detection were purchased from Invitrogen (35568, 5A535521). Signal 
detection was performed using the Typhoon infrared-imaging sys-
tem (GE Healthcare) or Chemidoc MP system (Bio-Rad Laboratories) 
using the ECL solution from Pierce (32106, Thermo Fisher Scientific). 
Quantifications by densitometry of the bands were calculated using 
the software Image Studio (v6, Li-Cor Biosciences).

Quantitative real-time PCR
RNA extraction was performed using RNeasy Plus mini kit (74136, 
Qiagen) and reverse transcription using the QuantiTect kit (205313, 

Qiagen), according to the manufacturer’s instructions. Gene expres-
sion was determined using ORA qPCR Green L mix (QPD0105, HighQu) 
with an ABI7500 system (Applied Biosystems) and analysed using 
the 2−ΔΔCt method. To determine mitochondrial mass starting from 
mitochondrial DNA (mtDNA), two mtDNA sequences were analysed 
and mtDNA expression was normalized to that of nuclear DNA. Primer 
sequences are reported in Supplementary Table 4.

Seahorse
Cells were seeded on Seahorse Xp culture plates (102340-100, Agi-
lent) in culture medium overnight. Before the assay began, cells were 
switched to the Seahorse XF Assay Medium (103575-100, Agilent) pH 
7.4, containing 10 mM glucose (103577-100, Agilent), 1 mM sodium 
pyruvate (103578-100, Agilent) and 2 mM glutamine (103579-100, 
Agilent). Cells were maintained for 1 h in a CO2-free incubator at 37 °C. 
The OCR was measured after serial injections of 1 μM oligomycin (75351, 
Sigma-Aldrich), 0.5 μM FCCP (1528-10, Sanbio) and 0.5 μM antimycin A 
(A8674, Sigma-Aldrich). Once the run was finished, all the medium was 
removed from the wells, and cells were collected in 10 μl RIPA buffer 
for BCA-based protein quantification. Analysis was performed using 
Seahorse Wave Desktop Software (Agilent).

NMR
1H NMR spectra were recorded on a 500 MHz Bruker spectrometer at 
310 K. Then, 1.0 mg of 2,5-DHBA was dissolved in 600 µl of methanol-d4 
(MeOD, D048FD, Eurisotop). To reach up to 1.0 molar equivalent of 
FeCl3 or FeCl2, portions of 3.0 µl of iron solutions (FeCl3, 205 mM, or 
FeCl2, 210 mM, in MeOD) were incrementally added. NMR spectra 
were collected after each addition. Then, a drop of trifluoroacetic acid 
(TFA, T6508, Sigma-Aldrich) or sodium deuteroxide (NaOD, D076Y, 
Eurisotop) was added.

Click chemistry
For in-cell labelling of 2,5-DHBA using click chemistry, the alkyne- 
containing analogue of 2,5-DHBA (cDHBA) was synthesized by Che-
mieliva Pharmaceutical. Cells were seeded on 1.5H high-performance 
coverslips (0109030091, Marienfeld). The following day, cells were 
treated with 1 mM cDHBA for 2 h and then fixed and permeabilized as 
described in the immunocytochemistry section. The click reaction 
was performed using the Click-iT EdU Imaging kit (C10338, Thermo 
Fisher Scientific), according to the manufacturer’s instructions. Subse-
quently, immunolabelling and imaging were performed as previously 
described in this paper.

LOX activity assay
Cells were seeded in 5 cm2 dishes and treated with FAS (100 µM), either 
alone or in combination with 2,5-DHBA (1 mM). After 24 h, cells were 
collected and lysed using the LOX lysis buffer provided with the Lipoxy-
genase Assay Kit (ab241038, Abcam). The assay was performed follow-
ing the manufacturer’s instructions. Fluorescence generated by the 
reaction was measured using a Synergy H1 Multimode reader (BioTek) 
with the excitation set at 500 nm and emission at 536 nm in kinetic 
mode for 40 min. For protein normalization, cells were collected in 
RIPA buffer for BCA-based protein quantification.

In silico analysis
Publicly available datasets were used for in silico analyses. Single-cell 
RNA-sequencing data from a PDX melanoma model were obtained from 
ref. 21 (GSE116237). The raw count matrix was imported in R (v4.1.3) for 
data analysis, and was analysed using the Seurat R package pipeline 
(v.4.0.1). Data were normalized and scaled using SCTransform, and 
cell states were annotated using the original clustering information 
provided in the metadata (phenotype). Cells were grouped by MITF 
expression to reflect a MEL versus MES comparison, considering ‘MIT-
Finterm_melanocytic’ as MITFhi (MEL), and ‘mesenchymal-like’ and 
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‘NCSC’ as MITFlo (MES). Plots were produced in R with ggplot2 (v3.5.1) 
and differential expression between MITFhi and MITFlo groups was 
tested by two-sided t-test. Bulk RNA-sequencing data from a panel of 51 
melanoma cell lines originally profiled for molecular classification were 
obtained from ref. 28 (GSE80829). For the 51 cell lines, log2-normalized 
fragments per kilobase of transcript per million mapped reads (FPKM) 
values were imported in R (v4.1.3) for data analysis. The normalized 
counts matrix was subsetted to include only a curated set of 110 genes 
involved in iron metabolism identified through the Reactome and 
KEGG pathway databases. Cell lines originally classified in four main 
subtypes were grouped as follows, to update the nomenclature to a MEL 
versus MES comparison: ‘Melanocytic’ and ‘Transitory’ were annotated 
as ‘MEL’; ‘Undifferentiated’ and ‘Neural crest like’ were annotated as 
‘MES’. Principal component analysis was performed using prcomp 
considering only the iron metabolism geneset. Figure 3b and Extended 
Data Fig. 5a were produced in R with ggplot2 (v3.5.1), log2(FPKM) was 
scaled by gene and the differential expression between the MES and 
MEL groups was tested by two-sided t-test with a significance threshold 
of P < 0.05.

Animal studies
Animal procedures were approved by the Institutional Animal Care and 
Research Advisory Committee of the KU Leuven (ECD P116/2023) and 
were performed following the institutional and national guidelines 
and regulations. C57BL/6J 7-week-old female mice were used for all 
the experiments.

Tail-vein injections
One million YUMM3.3 dsRed cells, either untreated or pretreated with 
Liproxstatin-1 (5 µM) or 2.5-DHBA (5 mM), were injected in the tail vein 
of 7-week-old C57BL/6 female mice. Twenty-four hours postinjection, 
the mice were euthanized, and their lungs were collected in PBS on 
ice. The lungs were cut into small fragments in a Petri dish and put in 
gentleMACS C Tubes holding 3 ml of digestion solution (DMEM F12  
medium completed with Gibco collagenase type II (10 mg ml−1), type 
IV (25 mg ml−1) and DNAse I (15 µg ml−1)). The samples were run on 
the gentleMACS Octo Dissociator following three consecutive pro-
grammes: (1) 30 s 165 r.p.r (rotations per revolution) at RT, (2) 30 min 
600 r.p.r. at 37 °C, and (3) 30 s 2000 r.p.r. at RT. After digestion, the 
samples were passed through a 70 µm pluriStrainer Mini, washed 
with PBS, and counted. Ten million cells from each lung sample were 
stained with a viability dye (eFluor780) for 30 min on ice. After wash-
ing, all the samples were recorded on the BD Fortessa Cytometer.  
A similar experiment was done by injecting one million untreated EV- 
or BDH2-overexpressing YUMM3.3 dsRed cells. Lungs were collected 
1 day after the tail-vein injection and processed as described above.

Statistical analysis
Data represent the mean ± s.e.m. of biologically independent experi-
ments. For box plots, boxes represent the interquartile range and 
median, and whiskers indicate the minimum and maximum values.  
n values represent the number of independent experiments performed 
(in vitro data), the number of cells per condition (imaging) or the num-
ber of animals per condition (in vivo). Cells and mice were randomly 
assigned to the different experimental groups. For each independent 
in vitro experiment, unless otherwise specified, a minimum of three 
biological replicates was used as a standard, and sample sizes were 
increased in more complex experiments to ensure reproducibility. No 
statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications13,64,79. 
Data collection and analysis were not performed blind to the condi-
tions of the experiments. No mice or data points were excluded. All 
statistical analyses were conducted using GraphPad Prism 10. In brief, 
for comparisons between two groups, two-tailed Student’s t-tests 
were used. Two-tailed one-sample t-tests were applied for relative 

comparisons in which control values were normalized to 1. For com-
parisons involving more than two groups, one-way ANOVA with Tukey 
multiple-comparison correction was applied. For Student’s t-tests and 
one-sample t-tests, the data distribution was assumed to be normal, but 
this was not formally tested. For ANOVAs, the normality of the residuals 
was tested using the Shapiro–Wilk test. Detection of mathematical out-
liers was performed using the ROUT test in GraphPad, and significant 
outliers were excluded. P < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Single-cell RNA-sequencing and bulk RNA-sequencing data reanalysed 
in this study are available at GEO: GSE116237 and GSE80829, respec-
tively. Gel source images are provided in this paper. All other data 
supporting the findings of this study are available within the article 
and Supplementary Information and from the corresponding authors 
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-025-01352-4

Extended Data Fig. 1 | Inter-organelle iron redistribution is a hallmark of the 
melanoma phenotype switching. a, Representative western blot of MITF, AXL, 
SOX10, SOX9, EGFR, TCF4, and ZEB1 in M229MEL vs M229RMES and MM001MEL vs 
MM099MES cells (n = 3). b, Total iron (iron(II) and iron(III)) levels by Capillary 
electrophoresis-inductively coupled plasma mass spectrometry (CE-ICP-MS)  
in M229MEL and M229RMES cells; Ammonium Iron (II) Sulfate (FAS) and Ammonium 
Iron (III) Citrate (FAC)-treated cells were used as positive controls (n = 4).  
c, Total iron(II) levels by FerroOrange staining in M229MEL and M229RMES cells; 
FAS-treated cells were used as positive control (n = 5). d,e, Representative 
western blot (d) and quantification (e) of IRP2 in M229MEL and M229RMES cells, 
in untreated (−), FAS- and DFO-treated conditions (n = 6). f,g, Representative 
images (f, scale bar: 10 µm) and quantification of lysosomal iron using 
FerroOrange mean fluorescence intensity (MFI) per cell within the lysosomal 
mask (g) in MM001MEL (n = 30) and MM099MES (n = 30) cells (three independent 
experiments). h,i, Representative images (h, scale bar: 10 µm) and quantification 
of mitochondrial iron using MitoferroGreen mean fluorescence intensity 
(MFI) per cell (i) in MM001MEL (n = 30) and MM099MES (n = 30) cells (three 
independent experiments). j,k, Representative images (j, scale bar: 10 µm) 
and quantification of FerroOrange-MitoTracker colocalization (Manders’ 
colocalization coefficient M1) (k) in M229MEL (n = 30) cells (three independent 
experiments). l,m, Representative images (l, scale bar: 10 µm) and quantification 
of lysosomal iron using RhoNox-M mean fluorescence intensity (MFI) per cell 

(m) in M229MEL (n = 30) and M229RMES (n = 30) cells. n,o, Representative images 
(n, scale bar: 10 µm) and quantification of lysosomal iron using FerroOrange 
mean fluorescence intensity (MFI) per cell within the Cd63+ mask (o) in M229MEL 
(n = 30) and M229RMES (n = 30) cells (three independent experiments).  
p,q, Representative images (p, scale bar: 10 µm) and quantification of lysosomal 
iron using FerroOrange mean fluorescence intensity (MFI) per cell within 
the LAMP1+ mask (q) in M229MEL (n = 30) and M229RMES (n = 30) cells (three 
independent experiments). r,s, Representative images (s, scale bar: 10 µm) 
and quantification of CD63-LAMP1 colocalization (Manders’ colocalization 
coefficients M1 and M2) (s) in M229RMES (n = 30) cells (three independent 
experiments). t, Quantification of FerroOrange colocalization with LysoTracker 
(LT) (n = 48) or CD63 (n = 30) or LAMP1 (n = 30) (Manders’ colocalization 
coefficient M1) in M229RMES cells (three independent experiments). u, Relative 
mitochondrial DNA (mtDNA) levels in M229MEL and M229RMES cells (n = 3).  
v, Relative mitochondrial membrane potential levels in M229MEL and M229RMES 
cells stained with TMRM (mitochondrial membrane potential) and MitoTracker 
green (mitochondrial mass) and measured by flow cytometry (n = 4). Data are 
presented as the mean ± s.e.m. Statistical significance was assessed by one-
way ANOVA (b), two-tailed one-sample t-test (c, e, u), and unpaired two-tailed 
Student’s t-test (g, i, m, o, p, v). Please note that for panel b, an unpaired two-
tailed Student’s t-test between the basal (−) conditions only would result in a 
significant difference in total iron levels (p-value = 0.0476).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Iron organellar compartmentalization and metabolism 
are rewired during the melanoma phenotype switching. a,b, Representative 
western blot (a) and quantification (b) of OXPHOS complexes in M229MEL 
vs M229RMES cells (n = 3). c, Quantification of basal and maximal oxygen 
consumption rate (OCR) of M229MEL and M229RMES cells in untreated (−),  
FAS-treated, and DFO-treated conditions (n = 5). d,e, Representative images  
(d, scale bar: 10 µm) and quantification of lysosomal iron using FerroOrange 
mean fluorescence intensity (MFI) per cell within the lysosomal mask (e) in 
M229RMES basal (-, n = 15) and ironomycin-treated (n = 15) cells (one biological 
replicate). f,g, Oxygen consumption rate (OCR) of M229MEL cells in basal (−) 
or ironomycin-treated conditions (f) and quantification of basal and maximal 
respiration (g) (n = 4). h,i, Representative images (h, scale bar: 10 µm) and 
quantification of cLip1 and LAMP1 colocalization (Manders’ colocalization 
coefficient M1) (i) in M229RMES (n = 29) cells (three independent experiments).  
j,k, Representative images (j, scale bar: 10 µm) and quantification of 
mitochondrial iron using MitoferroGreen mean fluorescence intensity (MFI) per 
cell (k) in M229RMES cells in basal (-, n = 30) and liproxstatin1-treated (Lip-1, n = 29) 

conditions (three independent experiments). l, Representative western blot of 
MITF in M229MEL shCTR and shMITF cells (n = 3). m,n, Representative images  
(m, scale bar: 10 µm) and quantification of lysosomal iron using FerroOrange mean 
fluorescence intensity (MFI) per cell within the lysosomal mask (n) in M229MEL 
shCTR (n = 30) and shMITF (m = 30) cells (three independent experiments).  
o,p, Representative images (o, scale bar: 10 µm) and quantification of mitochondrial 
iron using MitoferroGreen mean fluorescence intensity (MFI) per cell (p) in M229MEL 
shCTR (n = 30) and shMITF (m = 30) cells (three independent experiments).  
q, Quantification of basal and maximal oxygen consumption rate (OCR) of M229MEL 
sgCTR and sgMITF cells (n = 4). r,s, Oxygen consumption rate (OCR) of M229MEL 
shCTR and shMITF cells (f) and quantification of basal and maximal respiration 
(g) (n = 3). t,u, Representative western blot (t) and quantification (u) of OXPHOS 
complexes in M229MEL sgCTR and sgMITF cells (n = 3). v,w, Representative western 
blot (v) and quantification (w) of OXPHOS complexes in M229MEL shCTR, shMITF#1, 
and shMITF#2 cells (n = 1). Data are presented as the mean ± s.e.m. Statistical 
significance was assessed by two-tailed one-sample t-test (b, u), one-way ANOVA (c), 
and unpaired two-tailed Student’s t-test (g, k, n, p, q, s).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Restoration of RAB7 levels or activity only partially 
rescues iron compartmentalization and metabolism in MES cells.  
a, Representative western blot of RAB7 in M229MEL vs M229RMES and MM001MEL 
vs MM099MES cells (n = 3). b, Representative western blot of RAB7 and HA in 
M229MEL and M229RMES WT or stably transduced with an empty vector (EV) or 
RAB7 WT, RAB7 Q67L, RAB7 T22N vectors. Exogenously expressed RAB7 contains 
a 2xHA tag. For each vector, several dilutions were tested (1/1, 1/27, 1/243). Final 
dilution used is 1/27 (n = 1). c,d, Representative images (c, scale bar: 10 µm) and 
quantification of long MLCs per cell (d) in M229RMES EV (n = 18), RAB7 WT (n = 20), 
RAB7 Q67L (n = 19), and RAB7 T22N (n = 19) cells (two independent experiments). 
e,f, Representative images (e, scale bar: 10 µm) and quantification of lysosomal 

iron using FerroOrange mean fluorescence intensity (MFI) per cell within the 
lysosomal mask (f) in M229RMES EV (n = 30), RAB7 WT (n = 30), RAB7 Q67L 
(n = 30), and RAB7 T22N (n = 30) cells (three independent experiments).  
g,h, Representative images (g, scale bar: 10 µm) and quantification of 
mitochondrial iron using MitoferroGreen mean fluorescence intensity (MFI)  
per cell (h) in M229RMES EV (n = 30), RAB7 WT (n = 30), RAB7 Q67L (n = 30), 
and RAB7 T22N (n = 30) cells (three independent experiments). i,j, Oxygen 
consumption rate (OCR) of M229RMES EV, RAB7 WT, RAB7 Q67L, and RAB7 T22N 
cells (i) and quantification of basal and maximal respiration (j) (n = 5). Data are 
presented as the mean ± s.e.m. Statistical significance was assessed by one-way 
ANOVA (d, f, h, j).
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Extended Data Fig. 4 | Restoration of lysosomal acidity only partially rescues 
iron compartmentalization and metabolism in MES cells. a,b, Representative 
images (a, scale bar: 1 µm) and quantification of the frequency of duration 
of MLCs (b) in M229MEL (n = 13) and M229RMES (n = 13) cells (two independent 
experiments). c,d, Representative images (c, scale bar: 10 µm) and quantification 
of lysosomal pH (d) in M229MEL basal (-, n = 51) or bafilomycinA1-treated (BafA1, 
n = 15) and M229RMES basal (-, n = 48) or BafA1-treated (n = 20) cells expressing 
the LAMP1-targeted pH-sensitive mTFP1 biosensor (also called FIRE-pHLy88). 
Lysosomal pH is quantified as ratio mTFP1 mean fluorescent intensity (MFI)/
mCherry MFI, where mTFP1 (monomeric teal fluorescent protein 1) is a pH-
sensitive fluorescent protein and mCherry is used for normalization (three 
independent experiments). e, Lysosomal proteolytic activity (DQ-Red BSA MFI) 
of M229MEL basal (−) or bafilomycin A1-treated (BafA1) and M229RMES basal (−) 

or BafA1-treated cells (n = 4). f,g, Representative images (f, scale bar: 10 µm for 
whole-cell image, 0.5 µm for magnified image) and quantification of lysosomal 
cellular density (%) and average area (µm2) (g) in M229MEL (n = 29) and M229RMES 
(n = 29) cells fixed and stained using anti-LAMP1 antibody (three independent 
experiments). h, Relative lysosomal pH levels (LysoSensor MFI) of M229MES EV, 
RAB7 WT, RAB7 Q67L, and RAB7 T22N cells (n = 4). i,j, Oxygen consumption 
rate (OCR) of M229RMES cells in untreated (−) or acNP-treated conditions (i) and 
quantification of basal and maximal respiration (j) (n = 5). k, Total iron(II) levels 
by FerroOrange staining in M229MEL and M229RMES cells treated with DFO or FAS. 
Data are presented as the mean ± s.e.m. Statistical significance was assessed by 
two-way ANOVA (b), one-way ANOVA (d, e), unpaired two-tailed Student’s t-test 
(g, j), and two-tailed one-sample t-test (h).

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-025-01352-4

Extended Data Fig. 5 | See next page for caption.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-025-01352-4

Extended Data Fig. 5 | The MES phenotype is associated with reduced levels 
of BDH2, the mammalian homolog of the bacterial EntA. a, Heatmap showing 
the statistically significant differentially expressed (DE) iron metabolism-related 
genes between the two melanoma clusters, MES vs MEL, according to t test. The 
bar plot on the left reports the t statistics value for each gene. Bars are colored 
according to the phenotype in which the gene is upregulated. b, Representative 
western blot of TRPML1 in MEL (M202, M249, M229, and M395) and MES (M233, 
M238, M229R, and M257) cells (n = 1). c, Representative western blot of DMT1 
in M229MEL and M229RMES cells (n = 1). d, Box plots showing MITF (i, ii) and BDH2 
(iii, iv) expression in single cells from Rambow et al.21. Bars are colored according 
to cell states as defined in the original publication (i, iii) and grouped by MITF 
expression (ii, iv), considering ‘MITFinterm_melanocytic’ as MITFhigh, and 
‘invasive’ and ‘NCSC’ as MITFlow. e, Percentage of different populations based 

on their expression of BDH2, MITF, and RAB7 from multiplex co-staining of the 
primary tumor of the melanoma MEL015 PDX model21 at different drug-resistant 
stages in response to dabrafenib/trametinib treatment; MRD: minimal residual 
disease, RES: resistance. f, ChIP-Seq peaks indicating chromatin accessibility 
regions upstream the BDH2 locus. g,h, Representative western blot (g) and 
quantification (h) of MITF and BDH2 in M229MEL shCTR, shMITF#1, and shMITF#2 
cells (n = 4). i,j, Representative western blot (i) and quantification (j) of MITF and 
BDH2 in M229MEL sgCTR and sgMITF cells (n = 3). Data in bar plots are presented 
as the mean ± s.e.m. Data in the box plot (d) represent the median (centre line), 
the 25th and 75th percentiles (bounds of the box), and the whiskers indicate the 
minimum and maximum values. Statistical significance was assessed by unpaired 
two-tailed Student’s t-test (d), and two-tailed one-sample t-test (h, j). Stars 
indicate level of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-025-01352-4

Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Production of 2,5-DHBA by BDH2 is required for  
inter-organelle iron transport. a,b, Representative images (a, scale bar: 
10 µm) and quantification of mitochondrial iron using MitoferroGreen mean 
fluorescence intensity (MFI) per cell (b) in M229MEL siCTR (n = 100) and siBDH2 
(n = 99) cells (three independent experiments). c,d, Representative images  
(c, scale bar: 10 µm) and quantification of lysosomal iron using FerroOrange 
mean fluorescence intensity (MFI) per cell within the lysosomal mask (d) 
in M229MEL siCTR (n = 60) and siBDH2 (n = 60) cells (three independent 
experiments). e, Representative western blot of BDH2 in M229MEL sgCTR 
and sgBDH2 cells (n = 2). f,g, Representative images (f, scale bar: 10 µm) and 
quantification of mitochondrial iron using MitoferroGreen mean fluorescence 
intensity (MFI) per cell (g) in M229MEL sgCTR (n = 50) and sgBDH2 (n = 50) 
cells (three independent experiments). h,i, Representative images (h, scale 
bar: 10 µm) and quantification of lysosomal iron using FerroOrange mean 
fluorescence intensity (MFI) per cell within the lysosomal mask (i) in M229MEL 
sgCTR (n = 60) and sgBDH2 (n = 60) cells (three independent experiments).  
j,k, Representative images (j, scale bar: 10 µm) and quantification of 

mitochondrial iron using MitoferroGreen mean fluorescence intensity (MFI) 
per cell (k) in M238RMES untreated (-, n = 45), FAS-treated (n = 45), and 2,5-DHBA-
treated (n = 45) cells (three independent experiments). l,m, Representative 
images (l, scale bar: 10 µm) and quantification of lysosomal iron using 
FerroOrange mean fluorescence intensity (MFI) per cell within the lysosomal 
mask (m) in M238RMES untreated (-, n = 40), FAS-treated (n = 40), and 2,5-DHBA-
treated (n = 40) cells (three independent experiments). n,o, Representative 
images (n, scale bar: 10 µm) and quantification of mitochondrial iron using 
MitoferroGreen mean fluorescence intensity (MFI) per cell (o) in MM099MES 
untreated (-, n = 30) and 2,5-DHBA-treated (n = 30) cells (two independent 
experiments). p,q, Representative images (p, scale bar: 10 µm) and quantification 
of lysosomal iron using FerroOrange mean fluorescence intensity (MFI) per cell 
within the lysosomal mask (q) in MM099MES untreated (-, n = 30) and 2,5-DHBA-
treated (n = 30) cells (two independent experiments). Data are presented as 
the mean ± s.e.m. Statistical significance was assessed by unpaired two-tailed 
Student’s t-test (b, d, g, I, o, q), one-way ANOVA (k), and Kruskal-Wallis test (m).
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Extended Data Fig. 7 | Restoration of the BDH2-2,5-DHBA axis improves 
mitochondrial iron levels and metabolism in MES cells. a, Quantification of 
basal and maximal oxygen consumption rate (OCR) of M229RMES EV and BDH2 
cells (n = 3). b, Quantification of basal and maximal oxygen consumption rate 
(OCR) of M229RMES cells untreated and treated with FAS and 2,5-DHBA (n = 5).  
c,d, Representative western blot (c) and quantification (d) of OXPHOS  
complexes in M229RMES EV and BDH2 cells (n = 5). e,f, Representative western  
blot (e) and quantification (f) of OXPHOS complexes in M229RMES cells untreated 

and treated with FAS and 2,5-DHBA (n = 3). g,h, Representative western blot  
(g) and quantification (h) of IRP2 in M229RMES EV and BDH2 cells (n = 4).  
i,j, Representative western blot (i) and quantification (j) of IRP2 in M229RMES cells 
untreated and treated with FAS and 2,5-DHBA (n = 5). k,l, Representative western 
blot (k) and quantification (j) of VDAC and MCU in M229MEL and M229RMES cells  
(n = 3). Data are presented as the mean ± s.e.m. Statistical significance was 
assessed by unpaired two-tailed Student’s t-test (a), one-way ANOVA (b), and  
two-tailed one-sample t-test (d, f, h, j).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | BDH2 localizes at the mitochondria-lysosome contacts 
to regulate lysosomal pH and MLC formation. a,b, Representative SIM images 
(a, scale bar: 10 µm) and quantification of BDH2 intracellular localization 
(b) in MM001MEL (n = 29) and MM099MES (n = 30) cells (three independent 
experiments). c, Lysosomal proteolytic activity (DQ-Red BSA MFI) of M229RMES 
basal (−) and 2,5-DHBA-treated cells (n = 4). d, Lysosomal proteolytic activity 
(DQ-Red BSA MFI) of M229RMES EV and BHD2 cells (n = 4). e,f, Representative 
western blot (e) and quantification (f) of v-ATPase H and v-ATPase A in M229RMES 
EV and BHD2 cells (n = 3). g,h, Representative western blot (g) and quantification 
(h) of v-ATPase H and v-ATPase A in M229RMES untreated (−) and 2,5-DHBA- 
treated cells (n = 3). i,j, Representative SIM images (i, scale bar: 10 µm) and 
quantification of BDH2 intracellular localization (j) in M229RMES EV (n = 10),  
RAB7 Q67L (n = 10), and RAB7 T22N (n = 10) cells (two independent experiments).  
k,l, 1H NMR spectra of 2,5-DHBA (10.8 mM) in presence of FeCl3 recorded at 310 K 
in methanol-d4. FeCl3 was added in portions of 0.1 mol. eq. up to 1.0 eq. Then, a 

drop of trifluoroacetic acid (TFA) and sodium deuteroxide (NaOD) was added. 
m,n, 1H NMR spectra of 2,5-DHBA (10.8 mM) in presence of FeCl2 recorded at 
310 K in methanol-d4. FeCl2 was added in portions of 0.1 mol. eq. up to 1.0 eq. 
Then a drop of trifluoroacetic acid (TFA) and sodium deuteroxide (NaOD) was 
added. o, Schematics of the experimental procedure for in-cell labelling of 
CDHBA by click chemistry. p,q, Representative images (p, scale bar: 10 µm) 
and quantification of cDHBA-Tom20 colocalization (Manders’ colocalization 
coefficient M1) (q) in M229RMES cells (n = 30, three independent experiments).  
r,s, Representative images (r, scale bar: 10 µm) and quantification of 
mitochondrial iron using MitoferroGreen mean fluorescence intensity (MFI) 
per cell (s) in M229RMES sgCTR EV (n = 30) or BDH2 (n = 30), and sgMitoferrin-1 
(Mfrn1) EV (n = 30) or BDH2 (n = 30) cells (three independent experiments). 
Data are presented as the mean ± s.e.m. Statistical significance was assessed by 
unpaired two-tailed Student’s t-test (b, c, d), two-tailed one-sample t-test (f, h), 
and one-way ANOVA (j, s).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | The BDH2-2,5-DHBA axis protects MES cells against 
ferroptosis in vitro and in the bloodstream. a, Percentage of viability of 
M229MEL and M229RMES cells upon treatment with increasing doses of RSL3 and 
IKE (n = 4). b, Percentage of cell death of M229RMES cells upon RSL3 (0.5 µM) or IKE 
(1.25 µM) treatment alone (−) or in combination with several cell death inhibitors 
(30 µM Z-VAD-FMK (ZVAD), 30 µM necrostatin-1s (Nec-1s), 100 µM deferoxamine 
(DFO), 2 µM ferrostatin-1 (Ferr-1)) (n = 3). c, Percentage of viability of MM001MEL 
and MM099MES cells upon treatment with increasing doses of RSL3 and IKE 
(n = 4). b, Percentage of cell death of MM099MES cells upon RSL3 (0.5 µM) or IKE 
(2.5 µM) treatment alone (−) or in combination with several cell death inhibitors 
(30 µM Z-VAD-FMK (ZVAD), 30 µM necrostatin-1s (Nec-1s), 100 µM deferoxamine 
(DFO), 2 µM ferrostatin-1 (Ferr-1)) (n = 4). e, Percentage of viability of M229RMES 
EV and BDH2 cells upon treatment with increasing doses of RSL3 and IKE (n = 3). 
f, Percentage of viability of M229RMES untreated (−) and 2,5-DHBA-treated cells 
upon treatment with increasing doses of RSL3 and IKE (n = 5). g, Percentage of 
viability of MM099MES untreated (−) and 2,5-DHBA-treated cells upon treatment 
with increasing doses of RSL3 and IKE (n = 2). h, Percentage of viability of 
M229RMES untreated (−) and acNP-treated cells upon RSL3 (0.125 µM) and IKE 
(0.625 µM) (n = 3). i, Relative lipoxygenase (LOX) activity in M229RMES cells in 
basal condition versus FAS treatment alone and in combination with 2,5-DHBA; 
treatment with LOX inhibitor (LOXi) was used as a negative control for the assay. 

j, Percentage of cell death of M229MEL shCTR and shBDH2 cells upon Vemurafenib 
(Vem) treatment alone (−) and in combination with DFO or ZVAD (n = 3).  
k, Percentage of cell death of M229RMES EV and BDH2 cells upon Vemurafenib 
(Vem) treatment alone (−) and in combination with DFO or ZVAD (n = 3).  
l, Percentage of cell death of M229MEL shCTR and shBDH2 cells upon Dabrafenib/
Trametinib (DT) treatment alone (−) and in combination with DFO or ZVAD 
(n = 3). m, Percentage of cell death of M229RMES EV and BDH2 cells upon 
Dabrafenib/Trametinib (DT) treatment alone (−) and in combination with DFO 
or ZVAD (n = 3). n, Percentage of viability of M229RMES EV and BDH2 cells upon 
treatment with increasing doses of H2O2 (n = 4). o, Representative western blot 
of MLKL and RIPK1 in M229MEL, M229RMES, MM001MEL, MM099MES cells; HeLa cells 
were used as a positive control for MLKL and RIPK1 expression. p, Representative 
western blot of BDH2 in YUMM3.3MES CTR and BDH2 cells. q, Percentage of 
viability of YUMM3.3MES CTR and BDH2 cells upon treatment with increasing 
doses of RSL3 (n = 4). r, Gating strategy used to detect the dsRed cells in the lungs. 
The dsRed cells were detected among the single and live (eFluor780 viability) 
cells; the dsRed gate was set up using lungs coming from non-injected mice.  
Data are presented as the mean ± s.e.m. Statistical significance was assessed  
by unpaired two-tailed Student’s t-test (a, c, e, f, g, h, n, q), one-way ANOVA  
(b, d, j, k, l, m), and two-tailed one-sample t-test (i). Stars indicate level of 
significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used For imaging, anti-LAMP1 (Ab25630, abcam), anti-TOM20 (ab186735, abcam), anti-LAMP1 (ab24170, abcam), anti-TOM20 (ab289670 

and ab186735 abcam), anti-BDH2 (sc-393030, Santa Cruz Biotechnology), anti-BDH2 (NBP2-32713, Novus Biologicals), anti-SLC25A37 
(26469-1, ProteinTech), anti-MITF (HPA003259, Sigma) and anti-RAB7 (9367, Cell Signaling), secondary antibodies conjugated with 
Alexa Fluor 488/546/647 (A11030, A11034, A48265, A11029, Invitrogen), secondary Envision+/HRP goat anti-Rabbit (K4003, Dako 
Envision+ Single Reagents); For western blot, anti-MITF (MA5-14154, Thermo Fischer Scientifics), OxPhos Human WB Antibody 
Cocktail (45-8199, Thermo Fisher Scientific), anti-BDH2 (27207-1-AP, Proteintech), anti-DMT1 (20507-1-AP, Proteintech), anti-SOX10 
(sc-365692, Santa Cruz Biotechnology), anti-v-ATPase H (sc-166227, Santa Cruz Biotechnology) and anti-v-ATPase A (sc-374475, Santa 
Cruz Biotechnology), anti-AXL (8661, Cell Signaling), ani-SOX9 (82630, Cell Signaling), anti-IRP2 (37135, Cell Signaling), anti-RAB7 
(2094, Cell Signaling), HA-Tag (14904, Cell Signaling), anti-TRPML1 (ab28508, abcam), anti-EGFR (4267, Cell Signaling), anti-TCF4 
(ab217668, Abcam), anti-ZEB1 (3396, Cell Signaling),  anti-MLKL (14993, Cell Signaling), anti-RIPK1 (TA800357, OriGene), anti-VDAC 
(4866, Cell Signaling), anti-MCU (HPA016480, Sigma), anti-β-ACTIN (A5441, Sigma-Aldrich), secondary antibodies (7074S, 7076S, Cell 
Signaling) for HRP detection, secondary antibodies (35568, 5A535521, Invitrogen) for infrared detection. All primary antibodies were 
diluted 1:1000, anti-β-ACTIN antibody was diluted 1:2000, and seconday antibodies 1:2000.

Validation All antibodies used in this manuscript were commercially bought and validated by the manufacturers, as mentioned on their website. 
All antibodies were used to detect the respective protein at the expected molecular weight or subcellular localization.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) human melanoma cell lines were a kind gift of Dr. G. Ghanem, Dr. R. Lo (UCLA), and Dr. A. Ribas. Murine melanoma cell line 
Yumm 3.3 was a gift by Dr. Alpaslan Tasdogan.

Authentication Cell line used were not authenticated 

Mycoplasma contamination Cells were regularly checked for mycoplasma contamination and used only when testing mycoplasma negative. 

Commonly misidentified lines
(See ICLAC register)

No misidentified cell lines were used in this study.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals C57BL/6 7-week-old female mice were used for all the experiments.

Wild animals n.a.

Reporting on sex Only female mice were used as the YUMM3.3 mouse melanoma cell line used for in vivo experiments was derived from a 4-
hydroxytamoxifen-induced melanoma tumor in a female C57BL/6J mouse. Female mice were distinguished from male mice by 
checking the presence of nipples and the anogenital distance.

Field-collected samples n.a.

Ethics oversight Animal procedures were approved by the Institutional Animal Care and Research Advisory Committee of the KU Leuven (ECD 
P116/2023) and were performed following the institutional and national guidelines and regulations. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.



4

nature portfolio  |  reporting sum
m

ary
April 2023

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation For in vitro experiments, cells were stained with DQ Red BSA (D12051,  Thermo Fisher Scientifics), Tetramethylrhodamine 
(TMRM) (T668, Thermo Fisher Scientifics), MitoTracker green (M7514, Thermo Fisher Scientifics), BODIPY 581/591 C11 
(D3861, Thermo Fisher Scientifics), eBioscience Fixable Viability Dye eFluor 780 (65-0865, Thermo Fisher Scientifics) 
according to the manufacturer’s instructions. For in vivo experiments, the lungs were cut in small fragments in a petri dish 
and put in gentleMACS™ C Tubes holding 3mL of digestion solution (DMEM F12 medium completed with Gibco™ Collagenase 
Type II (10mg/mL), Type IV (25mg/mL) and DNAse I (15μg/mL)). The samples were run on the gentleMACS™ Octo Dissociator 
following three consecutive programs: (1) 30 seconds 600 rpm at room temperature, (2) 30 min 600 rpm at 37°C, and (3) 30 
seconds 600 rpm at room temperature. After digestion, the samples were passed through a 70 μm pluriStrainer Mini, washed 
with PBS, and counted. 10 million cells from each lung sample were stained with a viability dye (eFluor780) for 30 min on ice. 
After washing, all the samples were recorded on the BD Fortessa Cytometer. 

Instrument BD FACS Canto™ II and BD LSFortessa X-20 + HTS flow cytometers.

Software Analysis was performed using FCS Express and FlowJo softwares.

Cell population abundance 10 million cells from each lung sample were stained with a viability dye (eFluor780). Among total lung live cells, dsRed+ 
cancer cells were between 0 and 50,000, as indicated in fig. 6.

Gating strategy SSC-A vs FSC-A for the morphogate, FSC-H vs FSC-A and SSC-A vs SSC-H for doublets discrimination, PE-Cy7 for eFluor780 for 
live cells, and then FITC for MitoTracker green, PE for TMRM, APC for DQ Red BSA, FITC and PE for Bodipy C11.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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