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Ether lipids influence cancer cell fate by
modulating iron uptake
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Adam E. Cohen 5,14, Ilya Levental 15, Natalie Boehnke10, Victor W. Hsu 4,
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Cancer cell fate has been widely ascribed to mutational changes within
protein-coding genes associated with tumor suppressors and oncogenes. In
contrast, the mechanisms through which the biophysical properties of mem-
brane lipids influence cancer cell survival, dedifferentiation and metastasis
have received little scrutiny. Here, we report that cancer cells endowed with
high metastatic ability and cancer stem cell-like traits employ ether lipids to
maintain low membrane tension and high membrane fluidity. Using genetic
approaches and lipid reconstitution assays, we show that these ether lipid-
regulated biophysical properties permit non-clathrin-mediated iron endocy-
tosis via CD44, resulting in significant increases in intracellular redox-active
iron and enhanced ferroptosis susceptibility. Using a combination of in vitro
three-dimensional microvascular network systems and in vivo animal models,
we show that loss of ether lipids from plasma membranes also strongly
attenuates extravasation, metastatic burden and cancer stemness. These
findings illuminate a mechanism whereby ether lipids in carcinoma cells serve
as key regulators of malignant progression while conferring a unique vulner-
ability that can be exploited for therapeutic intervention.

Cancer cells have the capacity to undergo dynamic changes in identity,
structure, and function, making them remarkably versatile and adap-
table. Alterations in the lipid composition of cell membranes con-
tribute to the phenotypic plasticity of cells. The distinctive
physicochemical properties and subcellular localization of various
lipids within cell membranes influence a range of biological processes,
including cellular trafficking, signaling and metabolism1. Despite
growing knowledge of lipid biology, an understanding of how specific
lipid subtypes impact cancer cell fate remains limited.

Emerging studies demonstrate that therapy-resistant mesenchy-
mal-like carcinoma cells exhibit an elevated vulnerability to
ferroptosis2–4, an iron-dependent form of cell death characterized by
an unrestricted accumulation of oxidizedmembrane phospholipids5–8.
In previous work we showed that the natural product salinomycin can
selectively eliminate otherwise therapy-resistant, mesenchymal-
enriched cancer stem cells (CSC) by targeting lysosomal iron to pro-
mote an iron-dependent cell death4,9,10. In this context, we found that
suchCSC-enriched cells exhibit a high intracellular iron load compared
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to their non-CSC-like counterparts, rendering them especially vulner-
able to elimination by induced ferroptosis4.

Ferroptosis can also be instigated by pharmacologic inhibition of
ferroptosis suppressors, such as glutathione peroxidase 4 (GPX4)5,11,
ferroptosis-suppressorprotein 1 (FSP1, previously knownasAIFM2)12,13,
as well as through downregulation of reduced glutathione (GSH)14,15.
Activated CD8+ T cells may also induce ferroptosis in cancer cells16,17.
Beyond cancer, ferroptosis has been implicated in the pathogenesis of
several neurodegenerative diseases and acute injury of the kidney,
liver and heart18–21.

Inpreviouswork,weundertookanunbiased, genome-wideCRISPR/
Cas9 screen with the goal of identifying genes that govern ferroptosis
susceptibility in high-grade human serous ovarian cancer cells22. This
screen revealed a role for ether lipid-synthesizing enzymes, such as
alkylglycerone phosphate synthase (AGPS), in modulating ferroptosis
susceptibility. The ether phospholipids generated by these enzymes
represent a unique subclass of glycerophospholipids characterized by
an ether-linked hydrocarbon group formed at the sn-1 position of the
glycerol backbone23. This phospholipid subtype constitutes ~20% of the
total phospholipid pool in many types of mammalian cells.

The significance of ether lipid species in human health is under-
scored by the severe inherited peroxisomal disorders caused by their
deficiency23. This often manifests as profound developmental
abnormalities, such as neurological defects, vision and hearing loss,
and reduced lifespan. In the context of cancer, elevated ether lipid
levels have been correlated with increased metastatic potential of
carcinoma cells24–27. Despite these pathological associations, the
mechanism(s) by which ether lipids affect cancer progression
remain(s) elusive. Furthermore, the mechanism(s) by which loss of
ether lipids results in decreased ferroptosis susceptibility required
further investigation.

Our previous work, along with that of others, ascribed a role to
polyunsaturated ether phospholipids as chemical substrates prone to
the iron-mediated oxidation that triggers ferroptotic cell death22,28.
Here, we demonstrate that ether lipids also play an unrelated bio-
physical role, facilitating iron endocytosis in carcinoma cells. This
represents amechanism of intracellular signaling by which ether lipids
contribute to intracellular levels of a critical metal catalyst. In addition,
our findings highlight the functional importance of this poorly studied
lipid subtype in enabling a variety of malignancy-associated cell phe-
notypes, including metastasis and tumor-initiating abilities. Taken
together, these results establish a role for ether lipids as critical
effectors of cancer cell fate.

Results
Ether lipids play a key role in maintaining a ferroptosis-
susceptible cell state
To investigate the mechanism(s) by which ether lipid deficiency
reduces ferroptosis susceptibility, we employed CRISPR/Cas9 to
knockout (KO) the AGPS gene in ferroptosis-sensitive TGF-β-treated
PyMT-1099 murine breast carcinoma cancer cells29 (Supplementary
Fig. 1a). The AGPS gene encodes a rate-limiting enzyme critical for
ether lipid biosynthesis23 (Fig. 1a). Consistent with our prior studies22,
loss of ether lipids via AGPS KO significantly decreased the suscept-
ibility of these cancer cells to ferroptosis induced by treatment with
the GPX4 inhibitors RSL3 or ML210 (Fig. 1b, Supplementary Fig. 1b).

Lipidomic analysis confirmed that AGPS knockout significantly
reduces total ether lipid abundance, while only marginally affecting
most other membrane-associated lipid species (Fig. 1c, Supplementary
Fig. 2a). More than half of the identified ether lipids contained poly-
unsaturated fatty acyl groups, which are highly prone to hydrogen
abstraction by reactive free radicals (Fig. 1d). Based on this observation,
we speculated that loss of ether lipids may attenuate ferroptosis sus-
ceptibility by depleting the pool of available ether lipid substrates for
lipid peroxidation. Thus, we performed oxidized lipidomic analysis on

two ferroptosis-sensitive breast cancer cell lines treated with either
ML210 or RSL3. These experiments confirmed that ether lipids are oxi-
dized following ferroptosis induction (Fig. 1e, Supplementary Fig. 1c).

In order to test whether ether lipid deficiency leads to a global
reduction of cellular pools of oxidation prone lipid species, we also
investigated whether the relative abundance of pro-ferroptosis non-
ether-linked polyunsaturated phospholipids was impacted by loss of
ether lipids. Our analyses revealed that while total levels of phospho-
lipid unsaturation are only marginally changed, ether lipid deficiency
increased the relative abundance of several polyunsaturated diacyl
phosphoethanolamine (PE) and phosphatidylcholine (PC)-derived
lipidswith putative pro-ferroptosis function30,31 (Fig. 1f, Supplementary
Fig. 2b-d). To ensure that these findings were not an idiosyncrasy of
our TGF-β-treated PyMT-1099 AGPS KO cells, we confirmed this
observation in PyMT-MMTV-derived pB3 murine AGPS KO breast car-
cinomacells32 (Fig. 1g, h, Supplementary Figs. 1d, 3a–f). Importantly, re-
expression of AGPS (addback) restored the relative levels of these non-
ether-linked polyunsaturated diacyl phospholipids to levels compar-
able to pB3 wildtype (WT) cells (Fig. 1i). These findings dispel the
notion that ether lipid deficiency attenuates ferroptosis susceptibility
simply by decreasing the global level of polyunsaturated phospholi-
pids, further underscoring the importance of polyunsaturated ether
phospholipids in maintaining a ferroptosis susceptible cell state.

Ether lipids regulate levels of cellular redox-active iron in
cancer cells
The above observations, together with our oxidized ether phospholi-
pidomic analysis, supported the notion that ether lipids could mod-
ulate ferroptosis susceptibility—at least in part by serving as substrates
for lipid peroxidation. However, these observations failed to address
the possibility that alterations in ether lipid composition could also
affect intracellular levels of redox-active iron, the central mediator of
the lipid peroxidation that drives ferroptosis. Therefore, we used two
orthogonal analyses to assess intracellular iron levels. Since the
endolysosomal compartment is a key reservoir of reactive iron within
cells7,33–35, we used a lysosomal iron (II)-specific fluorescent probe,
HRhoNox-M36, to gauge levels of lysosomal redox active iron. In
addition, weused inductively coupled plasmamass spectrometry (ICP-
MS) to quantify total intracellular iron levels7,35,37–39.

Unexpectedly, loss of ether lipids (via AGPS KO) reduced intra-
cellular iron levels in all murine cancer cell lines tested, whereas AGPS
addback restored intracellular iron to levels comparable to those seen
in parental ferroptosis-sensitive cancer cells (Fig. 2a–d, Supplementary
Fig. 4a). These findings provided the first indication that changes in
ether phospholipids directly affect the levels of intracellular iron.
Indeed, there was no direct precedent for the ability of a membrane-
associated phospholipid to serve as a key regulator of the levels of an
intracellular metal ion.

Supporting these findings, we found that the depletion of ether
lipids, achieved via knockout of the fatty acid reductase 1 (FAR1)
enzyme23 (Supplementary Fig. 4b), also resulted in a significant decrease
in intracellular iron levels, in this case in the OVCAR8 human high-grade
serous ovarian cancer cell line, which exhibits mesenchymal
characteristics40 (Fig. 2e, f). Furthermore, we noted that treatment of
AGPSKOcellswith ferric ammoniumcitrate (FAC)41,42, whichprovides an
exogenous source of ferric ions, re-sensitized cultured AGPS KO
mesenchymal breast and ovarian carcinoma cells to ferroptosis induc-
tion (that could be rescued by the ferroptosis inhibitor liproxstatin-1),
doing so even in the absenceof elevated ether phospholipids (Fig. 2g, h).

We further extended this analysis by studying the behavior of
mammary carcinoma tumors in vivo. Consistent with our in vitro data,
ICP-MS indicated that total iron levels are reduced in breast tumors
derived from implanted pB3 AGPS KO cells relative to those arising
from either pB3 WT or pB3 AGPS addback cells (Fig. 2i). These
observations reinforced the notion that ether lipids are critical
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regulators of intracellular iron levels, a rate-limiting component of
ferroptosis7.

Ether lipids facilitate CD44-mediated iron endocytosis
We proceeded to investigate the mechanism(s) by which membrane-
associated ether lipids could regulate intracellular iron levels. This led
us to examine the behavior of two proteins that are known to act as

major mediators of cellular iron import—transferrin receptor 1 (TfR1)43

and CD4435—and whether their functioning was altered in response to
loss of ether phospholipids.While CD44 is best known as a cell-surface
cancer stem-cell marker44,45, recent research has revealed its critical
role in mediating endocytosis of iron-bound hyaluronates in CSC-
enriched cancer cells and in activated immune cells35,39. To monitor
these two alternative iron import mechanisms, we performed

b

e

0

1 104

2 104

3 104

4 104

5 104

pm
ol

PyMT-1099 TGF-

ML210
Oxi. (PE)
Ether-PLs

- + - +
Oxi. (PE)
Ester-PLs

a

c

- + - +
0

10

20

30

R
el

at
iv

e 
et

he
r l

ip
id

 le
ve

ls
(M

ol
%

 o
f t

ot
al

 lip
id

s)

PyMT-1099

WT AGPS
KO

TGF-

p<0.0001

p<0.0001

d

Ether lipid
Compositon

0
1
2

3

Total no. of
double bonds

i

WT

AGPS KO 

AGPS Add
ba

ck
0.00

0.05

0.10

0.15

0.20

M
ol

%
 o

f t
ot

al
 lip

id
s

PE 18:1_20:5

p<0.0001

p<0.0001

WT

AGPS KO 

AGPS Add
ba

ck
0.00

0.05

0.10

0.15

M
ol

%
 o

f t
ot

al
 lip

id
s

PE 18:0_22:3

p<0.0001

p<0.0001

WT

AGPS KO 

AGPS Add
ba

ck
0.00

0.02

0.04

0.06

0.08

0.10

M
ol

%
 o

f t
ot

al
 lip

id
s

PE 18:2_20:4

p<0.0001

p<0.0001

WT

AGPS KO 

AGPS Add
ba

ck
0.00

0.05

0.10

0.15

0.20

M
ol

%
 o

f t
ot

al
 lip

id
s

PE 18:2_20:3

p<0.0001

p<0.0001

h

WT

AGPS KO 

AGPS Add
ba

ck
0

10

20

30
pB3

R
el

at
iv

e 
et

he
r l

ip
id

 le
ve

ls
(M

ol
%

 o
f t

ot
al

 lip
id

s)

p<0.0001

p<0.0001f

-10 -5 0 5 10
0

3

6

9

12

Log2FC (AGPS KO/WT)

-L
og

10
pv

al
ue

PE 18:0_22:5

PE 18:1_20:4
PE 16:0_22:6

PE 18:2_20:4

PE 16:1_22:6

PyMT-1099 TGF-
Ether lipids
Non-ether PUFA-PLs

Other lipids g

-10 -5 0 5 10
0

2

4

6

8

10

-L
og

10
pv

al
ue

pB3

PE 18:0_22:3

PE 18:2_20:3

PE 18:1_20:5

PE 18:1_22:5

PE 18:2_20:4

Ether lipids
Non-ether PUFA-PLs

Other lipids

PyMT-1099

p=0.0178

p=0.0145

Log2FC (AGPS KO/WT)

β

β

0.1 0.3 1.0
0

25
50
75

100
125

[RSL3], μM

%
 V

ia
bi

lity

WT
AGPS KO
AGPS Addback

WT + TGF-β
AGPS KO + TGF-β
AGPS Addback + TGF-β

Article https://doi.org/10.1038/s41467-026-68547-5

Nature Communications |         (2026) 17:1835 3

www.nature.com/naturecommunications


endocytosis kinetics experiments using fluorescently labeled trans-
ferrin as a proxy for TfR1 internalization and fluorescently labeled
hyaluronic acid (HA)—whose main plasma membrane receptor is
CD44—as a marker for CD44 internalization46,47.

We observed that the rate of TfR1 endocytosis was marginally
affected by ether lipid deficiency in pB3 cells (Fig. 3a, Supplementary
Fig. 5a). In stark contrast, CD44-mediated endocytosiswas significantly
impaired in these ether lipid-deficient cancer cells (Fig. 3b, Supple-
mentary Fig. 5b). Conversely, CD44-dependent iron import in AGPSKO
cells could be restored to WT levels upon AGPS addback (Fig. 3b,
Supplementary Fig. 5b). Reduction in the rate of internalization of
CD44 but not TfR1 was also observed in ether lipid-deficient PyMT-
1099 TGF-β-treated cells (Fig. 3c, d, Supplementary Fig. 5c, d). There-
fore, ether lipids play a critical role in modulating intracellular iron
levels by regulating endocytosis of CD44 but not TfR1. These findings
were consistent with our previous observations that TfR1 and CD44
localize to distinct endocytic vesicles in CSC-enriched cancer cells35,48,
making plausible that their internalization was governed by distinct
endocytic mechanisms.

To further support the role of CD44 in promoting iron uptake—
acting via endocytosis of HA—we demonstrate that knocking out the
gene encoding CD44 or, alternatively, treating cancer cells with the
HA-degrading enzyme, hyaluronidase, led to a reduction in intracel-
lular iron levels (Fig. 3e). Conversely, supplementing WT cells with HA
significantly increased intracellular iron levels (Fig. 3e). Similar obser-
vations were seen in human OVCAR8 cells (Supplementary Fig. 7f).
Taken together, these observations further supported the central role
of CD44 in mediating iron uptake in these cancer cells35.

We then studied whether the defect in CD44 endocytosis
observed in ether lipid-deficient cells was limited specifically to CD44
or other cell-surface proteins internalized by a similar mechanism.
CD44 is known to undergo a type of clathrin- and dynamin-
independent form of endocytosis48–50. To test whether loss of ether
phospholipids had a wider effect on the clathrin- and dynamin-
independent mode of endocytosis, we examined the rate of uptake of
dextran (70 kDa), a branched polysaccharide known to undergo
endocytosis by a clathrin-independent mechanism49 (pinocytosis).
Similar to CD44, we observed that loss of AGPS also induced a sig-
nificant reduction in the rate of dextran endocytosis; this behavior
could be reversed by restoration of ether phospholipid levels achieved
by AGPS addback (Fig. 3f, g, Supplementary Fig. 5e, f).

The internalization mechanism of CD44 and dextran differs from
that of many plasma-membrane proteins, including TfR1 and EGFR,
which undergo clathrin-dependent endocytosis, in which small inva-
ginations of clathrin-coated pits undergo scission facilitated by the
GTPase dynamin49,51. As predicted by the distinct actions of these two
mechanisms, we observed that loss of ether lipids had a negligible
effect on the rate of EGFRendocytosis (Fig. 3h, Supplementary Figs. 6a,

7a, b). Taken together, these observations indicate that internalization
of extracellular and cell-surface molecules is mediated by distinct
mechanisms which differ in their dependence on plasma membrane
ether phospholipids.

To further characterize the clathrin-independent mechanism
used by CD44 and dextran, we next pursued both genetic and phar-
macologic approaches that target against either the CLIC/GEEC path-
way or pinocytosis. We found that inhibition of the CLIC/GEEC
pathway via siRNA-mediated knockdown of PICK152 or treatment with
7-keto-cholesterol53,54 significantly reduced CD44 internalization,
which in turn led to decreased total cellular and lysosomal iron (Sup-
plementary Fig. 8a–c, e, g, h). We also show that blocking pinocytosis
via knockdown of CtBP155–57 or treatment with Cytochalasin-D58 is
capable of impairing CD44 internalization (albeit, to a lesser extent
than CLIC/GEEC inhibition), resulting in lower but non-significant
reductions in total cellular and lysosomal iron (Supplementary
Fig. 8a–c, d, f, h). These findings suggest that CD44 internalization
dependsmore on the CLIC/GEEC pathway than on pinocytosis for iron
delivery into cells.

Given that polyunsaturated phospholipids have been shown to
promote endocytosis59, we investigated whether treatment with exo-
genous polyunsaturated fatty acids (PUFAs) could compensate for loss
of ether lipids in regulating CD44 endocytosis. We observed that
supplementation with exogenous PUFAs could not fully rescue
impaired CD44 endocytosis induced by loss of ether lipids (Fig. 3i,
Supplementary Fig. 6b). Furthermore, while liposomes containing
ester-linked PUFA-PE phospholipids could only partially rescue CD44
endocytosis, ether-linked PUFA-PE or -PC liposomes achieved an even
greater degree of rescue, with ether-linked PUFA-PE liposomes fully
restoring CD44 endocytosis to levels exceeding those of WT cells
(Fig. 3j, Supplementary Fig. 6c). These findings demonstrate that both
thepresence of the ether linkage in phospholipids aswell as the typeof
headgroup present within phospholipids play important roles in sup-
porting efficient CD44-mediated endocytosis.

Ether lipid deficiency impairs membrane biophysical properties
The above observations did not providemechanistic insights into how
changes in the composition of membrane ether lipids could exert an
effect on CD44 internalization. As observed by others, non-clathrin-
mediated endocytosis, which is employed by CD44, is particularly
sensitive to changes in the physicochemical properties of the lipid
bilayer forming plasmamembranes50,60–65. Such changes can influence
membrane tension and fluidity and the stability and formation of lipid
rafts, all of which impact the assembly and dynamics of clathrin-
independent, cell-surface endocytic structures. Hence, we hypothe-
sized that ether lipids alter the biophysical properties of the plasma
membrane to facilitate elevated iron endocytosis via CD44. To sub-
stantiate these hypotheses, we quantified the abundance of ether

Fig. 1 | Ether lipids play a key role in maintaining a ferroptosis susceptible
cell state. a Schematic of peroxisomal-ether lipid biosynthetic pathway. b Cell
viability following treatment with the GPX4 inhibitor RSL3 for 72 h. PyMT-1099WT,
AGPS KO, or AGPS addback cells were pretreated with TGF-β (2 ng/mL) for 10 days
prior to assay. Data shown as mean of n = 3 technical replicates and is representa-
tive of three independent biological replicates. cBargraph showingpercent of total
lipids constituted by ether lipids following AGPS KO in untreated wildtype (WT) or
TGF-β-treated (2 ng/mL;10d) PyMT-1099 cells. d Pie chart showing the relative
proportion of ether lipids with various total numbers of double bonds. eAmount in
pmol of oxidized phosphatidylethanolamine (Oxi. PE) ether and ester phospholi-
pids in PyMT-1099 TGF-β cells treated with ML210 or vehicle control for 24h. Five
biological replicates per condition. 100,000 cells were used for lipid extraction in
each condition. Box plots: interquartile range, center lines = medians and whis-
kers = theminimum andmaximum values. Statistical significance was calculated by
unpaired, two-tailed t-test; ns, not significant. f Volcano plot showing the log2 fold
change in the relative abundanceof various lipid species upon knockout of AGPS in

PyMT-1099 TGF-β-treated cells. Blue indicates non-ether linked polyunsaturated
phospholipids (PUFA-PLs), red indicates all ether lipids identified in lipidomic
analysis and black denotes all other lipids identified. g Volcano plot showing the
log2 fold change in the relative abundance of various lipid species upon knockout
of AGPS in pB3 cells. Blue indicates non-ether linked polyunsaturated phospholi-
pids (PUFA-PLs), red indicates all ether lipids identified in lipidomic analysis and
black denotes all other lipids identified. h Bar graph showing the percent of total
lipids constituted by ether lipids in pB3 WT, pB3 AGPS KO and pB3 AGPS addback
cells. i Bar graphs showing the effects of ether lipids on the relative abundance of
selected polyunsaturated diacyl phospholipids in pB3 cells. All lipidomic data
represent n = 3 technical replicates shown as the mean +/− SEM. Unless otherwise
stated statistical significance was calculated by one-way ANOVA with Tukey’s
multiple comparisons test; ns, not significant. For panel b: PyMT-1099 WT and
AGPS KO cells were transduced with the respective vector control plasmids. For
panels h-i: pB3 WT and AGPS KO cells were transduced with the respective vector
control plasmids.
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lipids in the plasma membrane. Lipidomics profiling of pB3-derived
giant plasma membrane vesicles (GPMV) showed that ether lipids
make up ~23% of plasma membrane lipids and are depleted to ~5%
upon AGPS KO (Supplementary Fig. 9a-f).

Alterations inmembrane tension have long been demonstrated to
affect endocytosis66–71. This prompted us to assess the effects of ether
lipid deficiency on plasma membrane tension. Membrane tension

measures the forces exerted on a defined cross-section of the plasma
membrane,which is influencedbyboth the in-plane tensionof the lipid
bilayer and the attachment of the plasmamembrane to the underlying
cell cortex72,73.

To quantify membrane tension directly, we generated a membrane
tether using anoptically trappedbead andmeasured the pulling force (f )
and the tube radius (R) to calculate membrane tension (σ) of living
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cells59,74 (Fig. 4a,b).We foundthatdepletionofetherphospholipids led to
a significant increase inmembrane tension in pB3 AGPS KO cells relative
to the corresponding pB3 WT cells (Fig. 4c). This shift was largely atte-
nuated upon restoration of AGPS expression in pB3 AGPS KO cells or
upon exposure of cultured cells to liposomes composed of ether phos-
pholipids (Fig. 4c). Consistent with earlier measurements, treatment of
pB3 AGPS KO cells with ether PUFA-PE liposomes increased the rate of
CD44 endocytosis to levels comparable to those of pB3 WT cells. In
contrast, treatment of pB3 AGPS KO cells with liposomes derived from
monounsaturated phosphatidylethanolamine (MUFA-PE) ether lipids
onlypartially rescuedCD44endocytosis (Fig. 4d, Supplementary Fig. 6d).
No changes were observed in the rate of clathrin-dependent TfR1 endo-
cytosis under these conditions (Fig. 4e, Supplementary Fig. 6e) and loss
of CD44 showed modest effects on membrane tension (Supplementary
Fig. 7d, e). Taken together, these results provide evidence that ether
lipids facilitateCD44-mediated ironendocytosis in cancer cells, inpart by
decreasing membrane tension.

Membrane lipid packing can also impact endocytosis75–77. This is
related to the fluidity or viscosity of the lipid bilayer, with higher lipid
packing correlating with higher viscosity. This affects the ease with
whichproteins and lipids undergo lateral diffusion and conformational
changes within a lipid bilayer, thereby affecting endocytosis-related
signaling59. This prompted us to investigate the contribution of ether
lipids to membrane lipid packing. We used C-laurdan, a lipid-based,
polarity-sensitive dye, which yields a spectral emission shift dependent
on the degree of lipid packing78. These measurements are used to
calculate a unitless index, termed generalized polarization (GP), where
a higher GP indicates increased lipid packing78. Our measurements
using C-laurdan indicated that a reduction in ether lipid levels resulted
in a measurable and significant increase in membrane packing
(Fig. 4f–h, Supplementary Fig. 7c) which, like increases in membrane
tension, negatively affects membrane deformability75.

The association of CD44 with lipid rafts, which are dynamic
plasma membrane nanodomains, is known to be critical for CD44-
mediated HA endocytosis79. Previous work has shown that PUFA-
containing lipids can stabilize lipid rafts by increasing the packing
contrast between ordered and disordered phases80–83. Thus, we
hypothesized that lipid raft stability might be reduced in cells lacking
AGPS and thereforePUFA-containing ether lipidswhichwould result in
impairment of CD44 endocytosis84. Accordingly, we measured the
miscibility transition temperature (Tmisc) which is hypothesized to be
related to the stability membrane domains of isolated cellular plasma
membranes. We observed a decrease in Tmisc upon loss of AGPS in pB3
cells, which indicate a decrease in lipid raft stability (Fig. 4i). This
finding supports a role for ether lipids in maintaining the plasma
membrane organization through lipid raft microdomains, revealing

yet another biophysical property of lipid bilayers that can influence
CD44 endocytosis.

It is noteworthy that clathrin-independent endocytosis exhibits a
greater dependencyon themembrane biophysical properties assessed
above50,60–65. This may explain why loss of ether lipids can exert a sig-
nificant effect on the rate of clathrin-independent, CD44-mediated
iron endocytosis but negligible effects on the clathrin-dependent TfR1
endocytosis. Furthermore, these findings revealed a mechanism by
which membrane-associated ether lipids could govern a major
mechanism of iron internalization, whichmay impact the vulnerability
of cancer cells to ferroptosis inducers.

Loss of ether lipids decreases metastasis and cancer cell
stemness
Prior studies have demonstrated that reduced membrane tension and
elevated intracellular iron can promote cancer metastasis85–89. These
findings prompted us to investigate whether changes in the ether lipid
composition of cancer cells impact key steps of the multi-step inva-
sion-metastasis cascade, notably extravasation efficiency, post-
extravasation proliferation90 and importantly stemness as manifested
by tumor-initiating ability.

We measured extravasation efficiency by employing an in vitro
three-dimensionalmicrovascular network systemcomposed of human
umbilical vein endothelial cells (HUVECs) and normal human lung
fibroblasts. This system has been shown to accurately model some of
the complex biological processes associated with cancer cell
extravasation91–95. Using this defined experimental system, we found
that loss of ether lipids significantly decreased extravasation efficiency
(Fig. 5a–c). Furthermore, we observed a strong reduction in overall
metastatic burden following intracardiac injection in syngeneic hosts
of the pB3AGPSKOcells relative to correspondingWT cells (Fig. 5d–f).
We note that ether lipid deficiency had a modest effect on primary
tumor growth kinetics (Fig. 5g–i). A decrease inmetastatic burden was
also observed upon knockout of AGPS or FAR1 in OVCAR8 cells, and
upon loss of CD44 in pB3 cells (Supplementary Fig. 10a–c).

Given that high CD44 expression and elevated intracellular iron
levels are positively correlated with cancer cell stemness35,44,96, we
investigated whether ether lipid deficiency could modulate CSC
properties, by employing mammosphere formation assays97 and
experimental limiting dilution tumor-implantation studies. These
experiments indicated that loss of ether lipids in pB3 cells decreases
cancer cell stemness (Fig. 5j, Supplementary Fig. 10d, e), which, as we
have found in other investigations, serve as a reliable marker of
metastasis-initiating capacity98.

Additionally, we show that treatment of human MCF7 breast
adenocarcinoma cells with oncostatin M (OSM) increases the sub-

Fig. 2 | Ether lipids regulate cellular redox-active iron levels in cancer cells.
a Relative lysosomal iron levels (see methods) of PyMT-1099 WT or AGPS KO cells
(+/−) pretreatment with TGF-β (n = 5 independent experiments). Fold change cal-
culated relative to the average of untreated PyMT-1099 wild-type (WT) cells. Sta-
tistical significance was calculated by one-way ANOVA with Holm-Šídák multiple
comparisons test. b Relative lysosomal iron levels of WT, AGPS KO, and AGPS
addback pB3 cells (n = 5 independent experiments). Fold change calculated relative
to the average of pB3 WT cells. Statistical significance was calculated by one-way
ANOVA with Holm-Šídák multiple comparisons test. c Inductively coupled plasma-
mass spectrometry (ICP-MS) of cellular iron in PyMT-1099 WT or AGPS KO cells
(+/−) pretreatment with TGF-β (n = 6 independent experiments). Statistical sig-
nificance was calculated by one-way ANOVA with Tukey’s multiple comparisons
test. d ICP-MS of cellular iron in WT, AGPS KO, and AGPS addback pB3 cells (n = 4
independent experiments). Statistical significance was calculated by one-way
ANOVA with Tukey’s multiple comparisons test. e Relative lysosomal iron levels in
OVCAR8NT sg, FAR1 KOor AGPSKO cells pretreatedwith ferric ammonium citrate
(FAC, 50μg/mL) (n = 4 independent experiments). Fold change is calculated rela-
tive to the average of NT sg cells. Statistical significance was calculated by one-way

ANOVA with Holm-Šídák multiple comparisons test. f ICP-MS of cellular iron in
OVCAR8 NT sg, FAR1 KO or AGPS KO cells pretreated with FAC (50μg/mL) (n = 5
independent experiments). Statistical significance was calculated by one-way
ANOVA with Tukey’s multiple comparisons test. g Cell viability of OVCAR8 NT sg,
FAR1KOor AGPSKOcells (+/−) FACpretreatment followed byML210 treatment for
72 h. Liproxstatin-1 (0.2μM) was added at the time of ML210. Data shown as mean
of n = 3 technical replicates and is representative of three independent biological
replicates. h Cell viability in response to ML210 treatment of PyMT-1099 WT or
AGPS KO (+/−) pretreatment with TGF-β (10 days) followed by FAC treatment
(100 µg/mL) for an additional 24 h. Cells were then treated with ML210 (+/−)
liproxstatin-1 (0.2 µM) and cell viability was assessed after 72 h. Data shown asmean
of n = 3 technical replicates and is representative of three independent biological
replicates. i ICP-MS of cellular iron from primary tumors derived from WT, AGPS
KO, andAGPSaddbackpB3 cells.Mean+/− SEM from3 independent tumor samples
per condition. Group differences were tested by permutation ANOVA followed by
one tailed Welch’s t-tests with Holm correction for multiple comparisons. For
panels b, d, i: pB3 WT and AGPS KO cells were transduced with the respective
vector control plasmids. NT nontargeting, ns not significant.
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population ofCD44hi/CD24lo cells (Supplementary Fig. 11a, b), resulting
in elevated PUFA-containing ether phospholipids and increased
intracellular iron (Supplementary Fig. 11c–g). This is consistent with
our TGFβ-treated PyMT-1099 model (Supplementary Fig. 12a–c).

Moreover, we found that loss of ether lipids significantly
attenuates the tumor-initiating potential and metastatic capacity

of PyMT-1099 AGPS KO TGF-β-treated cells following orthotopic
implantation into the mammary stromal fat pad compared to
PyMT-1099 WT TGF-β-treated cells (Fig. 5k–m). Collectively, our
findings indicate that ether lipids play critical roles in promoting
cancer cell stemness and resulting post-extravasation
colonization.
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Discussion
Our findings underscore the importance of integrating membrane
biophysical properties into existing genetic and biochemical frame-
works for understanding cancer cell fate. While phospholipids have
long been implicated in cellular transformation, the focus thus far has
primarily been to study the actions of specific lipids (e.g. inositol
phospholipids) and their signaling derivatives99. Our study reveals a
distinct and underappreciated mechanism by which lipids influence
malignancy. Specifically, we identify ether lipids as key modulators of
plasma membrane biophysical properties that regulate iron uptake
and neoplasia-related phenotypes such as metastasis and cancer cell
stemness/tumor-initiating potential. Importantly, this biophysical
configuration creates a unique vulnerability of cancer cells to ferrop-
tosis and suggests that targeting lipid metabolism and iron home-
ostasis could be exploited to suppress subpopulations of highly
metastatic and drug-tolerant carcinoma cells7,100.

Ether phospholipids have been widely characterized as partici-
pants in ferroptosis through their role as substrates prone to iron-
catalyzed oxidation22. However, our findings indicate an entirely dis-
tinct biochemical mechanism is operative here, whereby ether lipids
directly modulate the levels of intracellular iron, a rate-limiting para-
meter governing ferroptosis susceptibility4,35,86. By emphasizing the
role of membrane biophysical properties inmediating iron uptake, we
depart from the conventional portrayal of phospholipids simply as
substrates of oxidation. This shift in perspective has the potential to
open new avenues for research, as it challenges researchers to explore
the biophysical aspects of membranes as a new dimension in the
regulation of this cell death program.

Although most lipid classes remained largely unchanged upon
AGPS KO, it is plausible that subtle changes in membrane lipid com-
position beyond ether lipid levels may also be responsible for the
phenotypes described here. Moreover, in addition to perturbed
membrane receptor dynamics promoted by changes in membrane
tension, the observed decrease inmetastatic capacity of AGPS KO cells
may also result from changes in oncogenic signaling lipids24,
mechanisms that are not addressed here.

Alterations in intracellular iron level can impact gene expression
via various mechanisms, including modulation of chromatin-
modifying enzyme activity35,101,102. For example, an increase of intra-
cellular iron levels has been shown to promote the activity of iron-
dependent histone demethylases35,101,102, impacting gene expression
profiles underlying cell plasticity35 and immune cell activation39. Our
finding that ether lipid deficiency reduces intracellular iron levels
explains, at least in part, how loss of ether lipids may affect cancer-
associated transcriptional programs, acting at the epigenetic level and
enabling a variety of malignancy-associated cell phenotypes including

metastasis and cancer stemness. Suchmechanisms may act in concert
with processes independent from iron, which are also regulated by
ether lipids to affect cancer malignancy traits.

In the longer term, the implications of our findingsmay reachwell
beyond cancer pathogenesis. Thus, we suggest that the interplay
between membrane biophysics and iron biology could represent a
fundamental determinant of cell fate, influencing diverse processes
such as differentiation, immune activation, wound healing, and
embryonic development.

Methods
Cell lines
The pB2 and pB3 MMTV-PyMT-derived murine breast cancer cell lines
were a kind gifts from the laboratory of Harold L. Moses32. 687 g cells
(also called EpCAMLoSnail-YFPHi) were originally established from
tumors that developed in the MMTV-PyMT-Snail-IRES-YFP reporter
mouse model, previously developed by the Weinberg lab103. pB3 and
687 g cell lines were cultured in 1:1 DMEM/F12 medium containing 5%
adult bovine serum with 1% penicillin-streptomycin and 1% non-
essential amino acids32. The PyMT-1099 murine breast cancer cell line
was a kind gift from the laboratory of Gerhard Christofori and cultured
in DMEM supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin and 1% glutamine29. For select experiments, these cells
were treated with 2 ng/mL of TGF-β for 10 days prior to performing
subsequent analyses. OVCAR8 cells were obtained from the laboratory
of Joan Brugge and cultured in 1:1 MCDB 105 medium/Medium 199
Earle’s Eagles medium supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. MCF7 (ATCC, HTB-22) cells were cultured
in Dulbecco’s Modified Eagle Medium GlutaMAX (DMEM, Thermo-
Fisher Scientific, 61965059) supplemented with 10% Fetal Bovine
Serum and Penicillin-Streptomycin mixture (BioWhittaker/Lonza,
DE17-602E) and treated with oncostatin M (OSM, R&D systems, 295-
OM-050, 100 ng/mL, 72 h). All cells were cultured in a humidified
incubator at 37 °Cwith 5%CO2. All cells were negative formycoplasma.
Human cell line authentication (CLA) analysis of OVCAR8 cells were
performed by the Duke University DNA Analysis facility. Established
murine lines have not been STR profiled.

Animal studies
All animal experiments were performed in the animal facility at the
Koch Institute for Integrative Cancer Research atMIT.Micewe housed
under a 12-h light/12-h dark cycle, temperatures in the range 20–22 °C
and humidity between 30–70%. Animal experiments performed in this
study received approval by the MIT Institutional Animal Care and Use
Committee. Tumor burden, where measurable, was not allowed to
exceed 3 cm. Animals showing discomfort or distress were humanely

Fig. 3 | Ether lipids facilitate CD44-mediated iron endocytosis. a Endocytic
transport of fluorescently labeled transferrin as assessed by quantitative colocali-
zation with an early endosomal marker (EEA1) in pB3 WT, AGPS KO, and AGPS
addback cells. b Endocytic transport of fluorescently labeled hyaluronate probe as
assessed by quantitative colocalization with an early endosomal marker (EEA1) in
pB3 WT, AGPS KO, and AGPS addback cells. c Endocytic transport of fluorescently
labeled transferrin as assessed by quantitative colocalization with an early endo-
somal marker (EEA1) in PyMT-1099 WT or AGPS KO cells +/− pretreatment with
TGF-β. d Endocytic transport of fluorescently labeled hyaluronate probe as asses-
sed by quantitative colocalization with an early endosomalmarker (EEA1) in PyMT-
1099 WT or AGPS KO cells +/− pretreatment with TGF-β. e Inductively coupled
plasma-mass spectrometry (ICP-MS) of cellular iron following treatmentwith either
hyaluronic acid or hyaluronidase in PyMT-1099 WT or CD44 KO cells +/− pre-
treatment with TGF-β (n = 4 independent experiments). Box plots: interquartile
range, center lines = medians and whiskers = the minimum and maximum values.
f Endocytic transport of dextran as assessed by quantitative colocalization with the
early endosomal marker EEA1 in pB3 WT, AGPS KO, and AGPS addback cells.
g Endocytic transport of dextran as assessed by quantitative colocalizationwith the

early endosomalmarker EEA1 in PyMT-1099WT or AGPSKO cells +/− pretreatment
with TGF-β. h Endocytosis of EGFR as assessed by quantitative colocalization of
internalized fluorescently labeled EGF with an early endosomal marker (EEA1) in
PyMT-1099 WT or AGPS KO cells +/− pretreatment with TGF-β. Cells were treated
with 2 ng/mLAlexa 555-conjugated EGF. i Endocytic transport of hyaluronate probe
assessed by quantitative colocalization with an early endosomal marker (EEA1) in
pB3 WT or AGPS KO cells +/− pretreatment (16-18 hr) with polyunsaturated fatty
acid (PUFA) BSA conjugate C(22:6). j Endocytic transport of hyaluronate probe
assessed by quantitative colocalization with an early endosomal marker (EEA1) in
pB3 WT or AGPS KO +/− pretreatment (16-18 hr) with liposomes composed of the
following: PE (18:0_20:4), PE (18:1p_20:4), and PC (18:1p_20:4). All data shown as
mean +/− SEM and statistical significance was calculated by one-way ANOVA with
Tukey’s multiple comparisons test; ns, not significant. For all endocytosis assays
n = 10 fields were examined for each timepoint, and data are representative of two
independent experiments with similar results. In some cases, error bars are smaller
than the symbol size and not visible. Panels a, b, f: pB3WT and AGPS KO cells were
transduced with the respective vector control plasmids.
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euthanized following the MIT Institutional Animal Care and Use
Committee guidelines. For primary tumor growth studies: 1 million
cells were resuspended in 20% Matrigel/PBS and injected into the
mammary fat pad of 6-8 week old female mice. C57BL/6 mice (Jackson
Laboratories; strain name: C57BL/6 J; stock number: 000664) were
used for in vivo experiments with pB3 cells. NSG mice (Jackson
Laboratories; strain name: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; stock num-
ber: 005557) were used for in vivo experiments with PyMT-1099 cells.
These cells were pretreated with TGF-β (2 ng/mL) for 10 days prior to
injection. Tumor sizewasmeasuredonce aweekusing a vernier caliper
and tumor volume was calculated using the formula: Tumor volume =
(length x width2)/2, where length represents the largest tumor dia-
meter, and width represents the perpendicular tumor diameter. For
limiting dilution tumor-initiating assays, pB3WT or pB3 AGPS KO cells

were resuspended in20%Matrigel/PBS and injected into themammary
fat pad of 6-8 weeks old female C57BL/6 mice at the following dilu-
tions: 100,000, 10,000, 1000, 100 cells. Animals were assessed for
palpable tumors after 39 days post injection. The estimated number of
CSCs was calculated using the extreme limiting dilution analysis
(ELDA) software104. For experimental metastasis involving pB3 cell
lines, 0.2 million GFP-luciferized cells were resuspended in 200 µl of
PBS and injected into the left ventricle of 6-8weeks old femaleC57BL/6
mice. Metastatic burden was measured after 10 d post-injection via
bioluminescence in live animals using the spectrum in vivo imaging
system (IVIS)105. Images were analyzed using Living Image software
(PerkinElmer, version 4.8.2). For OVCAR8 cells, 1.5 million cells were
resuspended in PBS and implanted into 6-8 weeks old female athymic
nude mice (Jackson Laboratories; strain name: NU/J; stock number:
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002019) via intraperitoneal injections.Metastatic burdenwas assessed
after 6 weeks using a fluorescence dissecting microscope.

Generation of gene-edited cell lines using CRISPR/Cas9
Except for OVCAR8 cells, all AGPS KO single-cell clones were gener-
ated via transient transfection with mouse AGPS CRISPR/Cas9 KO
Plasmids (Catalog no. sc-432759, Santa Cruz) according to the man-
ufacturer’s instructions. GFP-positive cells were sorted via
fluorescence-activated cell sorting (FACS) into 96-well plates with
one cell per well and single-cell clones were subsequently expanded.
AGPS KO single-cell clones were assessed for loss of AGPS expression
via western blot analysis. pB3 and PyMT-1099 AGPS addback cells
were generated by transducing an AGPS KO single-cell clone with
pLV[Exp]-Puro-EF1A-mAgps lentiviral vector (VectorBuilder). pB3
and PyMT-1099 AGPS KO cells expressing pLV[Exp]-Puro-EF1A-Stuf-
fer_300bp (VectorBuilder) were established as controls for AGPS
addback experiments and noted in the figure legends where used.
Lentivirus was produced by transfecting HEK293T cells with viral
envelope (VSVG, Addgene) and packaging plasmids (psPAX2,
Addgene). Viral supernatant was collected after 48 h and filtered
through a 0.45 µm filter. Stably transduced cells were selected with
2 µg/mLpuromycin. OVCAR8 FAR1 KOandAGPSKO single cell clones
as well as nontargeting control cells were established as previously
described22. pB3 CD44 KO cells (bulk) were generated using human
CD44 CRISPR/Cas9 KO Plasmids (Catalog no. sc-419558, Santa Cruz)
according to the manufacturer’s instructions. After 48 h post-trans-
fection, cells were sorted by flow cytometry for GFP positive cells,
expanded in culture, and re-sorted twice for CD44 negative cells
using Alexa Fluor® 647 anti-mouse/humanCD44Antibody. Cells were
maintained as bulk CD44 KO cells. A list of all plasmids used to
generate gene edited cell lines can be found in Supplementary
Table 1.

Lipidomics analysis
Sample preparation (whole cell preparations). Briefly, 1 × 106 cells
were plated in individual wells of a 6 well dish. No more than 16 hours
later, cells were washed with DPBS (Dulbecco’s PBS without Mg and
Ca), trypsinized, and washed twice again with before resuspending in
300 μL of DPBS and storing at −80 °C until further processing.

Sample preparation (GPMV preparations). Giant plasma membrane
vesicles (GPMVs) were isolated from pB3 WT, AGPS KO, and AGPS
addback cells as previously described with minor modifications106.
Briefly, three 10-cm dishes of approximately 70% confluency prepared
for each cell line were washed once with phosphate-buffered saline

(PBS) and twice with GPMV buffer (10mMHEPES, 150mMNaCl, 2mm
CaCl2 – pH 7.4). Fresh N-ethylmaleimide (Millipore Cat. No. E3876-5G)
was added to GPMV buffer to yield a final concentration of 5mM, then
4mL of this buffer was added to each culture dish followed by incu-
bation for 3 hours at 37 °C. Supernatants containing GPMVs were then
collected and pooled for each condition and passed through 5 µm
centrifugal filters (Millipore Sigma Cat. No. UFC30SV00) by centrifu-
ging at 500 x g to remove any whole cells. The pooled filtrates were
subsequently centrifuged at 20,000 × g for 2 hours at 4 °C and
resuspended in 300 µL of DPBS. The presence of vesicles was con-
firmed by light microscopy before storing at −80 °C until further
processing. Three independent biological replicates were collected
and used for lipidomic analysis.

Lipid extraction for mass spectrometry lipidomics. Mass
spectrometry-based lipid analysis was performed by Lipotype GmbH
(Dresden, Germany) as described107. Lipids fromwhole cells or isolated
GPMVs were extracted using a chloroform/methanol procedure108.
Samples were spiked with internal lipid standard mixture containing:
cardiolipin 14:0/14:0/14:0/14:0 (CL), ceramide 18:1;2/17:0 (Cer), dia-
cylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0 (HexCer),
lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC),
lyso-phosphatidylethanolamine 17:1 (LPE), lyso-phosphatidylglycerol
17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine
17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/17:0
(PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol
17:0/17:0 (PG), phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine
17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;0
(SM), triacylglycerol 17:0/17:0/17:0 (TAG). After extraction, the organic
phasewas transferred to an infusion plate and dried in a speed vacuum
concentrator. The dry extract was re-suspended in 7.5mM ammonium
formate in chloroform/methanol/propanol (1:2:4, V:V:V). All liquid
handling steps were performed using Hamilton Robotics STARlet
robotic platform with the Anti Droplet Control feature for organic
solvents pipetting.

MS data acquisition. Samples were analyzed by direct infusion on a
QExactive mass spectrometer (Thermo Scientific) equipped with a Tri-
Versa NanoMate ion source (Advion Biosciences). Samples were ana-
lyzed in both positive and negative ion modes with a resolution of Rm/

z=200 = 280000 forMS andRm/z=200 = 17500 forMSMSexperiments, in a
single acquisition. MSMS was triggered by an inclusion list encom-
passing corresponding MS mass ranges scanned in 1Da increments109.
Both MS and MSMS data were combined to monitor CE, DAG and TAG
ions as ammoniumadducts; LPC, LPCO-, PC, PCO-, as formate adducts;

Fig. 4 | Ether lipid deficiency impairs membrane biophysical properties.
a Schematic of membrane tether pulling assay and fluorescence image showing a
tether pulled from the plasma membrane of a pB3 cell using an optically trapped
4 µm anti-Digoxigenin coated polystyrene bead. b Graph showing tether radius (R)
and tether force measurements (f ) in pB3 WT, AGPS KO, and AGPS addback cells.
All data shown as mean +/− SD, data is representative of three independent
experiments which yielded similar results. c Membrane tension measurements in
pB3WT,AGPSKOpretreatedwith the indicated ether phospholipid liposomes, and
AGPS addback cells. All data shown asmean +/− SEMofWT:n = 14, AGPSKO:n = 16,
AGPS addback: n = 11, AGPS KO+ PE (18:1p_18:1): n = 13, AGPS KO+ PE (18:1p:20:4):
n = 12 independent measurements. d Endocytic transport of fluorescently labeled
hyaluronate probe as assessed by quantitative colocalization with an early endo-
somal marker (EEA1) in pB3 WT or AGPS KO cells pretreated with the indicated
ether phospholipid liposomes. All data shown as mean +/− SEM. e Endocytic
transport of fluorescently labeled transferrin as assessed by quantitative colocali-
zation with an early endosomal marker (EEA1) in pB3 WT or AGPS KO cells pre-
treated with 20 µM of the indicated ether phospholipid liposomes. All data shown
as mean +/− SEM. f Generalized polarization (GP) values of C-laurdan-labeled
plasma membranes from pB3 WT (n = 13 technical replicates), AGPS KO (n = 7
technical replicates), and AGPS addback cells (n = 7 technical replicates). Data is

shown as mean GP + / − SD. Experiment was repeated three times, yielding similar
results. g GP values of C-laurdan-labeled intracellular membranes from pB3 WT
(n = 21), AGPS KO (n = 19) and AGPS addback cells (n = 29 technical replicates) Data
is shown asmeanGP + / − SD. Experiment was repeated three times, yielding similar
results. hGP values of C-laurdan-labeled intracellularmembranes from PyMT-1099
WTorAGPSKOcells treatedwith orwithout 2 ng/mLTGF-β for 10days. Data shown
as mean GP + / − SD of n = 38 (WT), n = 19 (WT+TGF-β), n = 26 (AGPS KO), n = 19
(AGPS KO + TGF-β) technical replicates. Experiment was repeated three times,
yielding similar results. i Representative giant plasma membrane vesicle (GPMV)
phase separation curves fromAGPSKOversusWTpB3 cells. Curvesweregenerated
by counting ≥ 20 vesicles/temperature/condition at > 4 temperatures. The datawas
fit to a sigmoidal curve to determine the Tmisc. Data shown as themean +/− SDof 3
independent experiments with the average fit shown. Inset shows mean Tmisc +/−
SD upon loss of AGPS in pB3 cells. Statistical significance was calculated using
unpaired, two-tailed t-test. Unless otherwise noted statistical significance was cal-
culated by one-way ANOVA with Tukey’s multiple comparisons test; ns, not sig-
nificant. Examined n = 10 fields for all endocytosis-related experiments and two
independent replicates were performed with similar results. For panels b, c, f, g:
pB3 WT and AGPS KO cells were transduced with the respective vector control
plasmids.
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and CL, LPS, PA, PE, PE O-, PG, PI and PS as deprotonated anions. MS
onlywas used tomonitor LPA, LPE, LPEO-, LPGand LPI as deprotonated
anions; Cer, HexCer and SM as formate adducts.

Data analysis and post-processing. Data were analyzedwith in-house
developed lipid identification software based on LipidXplorer110,111.
Only lipid identifications with a signal-to-noise ratio >5, and a signal

intensity 5-fold higher than in corresponding blank samples were
considered for further data analysis. Cholesterol was removed from
each data set before analysis. Simple imputation was performed by
replacing missing values with 0.2 * the minimum non-zero value for
each lipid assayed, a modification from previously described
methods112. Relative mol% levels of individual lipid species were
determined by dividing each pmol value by the sum pmol of all lipids
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detected in that sample and multiplying by 100. Total ether lipid (and
other lipid classes presented) were calculated by summation of mol%
values of each lipid within that class. Lipid fold changes were calcu-
lated by dividing the average mol% of each lipid species between
groups and applying a Log2 transformation. Corresponding p-values
were calculated using the student’s t-test.

Oxidized lipidomics
Samplepreparation. 100,000 cells per conditionwereplated in6-well
plates 24 h prior to the experiment. For PyMT-1099, cells were treated
with TGF-β (2 ng/mL) for 10 days. pB3 cells were treated with 500nM
RSL3, OVCAR8 cells with 2 µM ML210 and TGF-β-treated PyMT-1099
cells with 10 µMML210 for 24 h. Cells were subsequently washed with
PBS and then with 150mM ammonium bicarbonate. Cells were then
scraped and resuspended in 150mM ammonium bicarbonate and
centrifuged at 300 x g for 5min. The supernatant was removed, and
cells were resuspended in 1mL of 150mM ammonium bicarbonate.
The solutions were centrifuged at 13,500 x g for 10min and the
supernatant was removed. 200 µL of 150mM sodium bicarbonate was
added to the pellet and samples were flash frozen in liquid nitrogen.
Cells were prepared in 5 independent biological replicates and lipi-
domics analysis was performed on the same day for all the replicates.

Lipid extraction for mass spectrometry lipidomics. For lipidomics
analysis, the 200 µL cell lysates were spiked with 1.4μL of internal
standard lipid mixture containing 300 pmol of phosphatidylcholine
17:0-17:0, 50 pmol of phosphatidylethanolamine 17:0-17:0, 30 pmol of
phosphatidylinositol 16:0-16:0, 50 pmol of phosphatidylserine 17:0-
17:0, 30 pmol of phosphatidylglycerol 17:0-17:0 and 30 pmol of
phosphatidic acid 17:0-17:0 and subjected to lipid extraction at 4 °C, as
previously described113. The sample was then extracted with 1mL of
chloroform-methanol (10:1) for 2 h. The lower organic phase was col-
lected, and the aqueous phase was re-extracted with 1mL of
chloroform-methanol (2:1) for 1 h. The lower organic phase was
collected and evaporated in a SpeedVac vacuum concentrator.
Lipid extracts were dissolved in 100μL of infusion mixture
consisting of 7.5mM ammonium acetate dissolved in propanol:-
chloroform:methanol [4:1:2 (vol/vol)].

MS data acquisition. Samples were analyzed by direct infusion in a
QExactivemass spectrometer (Thermo Fisher Scientific) equipped with
a TriVersa NanoMate ion source (Advion Biosciences). 5 µL of sample
were infused with gas pressure and voltage set to 1.25 psi and 0.95 kV,
respectively. PC, PE, PEO, PCOx and PEOx were detected in the 10:1

extract, by positive ionmode FTMS as protonated adducts by scanning
m/z = 580–1000Da, at Rm/z=200 = 280 000with lockmass activated at a
common background (m/z = 680.48022) for 30 s. Every scan is the
average of 2 micro-scans, automatic gain control (AGC) was set to 1E6
and maximum ion injection time (IT) was set to 50ms. PG and PGOx
were detected as deprotonated adducts in the 10:1 extract, by negative
ion mode FTMS by scanningm/z = 420–1050Da, at Rm/z=200 = 280 000
with lock mass activated at a common background (m/z = 529.46262)
for 30 s. Every scan is the average of 2 micro-scans. Automatic gain
control (AGC) was set to 1E6 and maximum ion injection time (IT) was
set to 50ms. PA, PAOx, PI, PIOx, PS and PSOx were detected in the 2:1
extract, by negative ion mode FTMS as deprotonated ions by scanning
m/z = 400–1100Da, at Rm/z=200 = 280 000 with lockmass activated at a
common background (m/z = 529.46262) for 30 s. Every scan is the
average of 2 micro-scans, automatic gain control (AGC) was set to 1E6
andmaximum ion IT was set to 50ms. All data was acquired in centroid
mode. All lipidomics data were analyzed with the lipid identification
software, LipidXplorer111. Tolerance for MS and identification was set to
2 ppm. Data were normalized to internal standards.

Immunoblotting
Cells were washed with ice-cold PBS and lysed in cell lysis buffer (Cell
Signaling Technology, Cat. #9803S) containing 1mM PMSF protease
inhibitor (Cell Signaling Technology, Cat. #8553S). Protein samples
were prepared with NuPAGE LDS Sample Buffer (Thermo Fischer Sci-
entific, Cat. #NP0007) and NuPage Sample Reducing Agent (Thermo
Fischer Scientific, Cat. #NP0004) or 2X Laemmli buffer and heated at
70 °C or 94 °C for 10minutes. Samples were resolved by SDS-PAGE,
transferred to nitrocellulose (Bio-Rad) and blocked in 5%milk/TBST or
5%milk/PBST for 1 h at room temperature.Membraneswere incubated
overnight with the respective primary antibodies at 4 °C in 5% milk/
PBST or in 5% BSA/TBST, washed with TBST or PBST, incubated with
HRP-conjugated secondary antibodies and developed using
SuperSignalTM West Dura, SuperSignalTM West Pico PLUS, or
SuperSignalTM West Femto kits (ThermoFisher Scientific, Cat. 34076,
Cat. 34580 and Cat. 34096). A list of all antibodies used in this study
can be found in Supplementary Table 2.

Cell viability assay
Cells were seeded in 96-well black clear bottom plates (Corning) at
2000 or 3000 cells (PyMT-1099 + /- TGF-β) and 6000 cells (OVCAR8)
per well. Approximately, 12-16 h post-seeding, cells were treated with
various drug concentrations using an HP D300e Digital Dispenser
unless stated otherwise. Cell viability was assessed at 72 h post-

Fig. 5 | Loss of ether lipids decreases metastasis and cancer cell stemness.
a Representative confocal images of extravasated tdTomato-labeled pB3 WT and
AGPS KO cells from an in vitro microvascular network (see methods), over 24h.
Data representative of two independent replicates (scale bar = 100 µm).
b Quantification of extravasated pB3 WT and AGPS KO cells from microvascular
network. Data represent the mean percentage of extravasated cells per device +/−
SEM (n = 5 technical replicates). Significance was calculated using unpaired, two-
tailed t-test. Data representative of two independent experiments. cQuantification
of extravasated tdTomato-labeled PyMT-1099 cell line derivatives from micro-
vascular network. Data represent the mean percentage of extravasated cells per
device +/− SEM (n = 6 technical replicates). Significance was calculated by one-way
ANOVA with Tukey’s multiple comparisons test; ns, not significant. Data repre-
sentative of two independent experiments. d Representative in vivo imaging sys-
tem (IVIS) images of overall metastatic burden in C57BL/6 female mice following
intracardiac injection of pB3 WT (n = 5) and AGPS KO (n = 5) cells. e Quantification
of metastatic burden in C57BL/6 female mice following intracardiac injection of
pB3 WT and AGPS KO cells (n = 5). Graph shows the mean +/− SEM and statistical
significance was calculated using two-tailed Mann-Whitney test. f Representative
images of H&E-stained sections of harvested kidneys from C57BL/6 female mice
following intracardiac injection of pB3 WT or pB3 AGPS KO cells (scale bar =

1,000 µm). g Gross images of primary tumors derived from pB3 WT control cells
and pB3 AGPS KO cells. h Tumor growth kinetics of primary tumors derived from
pB3 WT control cells and pB3 AGPS KO cells (n = 5 mice per group). Data shown as
mean +/− SEM. i Bar graph showing the average weight of primary tumors derived
from pB3 WT and AGPS KO cells (n = 5 mice). Graph shows the mean +/− SEM and
statistical significance was calculated using two-tailed Mann-Whitney test; ns, not
significant. j Estimated number of cancer stem cells (CSCs) per 10,000 cells as
calculated by extreme limiting dilution analysis (ELDA) software. Tumor-initiating
capacity was assessed following implantation of pB3WT or pB3 AGPS KO cells into
themammary fat pad of C57BL/6mice. P values, two-sided χ2 pairwise test. k Table
showing the number ofmicewith palpable primary tumors at 121 d post orthotopic
implantation of PyMT-1099WT or AGPS KO cells +/− pretreatment with TGF-β into
female NSG mice. l Quantification of lung metastases for aforementioned experi-
ment. Data representsmean number of lung metastases +/− SEM (n = 8 forWT and
AGPS KO+TGF-β, n = 7 for WT+TGF-β). Statistical significance was calculated by
one-way ANOVA with Tukey’s multiple comparisons test; ns, not significant.
m Representative images of H&E-stained lungs harvested from female NSG mice
from aforementioned experiment. Arrows indicate metastases. Scale bar =
2000 µm.
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treatment by performing CellTiter-Glo Luminescent Cell Viability
Assay (Promega) according to the manufacturer’s instructions. Rela-
tive viability was calculated by normalizing to untreated controls
unless stated otherwise. Non-linear regression models (four para-
meter, variable slope) were applied to generate the regression fit
curves using GraphPad Prism version 10.4.1. Drug compounds were
purchased as indicated: RSL3 (Selleck Chem), ML210 (Sigma Aldrich),
and Liproxstatin-1 (Fisher Scientific). For experiments involving ferric
ammonium citrate (FAC), FAC (Sigma) was prepared fresh in sterile 1×
PBS andmanually added directly to cell culture media at the indicated
concentrations at the timeof seeding into 96-well plates. Unless stated
otherwise, cells were pretreated with FAC for 24 h prior to ML210
treatment.

Inductively coupled plasma mass spectrometry (ICP-MS)
For select experiments, cells were treated for 24 hwith hyaluronic acid
(Carbosynth, FH45321, 600-1000 kDa, 1mg/mL) or hyaluronidase (HD,
Sigma-Aldrich, H3884, 0.1mg/mL) as indicated. Glass vials equipped
with Teflon septa were cleaned with nitric acid 65% (VWR, Suprapur,
1.00441.0250), washed with ultrapure water (Sigma-Aldrich,
1012620500) anddried. Cellswere harvested andwashed twicewith 1×
PBS. Cells were then counted using an automated cell counter (Entek)
and transferred in 200 µL 1× PBS to the cleaned glass vials. The same
volume of PBS was transferred into separate vials for the background
subtraction, at least in duplicate per experiment. For tumor samples,
small pieces of the tumors were added into pre-weighed cleaned glass
vials. Samples were lyophilized using a freeze dryer (CHRIST, 22080).
Glass vials with lyophilized tumor samples were weighed to determine
the dry weight for normalization. Samples were subsequently mixed
with nitric acid 65% and heated at 80 °C overnight. Samples were
diluted with ultrapure water to a final concentration of 0.475 N nitric
acid and transferred to metal-free centrifuge vials (VWR, 89049-172)
for subsequent ICP-MS analyses. Amounts of metals were measured
using an Agilent 7900 ICP-QMS in low-resolutionmode, taking natural
isotope distribution into account. Sample introduction was achieved
with a micro-nebulizer (MicroMist, 0.2mL/min) through a Scott spray
chamber. Isotopes were measured using a collision-reaction interface
with helium gas (5mL/min) to remove polyatomic interferences.
Scandium and indium internal standards were injected after inline
mixing with the samples to control the absence of signal drift and
matrix effects. A mix of certified standards was measured at con-
centrations spanning those of the samples to convert count mea-
surements to concentrations in the solution. Values were normalized
against cell number or dry weight.

Iron measurements using HRhoNox-M
The lysosome-specific fluorescent Fe(II) probe HRhoNox-M was syn-
thesized in 3 steps according to a previously published procedure36. 1H
NMR (300MHz, CDCl3) δ 7.93 (1H, d, J = 2.0Hz), 7.45 (1H, dd, J = 8.5Hz,
2.0Hz), 7.40–7.30 (3H, m), 7.05 (1H, d, J = 8.5Hz), 6.90 (1H, d,
J = 7.0Hz), 6.80 (1H, d, J = 8.0Hz), 6.50–6.44 (2H,m), 5.28–5.35 (2H,m),
3.62 (6H, m), 2.97 (6H, s). MS (ESI) m/z: calcd. for C24H25N2O3 [M+H]+

389.19, found: 389.35. Cells were incubated with 1 µMHRhoNox-M for
1 h or lysotracker deep red (Thermo Fisher Scientific L12492) accord-
ing to the manufacturer’s instructions for 1 h. Cells were then washed
twice with ice-cold PBS and suspended in incubation buffer prior to
being analyzed by flow cytometry. For each condition, at least 10,000
cells were counted. Data were recorded on a BD Accuri C6 (BD Bios-
ciences) and processed using Cell Quest (BD Biosciences) and FlowJo
(FLOWJO, LLC). The signal for HRhoNox-Mwas normalized against the
signal of lysotracker of cells treated in parallel.

Endocytosis experiments
Antibody against EEA1 was purchased from BD Biosciences (Catalog
no. 610456). Conjugated transferrin (mouse)-Alexa546, dextran-

Alexa555, and EGF-Alexa555 were purchased from Invitrogen. Cy3-
conjugated hyaluronate was synthesized in-house. Cy2- or Cy3-
conjugated donkey antibodies against mouse IgG were purchased
from Jackson ImmunoResearch. For receptor-mediated endocytosis,
cells were washed with serum-free medium and then incubated in this
medium with Cy3-conjugated hyaluronate (0.1mg/mL), Alexa 555-
conjugated EGF (either 2 ng/mL or 200ng/mL), or Alexa 546-
conjugated transferrin (5μg/mL) for 1 h at 4 °C. Cells were then
washed to clear unbound ligand, and shifted to 37 °C for times indi-
cated in the figures. Cells were stained for EEA1, followed by confocal
microscopy to assess the arrival of ligand to the early endosome. To
assess fluid-phase uptake, Alexa 555-conjugated dextran (0.2mg/mL)
was added to complete medium and cells were incubated 37 °C for
times indicated in the figures. Cells were then stained for EEA1, fol-
lowed by confocalmicroscopy to assess the arrival of this probe to the
early endosome. In select assays cells were pretreated with 20μM
C(22:6) BSA conjugate for 16-18 h.

Confocal microscopy
Colocalization studies were performedwith the Zeiss AxioObserver Z1
Inverted Microscope having a Plan-Apochromat 63x objective, the
Zeiss LSM 800 with Airyscan confocal package with Zeiss URGB (488-
and 561-nm) laser lines, and Zen 2.3 blue edition confocal acquisition
software. For quantification of colocalization, ten fields of cells were
examined, with each field typically containing about 5 cells. Images
were imported into theNIH ImageJ v.1.50e software, and then analyzed
through a plugin software (https://imagej.net/Coloc_2). Under the
‘image’ tab, the ‘split channels’ optionwas selected. Under the ‘plugins’
tab, ‘colocalization analysis’ option was selected, and within this
option, the ‘colocalization threshold’ option was selected. Manders
Coefficient was used for colocalization analysis. Colocalization values
were calculated by the software and expressed as the fraction of pro-
tein of interest colocalizedwith EEA1. Colocalization experimentswere
performed at least twice, and representative data is shown.

Mammosphere assay
Mammospheres were generated in accordance to a previously
described protocol with minor modifications114. Briefly, single cell
suspensions containing 1,200WT or AGPS KO pB3 cells were plated in
serum free DMEM/F12 supplemented with 2nM L-glutamine, 20 ng/mL
recombinant humanepidermal growth factor (EGF; Peprotech Cat. No.
AF-100-15), and B27 supplement (Gibco, Cat. No. 17504-044) in indi-
vidual wells of an ultra-low attachment 6 well plate (Corning Cat. No.
3471). After 4 days, the total number of spheres greater than 40 µm
were quantified before dissociation in trypsin at 37 °C. Dissociated
cells were then passed through a 40 µm cell strainer to yield a single
cell suspension, before replating 1,200 cells. Sphere formation effi-
ciency ((# of mammospheres per well) / (# of cells seeded per well) x
100) was calculated over 3 passages. Data shown is representative of 3
independent biological replicates.

Synthesis of HA-Cy3 probe
Hyaluronic acid (HA, 2mg, Sigma 75044, Lot #BCBM2884) was dis-
solved in a 1:1 solution of dimethylsulfoxide (DMSO) and water
(0.4mL) for a stock concentration of 5mg/mL. The polymer was
sonicated under heating to ensure full solubilization. The HA solution
was then diluted into HEPES (50mM final HEPES concentration for a
total reaction volume of 2mL once all components are combined).
Sulfo-Cyanine3 amine (2.36mg, Lumiprobe) was separately dissolved
in DMSO (0.236mL) for a stock concentration of 10mg/mL. N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC,
0.253mg, Sigma)was separately dissolved in 50mMHEPES (0.051mL)
for a stock concentration of 5mg/mL. The HA and EDC solutions were
then combined under stirring, followed by addition of the dye solu-
tion. The reaction was stirred, protected from light, at room
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temperature for 12 h. Following, unreacted dye was removed via
Amicon Ultra-0.5 Centrifugal Filters (Millipore Sigma). Manufacturer
guidelines were followed to select purification spin speeds and times:
14000 xg, 15min per wash step (water) until washes were clear and
colorless. The purified HA-Cy3 probe was stored in water at 4 °C
until used.

Preparation of liposomes
Ether lipid liposomes were prepared as previously described22. PE
(18:1p_20:4) (Catalog no. 852804), PE (18:1p_18:1) (Catalog no. 852758),
PC (18:1p_20:4) (Catalog no. 852469) and PE (18:0_20:4) (Catalog no.
850804) were purchased fromAvanti Polar Lipids Inc. AMalvern ZS90
Particle Analyzer was used to analyze the diameter and polydispersity
index of liposomes used in this study and these are reported in Sup-
plementary Table 3.

Liposome reconstitution assays
Adherent cells were treatedwith liposomes 16-18 h prior to performing
respective membrane tension or endocytosis assays. Lipid liposomes
were added directly to the culture medium for a final concentration of
20 µM. Cells were switched from liposome-containing media to
extracellular imaging buffer (HEPES buffer with dextrose, NaCl, KCl,
MgCl2, CaCl2) during membrane tension experiments.

Preparation of BSA conjugated DHA C(22:6)
In brief, BSA (FA-free; Fisher Scientific BP9704100) was dissolved in
ddH2O to give a 1mM solution. Exactly 25mgof docosahexaenoic acid
(DHA, C22:6; Sigma Aldrich D2534) was added to 38.05mL of 1mM
BSA solution to yield a 2:1 DHA:BSA ratio in a glass vial. The vial was
then purged with nitrogen and stirred at room temperature until dis-
solved. The conjugate was then filter sterilized and concentration
verified via BCA assay. Aliquots were then stored at −80 °C until use.

Membrane tension
Tether pulling experiments were performed on a home-built optical
trap, following principles described elsewhere74,115. Briefly, 4 µm anti-
Digoxigenin-coated polystyrene beads (Spherotech) were trapped
with a 1064 nm, Ytterbium laser (IPG Photonics) focused through a
60 × 1.2 NA objective (Olympus). Forces on the beads were measured
by the deflection of backscattered trapping laser light onto a lateral
effect position sensor (Thorlabs) and calibrated using the viscous drag
method116. To measure tether radii (R), cell lines were transiently
transfected with a membrane-targeted fluorescent protein (glycosyl-
phosphatidylinositol-anchored eGFP, Addgene #32601) using a
TransIT-X2 transfection kit (Mirus). Tether radius was obtained by
comparing tether fluorescence to fluorescence counts from a known
area of the parent cell membrane, as described59. Tether force ðf Þ and
fluorescence measurements were performed simultaneously. Mem-
brane tension was calculated using the following equation:

membrane tension,σ =
f

4πR
ð1Þ

Miscibility transition temperatures (Tmisc) measurements
Miscibility transition temperatures (Tmisc) measurements were per-
formed as previously reported106,117. Briefly, cells were washed in PBS,
and cellmembraneswere labeledwith 5 µg/mLfluorescent disordered/
nonraft phase marker FAST DiO (Thermo Fisher Scientific) for 10min
on ice. Cells were then washed twice in GPMV buffer (10mM HEPES,
150mM NaCl, 2mM CaCl2, pH 7.4), and then incubated with GPMV
buffer supplemented with 25mM paraformaldehyde (PFA) and 2mM
dithiothreitol (DTT) for 1 h at 37 °C. Vesicles were imaged at 40× on an
inverted epifluorescencemicroscope (LeicaDMi8)under temperature-
controlled conditions using a microscope stage equipped with a

Peltier element (Warner Instruments). GPMVs were imaged from 4 °C-
28 °C, counting phase-separated and uniform vesicles at each tem-
perature. For each temperature, 25-50 vesicles were counted, and the
percent of phase-separated vesicles were calculated, plotted versus
temperature, and a fitted to a sigmoidal curve to determine the tem-
perature at which 50% of the vesicles were phase-separated (Tmisc).

C-laurdan spectral imaging
C-Laurdan imaging was performed as previously described80,82,106,117,118.
Briefly, cells were washed with PBS and stained with 10 µg/mL
C-Laurdan for 10min on ice, then imaged using confocal microscopy
on a Leica SP8 with spectral imaging at 60× (water immersion, NA =X)
and excitation at 405 nm. The emission was collected as two images:
420–460 nm and 470–510 nm. MATLAB (MathWorks, Natick, MA) was
used to calculate the two-dimensional (2D) GPmap, where GP for each
pixel was calculated as previously described118. Briefly, each image was
background subtracted and thresholded to keep only pixels with
intensities greater than 3 standard deviations of the background value
in both channels. The GP image was calculated for each pixel using
Equation 2, where G is the G-factor. The G-factor was determined
before each experiment using the protocol in ref. 119. GPmaps (pixels
represented by GP value rather than intensity) were imported into
ImageJ. To calculate the average PM GP, line scans drawn across indi-
vidual cells. PM GP values were taken as peak GP values from the
periphery of the cell, whereas internal membranes were calculated as
the average of all values outside the PM peak. The average GP of the
internal membranes was calculated by determining the average GP of
all pixels in a mask drawn on each cell just inside of the PM.

GP =
P460

420 Ix � G
P510

470Ix
P460

420 Ix +G
P510

470Ix
ð2Þ

Extravasation assay
Cells and reagents. Immortalized human umbilical vein endothelial
cells (HUVECs) expressing BFP95 were cultured in VascuLife VEGF
Endothelial Medium (Lifeline Cell Technology). Normal human lung
fibroblasts (FBs) (Lonza, P7) were cultured in FibroLife S2 Fibroblast
Medium (Lifeline Cell Technology).

Microfluidic device. 3D cell culture chips (AIM Biotech) were used to
generate in vitro microvascular networks (MVNs). The AIM chip body
was made of cyclic olefin polymer (COP) with a type of gas-permeable
plastic serving as the bottom film. AIM Biotech chips contained three
parallel channels: a central gel channel flanked by twomedia channels.
Microposts separated fluidic channels and serve to confine the liquid
gelling solution in the central channel by surface tension before
polymerization. The gel channel was 1.3mmwide and0.25mmtall, the
gap betweenmicroposts was 0.1mm, and the width ofmedia channels
was 0.5mm.

Microvascular network formation. To generate perfusable MVNs,
HUVECs and FBs were seeded into the microfluidic chip using a two-
step method120. Briefly, HUVECs and FBs were concentrated in Vascu-
Life containing thrombin (4U/mL). For the first step seeding, the outer
layer EC solution was made with a final concentration of 10 × 106/mL.
Aftermixedwith fibrinogen (3mg/mL final concentration) at a 1:1 ratio,
the outer layer EC solutionwas pipetted into the gel inlet, immediately
followed by aspirating from the gel outlet, leaving only residual solu-
tion around themicroposts. For the second step, another solutionwith
final concentrations of 5 × 106/mLHUVECs and 1.5 × 106/mL fibroblasts
were similarly mixed with fibrinogen and then pipetted into the same
chip through the gel outlet. The device was placed upside down to
polymerize in a humidified enclosure and allowed to polymerize at
37 °C for 15min in a 5%CO2 incubator. Next, VascuLife culturemedium
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wasadded to themedia channels and changeddaily in the device. After
7 days, MVNs were ready for further experiments.

Tumor cell perfusion inMVNs. PyMT-1099 or pB3 cell line derivatives
expressing pCDH-EF1-Luc2-P2A-tdTomato (Plasmid #72486, Addgene)
were resuspended at a concentration of 1 × 106/mL in culture medium.
To perfuse these tumor cells into in vitroMVNs, the culturemedium in
one media channel was aspirated, followed by injection of a 20 µL
tumor cell suspension in the MVNs and repeated twice. Microfluidic
devices were then placed at 37 °C for 15min in a 5% CO2 incubator.
After that, the tumor cell medium was aspirated from the media
channels to remove the unattached cells, and Vasculife was replen-
ished. Devices were then placed back to the incubator. 24 h later,
devices were fixed, washed, and imaged using an Olympus FLUOVIEW
FV1200 confocal laser scanning microscope with a 10× objective and
an additional 2× zoom-in function. Z-stack imageswereacquiredwith a
5 µm step size. All images shown are collapsed Z-stacks, displayed
using range-adjusted Imaris software, unless otherwise specified.
Extravasationpercentagewas calculated bydividing the cell number of
extravasated tumor cells with the total number of tumor cells in the
same imaging region of interest.

CLIC/GEEC and micropinocytosis inhibition
7-keto-cholesterol was obtained from Cayman Chemical (Cat. 16339).
Cytochalasin D was obtained from Sigma Aldrich (C8273). pB3 cells
were pre-treated for 30minutes with either of the inhibitors before
assessing endocytic rate.

RNA interference
In brief, cells were seeded in 6-well plates at the density of 2 × 105 cells/
well and transfected 24 hr later with the specified siRNA using jet-
PRIME (Polyplus, 114-15) or PepMute™ (SignaGen, Cat. SL100566)
according to the manufacturer’s protocol with 100 nM siRNA. The
medium was replaced after 6 h. Analysis was performed 72 h after
transfection. Suitable small interfering RNAs were designed by Dhar-
macon for specific down-regulation of PICK1 (5’-cuuagacuauga-
caucgaa-3) and CtBP1 (5’-ugucucaucugcuugacagu-3).

Flow cytometry
MCF7 cells were washed with ice-cold PBS. For antibody staining, cells
were incubated with Fc block (Human TruStain FcX, Biolegend,
422302, 1:20) for 15min, then incubated with the following antibodies:
CD24-BV605 (Biolegend, 311124) and CD44-AF647 (Novus Biologicals,
NB500-481AF647) in ice cold PBS with 10% FBS and 2mM EDTA for
20min at 4 °C and then washed with PBS and resuspended in PBS
with 10% FBS and 2mM EDTA before analysis using a Attune flow
cytometer. Data were analyzed with FlowJo software v. 10.10.0.

Histology
Harvested tissues were fixed by incubating with 10% neutral-buffered
formalin (VWR Scientific) at 4 °C for 16–18 h. Fixed samples were then
transferred to 70% ethanol and submitted to Hope Babette Tang His-
tology Facility at the Koch Institute at MIT for paraffin-embedding and
H&E staining. Metastatic burden was quantified using QuPath
software121 and Image J122.

Statistical analysis
For statistical analyses, Mann-Whitney U test, two-tailed t-test, and one-
way ANOVA with Dunnett, Tukey, or Holm-Šídák multiple test correc-
tionswere performedusingGraphPad PrismVersion 10.4.1. Permutation
ANOVAwas performed in R (v4.4.2) using the coin package with 10,000
permutations123. Planned contrasts were testedwith one-sidedWelch’s t-
tests (t.test, base R), and exploratory pairwise comparisons were adjus-
ted for multiple testing using Holm’s method (p.adjust).

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

Data availability
Processed data file from lipidomic analysis of ether-lipid-deficient cells
has been deposited in Zenodo (https://doi.org/10.5281/zenodo.
17808937). All other data is provided within source data. Correspon-
dence and requests for materials should be addressed to: Raphaël
Rodriguez, PhD (raphael.rodriguez@curie.fr), Robert A. Weinberg,
PhD (weinberg@wi.mit.edu) and Whitney S. Henry, PhD (wshenry@-
mit.edu). Source data are provided with this paper.
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