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MS4A15 drives ferroptosis resistance through
calcium-restricted lipid remodeling
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Ferroptosis is an iron-dependent form of cell death driven by biochemical processes that promote oxidation within the lipid

compartment. Calcium (Ca®") is a signaling molecule in diverse cellular processes such as migration, neurotransmission, and cell
death. Here, we uncover a crucial link between ferroptosis and Ca®" through the identification of the novel tetraspanin MS4A15.
MS4A15 localizes to the endoplasmic reticulum, where it blocks ferroptosis by depleting luminal Ca>* stores and reprogramming
membrane phospholipids to ferroptosis-resistant species. Specifically, prolonged Ca®" depletion inhibits lipid elongation and

desaturation, driving lipid droplet dispersion and formation of shorter, more saturated ether lipids that protect phospholipids from
ferroptotic reactive species. We further demonstrate that increasing luminal Ca*" levels can preferentially sensitize refractory cancer
cell lines. In summary, MS4A15 regulation of anti-ferroptotic lipid reservoirs provides a key resistance mechanism that is distinct
from antioxidant and lipid detoxification pathways. Manipulating Ca®" homeostasis offers a compelling strategy to balance cellular

lipids and cell survival in ferroptosis-associated diseases.
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INTRODUCTION

Ferroptosis is a type of oxidative cell death induced by glutathione
(GSH) deprivation or uncontrolled reactive oxygen species (ROS).
During ferroptosis, polyunsaturated phospholipid peroxides
induced by reactive iron accumulate to lethal levels, resulting in
membrane lapse [1]. The selenoenzyme glutathione peroxidase 4
(GPX4) is a central enzyme protecting lipids from oxidative species
that uses GSH as an essential cofactor to convert lipid hydroper-
oxides to lipid alcohols [2, 3]. Loss of GPX4 activity and deprivation
of GSH both lead to lipoxygenase activation in a process closely
linked to inflammation [4, 5]. Lipoxygenases oxidize polyunsatu-
rated fatty acids (PUFAs) to generate metabolites which addition-
ally promote calcium (Ca>™) influx for the final, catastrophic phase
of cell death [6].

Calcium is a store-operated signal transduction molecule
controlling diverse cellular processes such as growth and
migration. It is intricately linked to cancer and the pathogenesis
of degenerative diseases, which feature imbalanced metabolism
and excessive ROS [7-9]. The endoplasmic reticulum (ER) is the
main intracellular Ca>" storage site and plays a key role in the
maintenance of Ca®" homeostasis and regulation of protein, lipid,
and glucose metabolism. In response to extrinsic stimuli, inositol
1,4,5-trisphosphate (IP;) and ryanodine receptors release Ca®"

from the ER to the cytosol, whereas the sarco/endoplasmic
reticulum Ca®"-ATPase (SERCA) pumps Ca®" against the gradient
to maintain a concentration difference between the ER lumen and
the cytosol at rest.

Previous studies have shown that ER Ca®™ homeostasis is critical
for adipogenesis and lipid storage [10, 11]. Altering Ca*" balance
can regulate activity of key enzymes in de novo lipogenesis,
including fatty acid synthase (FAS) and stearoyl-CoA desaturase
1 (Scd1), or, induce lipolysis [12, 13]. IP; receptor (IP3R) mutants
have conserved pathways of energy metabolism, with higher
serum triglycerides and free fatty acids in mice [14] and an obese
phenotype with enlarged lipid droplets (LDs) and elevated fat
storage in Drosophila [15]. As SERCA is solely responsible for
transporting Ca®>" into the ER lumen, the SERCA inhibitor
thapsigargin inhibits early adipogenesis in cultured cells [16, 17].
In Drosophila fat cells, inhibiting dSERCA promotes lipodystrophy,
aberrant LD formation and ectopic lipid accumulation by
regulating intracellular Ca®>" homeostasis [18].

Apart from late stage store-operated calcium (SOCE) induced
death [19, 20], the intracellular role of Ca*" in ferroptosis is
obscure, in particular its role in regulating phospholipids.
Phospholipid plasticity, dependent on diet and de novo lipogen-
esis, contributes to malignant transformation [21-25]. In particular,
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Fig. 1 MS4A15 specifically protects cells against ferroptosis. A Dose-response curve of Ms4al5-overexpressing immortalized mouse
fibroblasts (Ms4a15 OE) compared to empty vector control cells (control) against RSL3 treatment (16 h). Viability was detected by percent
Resazurin conversion relative to respective untreated cells. Addition of 10 pM a-tocopherol (aToc) serves as rescue control for ferroptosis. Inset
shows relative Ms4a15 expression by qPCR (rel. mRNA). cT values are 31.1 and 27.4 for control and Ms4a15 OE, respectively. B Survival of
Ms4a15 OE cells compared to control against ferroptosis inducers: 2 uM IKE (16 h), Gpx4—/- (72 h) by 1 pM 4-hydroxy-tamoxifen induction and
10 pM FIN56 with 10 uM oToc rescue. Significance was evaluated by two-tailed t-test. C Lipid peroxidation induced by RSL3 (0.3 pM) treatment
for 3 h in Ms4a15 OE and control cells measured by BODIPY 581/591 C11 stain (BODIPY-C11). A typical FACS histogram of three independent
experiments is depicted. D Brightfield and propidium iodide images and quantification (Pl %) of Ms4a15 OE cells compared to control
following 16 h RSL3 (0.5 pM) challenge (left). Pl values at this timepoint likely underestimate cell death due to cell detachment, as observed in
phase contrast images. (Right) Clonogenic survival at 7 d following 16 h RSL3 (1.25 pM) treatment in a colony-forming assay. E 3D-spheroids of
Ms4a15 OE and control cells grown for 4 d and treated with 2 pM RSL3 for 16 h before PI staining. Relative (rel.) Pl intensity was calculated
versus untreated spheroids (n = 4). F Viability of human HT1080 (D) and Calu-1 (E) MS4A15-overexpressing cells (tFLAG) challenged with IKE
compared to empty control. Insets show MS4A15 expression by qPCR or western. G mRNA expression level of MS4A15 in 1375 CCLE cancer cell
lines compared with GAPDH. Relative mRNA expression is shown as mean+SD of n=3 technical replicates of three independent
experimental repetitions. Viability data are plotted as representative mean + SD of n =3 technical replicates for independent experiments
repeated at least three times with similar outcomes. Curve statistics, p-values of two-way ANOVA, are shown for comparisons. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

cancer cells with a higher degree of saturated membrane We show here that MS4A15 drives lipid remodeling by
phospholipids are protected against ROS [26]. Thus ‘front-loading’ depleting luminal Ca®", favoring accumulation of protective
highly saturated membrane lipids may have the consequence of monounsaturated fatty acid (MUFA)-containing phospholipids
eliminating or quenching the primary biochemical substrates of and plasmalogen ether lipids while limiting polyunsaturated alkyl

ferroptosis. chains. Strikingly, this effect is mimicked by constitutively

In this report, we demonstrate that the novel tetraspanin inhibiting endoplasmic Ca®>" uptake with thapsigargin, or by
MS4A15 interacts with ER-resident Ca®" regulators to specifically stimulating phospholipase C (PLC), which both reduce ER Ca*"
block ferroptosis by altering the lipid profile of overexpressing levels. Restoration of luminal Ca®" homeostasis re-sensitizes

cells. MS4A15 belongs to the membrane-spanning 4-domains Ms4ai5-overexpressing cells, and extraordinarily, ferroptosis-
subfamily A (MS4A) whose members function within oligomeric resistant cell lines. This phenomenon shows that persistent

complexes. It is proposed that MS4A proteins act as ion channels luminal Ca*" depletion circumvents synthesis of ferroptosis-
through association with other subunits [27]. Specifically, MS4A1, sensitive substrates in human cancer cell lines. This is the first
MS4A2, and MS4A12 have been shown to possess Ca?-regulating report directly linking modulation of ER Ca>" homeostasis to lipid
abilities [28-31]. remodeling and ferroptosis sensitivity.
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RESULTS

Ms4a15 expression specifically blocks ferroptosis

Ms4a15 was identified in a CRISPR activation screen protecting
against ferroptosis [32]. To test if MS4A15 extensively inhibits
ferroptosis, we generated pooled Ms4al5-overexpressing mouse
immortalized fibroblasts (Ms4a15 OE) [32, 33] and characterized
resistance to different ferroptosis inducers (15,3R)-RSL3 (RSL3),
imidazole ketone erastin (IKE), ferroptosis inducer derived from
CIL56 (FIN56), and genetic ablation of Gpx4 (Fig. 1A, B) compared
to empty vector-containing cells (control). In each case, elevated
Ms4a15 mRNA expression (~20-fold increase) robustly increased
viability similar to the level of control cells treated with a-
tocopherol (aToc), an inhibitor of ferroptosis [34, 35]. In contrast,
Ms4ai15 knockout cells showed no viability change; however
expression was detected only in trace quantities in parental MF
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cells (Supplementary Fig. 1A, I). We examined then if Ms4al15 OE
leveraged general protection against cell death. Resistance to
induced apoptosis, necroptosis and several chemotherapeutic
agents was not observed, while partial protection was observed
against staurosporine and paclitaxel (Supplementary Fig. 1B).

We next examined glycerophospholipid (GP) oxidation using
BODIPY 581/591 C11 (BODIPY-C11). Treatment for 3 h with RSL3-
induced robust BODIPY-C11 oxidation in control cells, while
Ms4al5 OE cells were unchanged (Fig. 1C). We validated
corresponding cell survival under different conditions with
propidium iodide (Pl), colony-forming, and 3-dimensional spher-
oid assays (Fig. 1D, E), all which showed stable protection by
Ms4a15 OE against ferroptosis.

Human MS4A15 protein is 87% identical with mouse (Supple-
mentary Fig. 1C) and expressed in lung tissue [36]. Conserved

SPRINGER NATURE
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Fig.2 MS4A15 regulates calcium-mediated ferroptosis. A Enrichment of MS4A15-FLAG co-immunoprecipitated proteins in HEK293T cells as
determined by label-free proteomic quantification. Mean abundance ratios were calculated compared to GFP-expressing cells incubated with
anti-FLAG as a control. Dotted horizontal line indicates significance (paired t-test, p < 0.05). B Single sample Gene Set Enrichment Analysis
(GSEA) correlation analysis in primary lung tumors between MS4A15 and Ca®" transmembrane transporters (RSEM, RNA-Seq by Expectatlon-
Maximization). Significance was evaluated by Pearson correlation. C Western blot of IP3R1 protein in Ms4a15 OE and control cells. Vinculin is
given as loading control. D Schematic of calcium related processes in (E-G). Activation of G protein-coupled receptors (GPCRs) such as
Bradykinin receptor stimulates phospholipase C (PLC) cleavage of phosphatidylinositol 4,5- blsphosphate (PIP,) to vyield IP5, triggering Ca*"

release from the endoplasmlc reticulum (ER). Thapsigargin (Tgn) blocks SERCA-mediated ER Ca>" uptake, while ionophore catalyzes nonspecific
store release in Ca*" free medium. Membrane channels mediate uptake following re-addition of CaCl,-containing medlum E Calcium levels
detected by cytosolic sensor GCaMP6s using flow cytometry (normalized fluorescence, ex488/em530 nm) Top panels: ER Ca** release mediated
by 50 nM Bradykinin (A) or 5uM lonophore (A) in Ms4al5 OE compared to control cells in Ca®>"-free buffer. Bottom panels: control cells
pretreated with 50 nM Tgn for 3 h. Addition of 2mM CaCl, (A). Data shown are representative results of three independent repetitions
performed in triplicate with similar outcomes. Fluorescent images were acquired 30s following Bradykinin stimulation for respective
genotypes. F Time-dependent (0 h-14 days) effect of Tgn pretreatment on lipid peroxidation detected by BODIPY-C11 induced by RSL3 (0.3 pM
for 3h) in control cells (left panels) compared to DMSO. A typical FACS histogram of three independent repetitions is depicted. Viability of
control cells pretreated with 2.5 nM Tgn for 7 days or 14 days prior to RSL3 induction (untreated, 0 days). Fluorescent images were acquired 30 s
following Bradykinin stimulation for 14 d treated cells. G Dose-dependent sensitization of Ms4a15 OE cells to RSL3 by overexpressing Serca2
(Ms4a15 OE + Serca2 OE) or empty virus control (Ms4a15 OE + control) in Ms4a15 OE cells (left panel). Restoration of Ca** dynamics is indicated
by Bradykinin (right panels). Insets show SERCA2 expression by western and viability (PI%) measurements in respective cell lines. Viability data

are representative mean+SD of n=4

(F) or n =3 (G) replicates for experiments repeated independently at least three times. Curve p-values of

two-way ANOVA comparisons are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
<4

protection was observed in human MS4A15-overexpressing
(MS4A15 OE) HT-1080 fibrosarcoma and Calu-1 non-small-cell
lung cancer cells treated with IKE (Fig. 1F). However, due to absent
MS4A15 expression in cell lines (1345 of 1375 have <1 TPM;
Fig. 1G) [37, 38], siRNA knockdown cells were not more sensitive
to ferroptotic challenge (Supplementary Fig. 1D). We further noted
that despite high expression in primary adenocarcinomas, MS4A15
is lost in cultured lung cancer cell lines in a direct relationship to
cell adhesion markers (Supplementary Fig. 1E). A defective cell
migration phenotype is thus consistent with decreased metas-
tasis/increased survival of lung cancer patients with high MS4A15-
expressing tumors (Supplementary Fig. 1F, G).

Together, these results show that MS4A15 is linked to cell
migration and can robustly protect against ferroptosis. MS4A15
protein is increased following ferroptosis induction, suggesting its
presence is instrumental to survival (Supplementary Fig. TH).
Notably, this resistance is accomplished without substantially
affecting regulators of ferroptosis [1] (Supplementary Fig. 11).

MS4A15 associates with ER-resident Ca®" regulators

To further investigate its role we immunoprecipitated human FLAG-
tagged MS4A15 from HEK293T cell lysates and quantified co-eluting
proteins (Fig. 2A). Differentially identified proteins (fold change (FC)
log,(MS4A15/GFP)) were compared to GFP-expressing control cells.
A robust enrichment was seen for MS4A15 (p = 2.32E-05, two-tailed
t-test; log,FC=19.17) while an expected negative enrichment was
seen for GFP (p =0.012; log,FC = —3.98).

The highest scorings proteins associate with IPs-receptors in the
ER, including: TMEM33 (p = 4.33E-06; log,FC =20.46), a Ca’"
regulator affecting acute kidney injury [39, 40], ERLINs, which
regulate IPs receptors, DNAJs regulating degradation, and ARFs
controlling G-protein coupled receptors (GPCRs). Consistent with a
proposed role in Ca®" regulation, we observed MS4A15 localiza-
tion to the ER (Supplementary Fig. 1J).

KEGG pathways from primary lung adenocarcinomas in The
Cancer Genome Atlas (TCGA) [41] showed a strong association of
MS4A15 with smooth muscle contraction triggered by Ca®"
release, PPAR signaling, arachidonic acid metabolism, and Ca*"
signaling (Supplementary Fig. 2A). We also observed a direct
correlation between MS4A75 and Ca®' transporter genes in
primary lung tumors (Fig. 2B). Highly co-regulated genes include
CLIC5, producing PIP,, a metabolic precursor of IPs; cardiac
troponin (TNNCT), encoding a Ca®" buffering protein and SUSD2
mediating adhesion (Supplementary Fig. 2B, C). CLIC5, TNNCT, and
SUSD2 also showed strong z-score correlations in solid tumor
regulation of Ca®" transport (Supplementary Fig. 2D). Due to the

SPRINGER NATURE

enrichment of these Ca®" modulators, we examined the hallmark
Inositol trisphosphate receptor (IPsR1) expression (Fig. 2C). Marked
IPsR1 downregulation in Ms4a15 OE cells indicated an inverse
relationship but only partial co-localization was evident (Supple-
mentary Fig. 2E). Together with the IP data, this suggests that
reduced IP5R1 levels are a consequence of altered Ca®" regulation
rather than direct interaction.

MS4A15 regulates Ca®"-mediated ferroptosis

In light of these observations we examined Ca*" signaling in
Ms4a15 OE cells. Extracellular stimuli such as EGF can trigger
phospholipase C to generate IP5, which stimulates cytosolic Ca®™
release or MAPK/PKC to mediate cellular response [30, 42, 43]. We
observed in Ms4a15 OE cells that phospho-ERK levels show a slight
concentration-dependent sensitization to EGF stimulation (Sup-
plementary Fig. 3A). However, STAT3 and AKT were unchanged,
arguing against parallel activation of signaling pathways.

We therefore directly measured Ca®>" response using the
fluorescent sensor GCaMP6s. In Ca’" free medium, bradykinin
activates its GPCR, releasing Ca®" from ER stores (Fig. 2D). In
Ms4a15 OE cells stimulated with bradykinin, however, the Ca®"
response was strikingly reduced (Fig. 2E). Re-addition of CaCl,
induced robust transients in control cells but a limited response in
Ms4al5 OE cells, suggesting the inactivation of SOCE. The
permeant ionophore A23187 corroborated a potent decrease in
total Ca®" released from Ms4a15 OE internal stores (Fig. 2E).

This profile is similar to that of cells treated with thapsigargin
(Tgn), a potent inhibitor of SERCAs that supply the lumen with
Ca*" (Fig. 2D, E). Remarkably, Tgn disruption of ER Ca*" import in
control cells showed diminished lipid peroxidation corresponding
to treatment duration (Fig. 2F). Whereas simultaneous application
of Tgn with RSL3 did not affect resistance, 7 and 14 days
pretreatment comprehensively protected cells. Pretreatment with
Tgn abolished bradykinin and ionophore-induced store release,
but increased Ca®" uptake from the extracellular milieu (Fig. 2E, F).
This shows that while cytosolic Ca®" levels in Tgn-treated cells
may be partially rebalanced, Ms4a15 OE cells are refractory to
uptake.

We next investigated if Ms4a15 OE resistance was due to ER-Ca®"
depletion or SOCE-related effects. Inhibition of SOCE Ca®" import
by CoCl, as well as forced influx via ionophore did not markedly
affect Ms4al5 OE cell sensitivity (Supplementary Fig. 3B, C). In
addition, rapid uptake store-operated membrane channel (Orai)
expression was virtually unchanged, consistent with unchanged
ferroptosis sensitivity upon SOCE-inhibition with BAPTA-AM (Sup-
plementary Fig. 3D, E). Together with Tgn-mediated survival, these

Cell Death & Differentiation
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outcomes indicate SOCE does not contribute to ferroptosis
resistance in these cells.

From this, we reasoned that Tgn and Ms4a15 OE may limit lipid
oxidation via persistent Ca®" depletion. We therefore tested if
restoration of ER Ca’" levels could re-sensitize Ms4a15 OE cells.

Cell Death & Differentiation

Strikingly, elevating SERCA2 in Ms4al5 OE and control cells
recapitulated parental Bradykinin-mediated Ca®" release and
sensitized cells to RSL3-induced ferroptosis (Fig. 2G, Supplemen-
tary Fig. 3F), indicating that replenishing ER Ca®" stores can re-
sensitize cells.

SPRINGER NATURE
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Fig. 3 Lipid dysregulation in Ms4a15 OE cells. Global lipidomics analysis of Ms4a15 OE, control cells treated with Tgn*"°" (3 h), control cells
treated with Tgn'°"® (16 h), and untreated control cells. A Dendrogram indicating separation of untreated Ms4a15 OE and Tgn'°"? treated
control cells from untreated and Tgn*"°"* treated control cells by hierarchical cluster analysis. Similarly regulated lipid species from Ms4a15 OE
and Tgn'*"? were extracted and plotted in the heatmap. B Lipid abundance heatmap showing z-score profiles of species similarly
downregulated in both Ms4a15 OE and Tgn'°"9 (group ), exclusively upregulated in Ms4a15 OE (group lI), and similarly upregulated in Ms4a15
OE and Tgn'°"? (group Ill). Sample colors correspond to A. (n = 3, Wilcoxon-Mann-Whitney-Test, BH corrected). C Modulated lipid classes in
groups |-l by LIPID MAPS Structure Database. GP glycerophospholipid, FA fatty acid, ST sterol Lipid, SP sphingolipid, GL glycerolipid. Ether
GPs and ester GPs are in dark colors. D Free fatty acid fold change in Ms4a15 OE and Tgn'®"? compared to untreated control. SFAs saturated
fatty acids, MUFAs monounsaturated fatty acids, PUFAs polyunsaturated fatty acids. Significant p-values of two-way t-test comparisons versus
control are shown. E Kendrick plot of significantly modulated diacylglycerophospho-ethanolamine (PE) and -choline (PC) ester phospholipids.
All species have a referenced Kendrick mass-defect (RKMD) value of 0 (saturated chains) or a negative integer (number of unsaturated bonds).
Dot sizes indicate absolute values of log,(mean Ms4al5 OE/mean control) (n = 3). p < 0.05, Wilcoxon-Mann-Whitney-Test, BH corrected).
F Model structures of diacyl (esters), plasmanyl (ethers) and plasmenyl (vinyl-ethers). The latter are also termed plasmalogens. G Kendrick plot
of significantly modulated ether GPs (PE and PC). Dot sizes indicate summed peak intensity. For given species isomeric plasmalogens are
validated by acidic hydrolysis (see Supplementary Table 2) and (H). ‘PC €’ or ‘PE €’ represent the respective ether species of PC or PE, n =3,
p < 0.05, Wilcoxon-Mann-Whitney-Test, BH corrected). H Acidic hydrolysis abundance illustrated for one ester (top), one alkyl-ether (middle)
and one vinyl-ether GP (bottom). I Summed intensities for all detected GP show a slight reduction of ester GPs as well as enrichment in ether

GP for Ms4a15 OE and Tgn'°"S. Data shown represent mean + SD of n = 3 technical replicates.

Aberrant ER Ca?" homeostasis is associated with stress and the
unfolded protein response (UPR) [44], thus we examined hallmarks
of UPR, Xbpl splicing and Chop/Ddit3 and Gadd34/Pppiri5a
expression but could not discern UPR activation (Supplementary
Fig. 3G, H). Moreover, short- and long-term tunicamycin treat-
ments that trigger ER stress via UDP-HexNAc inhibition were
ineffective against ferroptosis (Supplementary Fig. 3l). Taken
together, we conclude that persistent disruption of ER Ca®"
homeostasis in Ms4al5 OE and Tgn-treated cells leads to
ferroptosis resistance in a manner unrelated to ER stress.

MS4A15 regulates lipid saturation and length

MS4A15 informatics revealed a role for Ca®" in the biosynthesis of
ER-synthesized lipids (Supplementary Fig. 2A). We investigated if
Ca®" dyshomeostasis in Ms4al5 OE cells and Tgn-treated cells
impacts cellular lipid composition. We performed LC-MS? based
lipidomics to broadly examine lipid types [45] and chose a 16 h
treatment (Tgn'°™) time point to minimize secondary effects.
Unsupervised statistical analysis of >4600 extracted lipid species
revealed a clear association of Ms4a15 OE with Tgn'"9 samples in
both modes, whereas 3 h treatment (Tgn*"°") delivered compar-
able lipid profiles to vehicle-treated controls (Fig. 3A, Supplemen-
tary Fig. 4A, B, Supplementary Table 1).

We focused on shared lipid modifications in Ms4a15 OE and
Tgn'°"9 as well as exclusively dysregulated lipids in Ms4al5 OE
(Fig. 3B). Classes of significantly altered species are shown for
lipids downregulated in Ms4a15 OE and Tgn'®"? (group ), those
exclusively enriched in Ms4a15 OE (group Il), and those enriched in
both Ms4a15 OE and Tgn'"% (group Ill) (ESI+, Fig. 3C; ESI—,
Supplementary Fig. 4C). The data show the vast majority of
modulated lipids are glycerophospholipids (GP), followed by
several free fatty acid (FA) species (Fig. 3D).

Ms4ai15 OE delivered a different free FA profile compared to
control cells. Significant increases of the main saturated FAs,
palmitic (C16:0) and stearic (C18:0) acid, were observed while
PUFA fatty acids such as arachidonic (20:4, AA), andrenic (22:4),
eicosapentaenoic acid (20:5, EPA), docasapentaenoic acid (22:5,
DPA), and doxosahexaenoic acid (22:6, DHA) were decreased.
Tgn'®"9 cells shared a similar albeit less robust profile than Ms4a15
OE, possibly due to the abbreviated treatment (Fig. 3D).

A Kendrick plot (Fig. 3E) revealed a marked decrease in higher
molecular weight PUFA-containing glycerophospho-ethanola-
mines (PEs) and -cholines (PCs) esters in Ms4al5 OE cells. In
addition, we observed decreased esterfied PUFAs in all GP classes,
glycerolipids (GL) as well as in lyso-species (Fig. 3E, Supplementary
Fig. 4D-J). Notably, the decrease in PUFA-containing species was
accompanied by an increase in MUFA- and saturated acyl-
containing GPs (SFA). These lipids suggest increased dependence
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on de novo synthesis, as they are highly enriched in breast cancer
tumors [24]. An elegant ferroptosis-protective mechanism of
exogenous MUFA supplementation resulting in PUFA down-
regulation has recently been elucidated [46].

A distinct enrichment of ether lipids—specialized GPs with an
sn-1 ether linkage—was seen for all fatty acids compositions
(Fig. 3F, G; ‘e’ indicating ‘ether’). The total ether lipid pool was
upregulated in Ms4a15 OE and Tgn'°"9 conditions: 25% in controls
versus 36% in Ms4al5 OE, and Tgn®"°" 25% versus Tgn'°"? 37%
(Fig. 3I). In particular, MUFA-containing ethers were enriched
(Fig. 3G).

Ether lipids may consist of alkyl-ether or vinyl-ether moieties,
with a double bond proximal to the oxygen, termed plasmalo-
gens (Fig. 3F). MS? cannot differentiate between isomeric alkyl-
ether and vinyl-ether, thus we verified MUFA plasmalogens as the
main species in Ms4a15 OE cells by acidic hydrolysis (Fig. 3H). Co-
elution of a plasmalogen and an isomeric saturated ether was
seen for several species, while many upregulated ethers were
entirely plasmalogens (Supplementary Table 2). Consistently,
Ms4ai15 knockout MF cells show a decrease in the same ether
species and MUFA-GPs, however, these lipids were mostly
unaffected in knockdown Calu-1 and HT-1080, in agreement
with unchanged viability for these cell lines (Supplementary
Fig. 5A, B)

Finally, global analysis of non-targeted metabolomics of Ms4a15
OE showed the most highly dysregulated metabolites are GP/GL
lipids found in LIPID MAPS (Supplementary Fig. 5C, D, Supple-
mentary Table 3). GSH and ubiquinone (CoQ;;) metabolites
showed negligible change, further supporting a Ca®"-based effect
on lipid structure and viability (Supplementary Fig. 5E).

Ms4a15 OE ether-MUFAs are anti-ferroptotic reservoirs

To clarify the mechanism of how Ms4a15 OE cells evade cell death
we examined lipid behavior during ferroptosis. PUFA-containing
GPs are characteristic targets for peroxidation and are conse-
quently degraded [47, 48]. Upon ferroptosis initiation, depletion of
PUFA PE was observed in controls as well as several Ms4al5 OE
species (Fig. 4A). We therefore compared all affected lipid species
by global non-supervised principal component analysis (PCA),
resulting in group separation with minimal convergence (Fig. 4B).
This suggests that ferroptosis is classically initiated in cells but
peroxidation degrades additional lipid species in Ms4a15 OE cells.
We therefore investigated their origin with respect to dysregu-
lated lipids found in the Ms4a15 OE pool.

We found that RSL3-treatment depleted the same lipids that are
elevated in Ms4al5 OE cells (Figs. 3E, G, 4C). We therefore
examined if significantly upregulated and highly abundant lipids
are preferred targets of RSL3 (Fig. 4D), however, the pattern is
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Fig. 4 Ms4a15 OE defines MUFA-lipids and -plasmalogens as ferroptosis targets. A Targets of lipid peroxidation are affected by RSL3
treatment (3 h) in control and Ms4a15 OE cells. ‘LPE" indicates lyso-form of PE. B PCA scores plot for positive (ESI+) and negative (ESI—)
electrospray ionization mode indicating the global lipid profile in Ms4a15 OE and control cells under untreated or RSL3 treatment conditions.
PCAs were based on 924 annotated PL, GL and FA primary affected lipid classes in ferroptosis. C Significantly increased lipids in Ms4a15 OE are
affected by 3 h RSL3 treatment of Ms4a15 OE. Volcano plot of log,(fold change) following RSL3 treatment. Larger dots are significant (p < 0.05,
n =3, two-sided Welch test) for changes due to RSL3. D-F Significantly modulated lipids in Ms4a15 OE compared to control, ranked by
abundance. Summed peak area of all samples (A) is shown in (D). E Fold change of these species in Ms4a15 OE compared to control cells,
under untreated conditions. F Fold change of these species in Ms4al5 OE and control cells upon 3 h RSL3 treatment. G-l Significantly
modaulated lipids in Ms4a15 OE compared to control, ranked by RSL3 effect. Summed peak area of all samples (A) is shown (G). H Fold change
of these species in Ms4a15 OE compared to control cells, under untreated conditions. | Fold change of these species in Ms4a15 OE and control
cells upon 3 h RSL3 treatment. Data shown represent mean of n =3 technical replicates.
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independent of initial concentration. In Ms4al5 OE, RSL3
treatment extensively modifies most ether-lipids and MUFA-
containing GPs, rather than single or highly concentrated species
(Fig. 4C-F). However, highly abundant MUFA ester-PC 32:1 (log, =
0.39 increase) and MUFA ether-PC 34:1 (log, = 0.89) (Fig. 4E) are
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i T BODIPY-493/503

depleted by log, = —0.27 and log, = —0.42 in Ms4al5 OE cells
treated with RSL3 (Fig. 4F), respectively, while these same lipids
are unaffected in controls. Instead, degradation of highly
abundant PUFA ether-PC 36:4 and PE 36:5 was observed in
control cells.
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Fig. 5 Distinct activities of MUFA- and PUFA-containing plasmalogens and lipids. A Antioxidant activity of plasmalogens (50 parts per
million, ppm) “e MUFA” (P-18:0/18:1) PC or “e PUFA” (P-16:0/20:4) PE and 3 ppm ferrostatin-1 (Fer-1) on BODIPY-C11 oxidation in the presence
of 50 ppm ester lipids (PE 18:0/22:6 and PE 16:0/20:4) in 2,2-Azobis(2-amidinopropane) dihydrochloride (AAPH). Fer-1 is given as control.
Significance was evaluated by two-tailed t-test. B Peak area stability (LC-MS2) of PUFA ester lipids (PE 16:0/20:4) in presence of plasmalogens in
2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH). C Cell viability of control cells incubated with 25 uM plasmalogens (e MUFA and e
PUFA) or EtOH for 8 h then challenged with 0.3 uM RSL3 in the presence of aToc in a dose-dependent manner. D Viability of Ms4a15 OE cells
pretreated with PUFAs eicosapentaenoic acid (C20:5, EPA), docasapentaenoic acid (C22:5, DPA), and doxosahexaenoic acid (C22:6, DHA) with
ferroptosis induction by 2 uM RSL3 and aToc rescue. Significance was evaluated by two-tailed t-test. E RSL3 treatment of 72 h siRNA
knockdown of Scd1, Fads2, or Hsd17b12 compared to siGFP in control cells as individual experiments (left panel) or all three siRNAs together
(3x siRNA, right panel). Inset shows relative gene expression by qPCR (rel. mRNA). F Heatmap showing dysregulation of genes involved in lipid
droplet formation. G BODIPY 493/503 staining of lipid droplets of Ms4a15 OE, control and 14 d Tgn-treated cells. High-content images (upper)
showing lipid droplet dispersion. Quantification of lipid droplet number (LDs/cell) and area (um?/cell) was performed by Harmony software
(PerkinElmer). H Analysis of average lipid droplet number and area (left) and fluorescence intensity (right). Data were obtained from three
independent experiments and a representative experiment shown with analysis by Harmony software. Lipid droplet intensity is depicted via a
flow cytometry histogram of a representative experiment of three independent repetitions. Significance was evaluated by two-tailed t-test.
Cell-free assay and viability assays are reported as mean+SD of n=3 (A, C, E) or n=4 (D) technical replicates of three independent
experiments with similar outcomes. Curve statistics, p-values of two-way ANOVA, shown above comparisons. *P < 0.05, **P < 0.01, ***P < 0.001,

**¥*P < 0.0001.

We investigated which Ms4a15 OE lipids are most affected by
RSL3 treatment and observed the largest changes in upregulated
ether lipids, both MUFA and PUFA, suggesting that the plasmalo-
gen vinyl ether bond is reactive with ferroptotic ROS (Fig. 4A, G-I).
The largest change was seen for PE e 36:1 (log, = —4.55), highly
enriched in Ms4a15 OE (log, =2.91), indicating both properties
(MUFA and vinyl ether) are adept at absorbing this reaction.

In summary, significantly elevated lipid species in Ms4a15 OE
cells, 16- and 18-carbon plasmalogens and MUFA-containing GPs,
comprise the primary targets of RSL3-induced degradation in
Ms4ai15 OE. This reveals that the ensuing lipid remodeling is
important for ferroptosis protection.

MUFA-plasmalogens protect PEs against oxidation

We further examined the behavior of plasmalogens under
oxidizing cell-free conditions with AAPH in the presence of PEs
using BODIPY-C11 as a sensor. Consistent with Zou et al. [48] we
observed increased oxidation in the presence of PUFA-
plasmalogen PE (P-16:0/20:4). However, MUFA-plasmalogen PC
(P-18:0/18:1) displayed protection of BODIPY-C11 oxidation, similar
to ferrostatin-1 (Fig. 5A). We examined PE-ester phospholipid
stability by MS? and observed that MUFA-plasmalogens strongly
protected against PE decay by AAPH (Fig. 5B). However,
exogenous addition to control cells showed increased lethality
for PUFA- but no change for MUFA-plasmalogens (Supplementary
Fig. 5F). This may be due to sn-2 remodeling of MUFA-
plasmalogens in cells producing high levels of PUFAs. Never-
theless, minor synergistic viability was observed only for MUFA-
plasmalogen in the presence of aToc (Fig. 5C), suggesting
(sensitizing) PUFA-lipids are more potent than (protective)
MUFA-plasmalogens.

Lipid elongation and desaturation mediate resistance
Ms4a15 OE lipids are shorter but more saturated (Fig. 3E, G).
Thus, these lipids may derive from de novo lipogenesis upon
compromised ER-resident elongase and desaturase activities.
Analogously, ML239 agonizes fatty acid A6 desaturase 2 (FADS2)
activity to increase PUFA synthesis and ferroptosis sensitivity
[49]. We considered that supplementation with free exogenous
PUFA fatty acids may overcome protective lipids. We treated
Ms4a15 OE cells for 48 h with 20:5n-3 (EPA), 22:5n-3 (DPA) and
22:6n-3 (DHA) and observed that longer, more unsaturated DPA
and DHA potentiated ferroptosis more robustly than EPA
(Fig. 5D).

These data are consistent with elongase and desaturase deficits.
Their corresponding genes are so far absent from ferroptosis
screens, possibly reflecting independent desaturation activities
[50]. Accordingly, individual siRNA inhibition of stearoyl-CoA
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desaturase 1 (Scd1), Fads2, or very-long-chain 3-oxoacyl-CoA
reductase (Hsd17b12) did not protect against ferroptosis, while
pooling all three siRNAs partially protected (Fig. 5E).

Scd1 and Fads2 are counterregulated with Ms4a15 OE and act
downstream of key lipid regulator Ppary to promote lipid
droplets (LDs), which are formed in the ER and act as reservoirs
to control lipotoxicity and ER homeostasis under stress. RNAseq
revealed Ppary misregulation in Ms4a15 OE cells together with
genes controlling LD dynamics (Fig. 5F, Supplementary Fig. 2A),
while high-content analysis showed widespread LD dispersion in
Ms4a15 OE and Tgn-treated cells (Fig. 5G). A significant mean
decrease in number but unchanged area and fluorescent
intensity indicated that LDs are redistributed to smaller droplets
in the cytosol rather than lost (Fig. 5H). Collectively, these data
show that depletion of ER calcium lead to qualitative changes in
ferroptosis-sensitive lipids in concert with subcellular LD
rearrangement.

Global Ca®>" genes define a signature for ferroptosis

We speculated that changes in Ca?" homeostasis resulting in
ferroptosis-resistant lipids may contribute to resistance in different
cell lines. We tested this theory by cross-referencing sensitivity of
the 100 most RSL3-resistant and -sensitive cancer cell lines from
the CTRP database [49] to KEGG Ca®" gene expression [37].

Using unsupervised clustering of Ca*" genes, we observed
segregation corresponding to sensitivity (Supplementary Fig. 6A,
Supplementary Table 4). Several clusters dominated sensitive
lines, in particular coordinated downregulation of EGFR, ERBB2/3
(HER2/3), ITPR3 (IP5R3), and GNAQ, coupled to activation of PLC-
beta and Ca®" release. Reduced GPCR and PLC subtypes was also
prominent among sensitive hematopoietic/lymphoid-derived cell
lines, which favor cadherin/integrin-based homing and are
exquisitely sensitive to ferroptosis [32, 51, 52]. PCA also distinctly
separated resistant and sensitive CTRP cell lines (Fig. 6A). Of these,
ATP2A3 and PLCG2 were key drivers of the RSL3 sensitive group,
while EGFR, ERBB2/3 and ADRB2 were in the RSL3 resistant group.
Together, these results are consistent with re-sensitization of
Ms4a15 OE cells by Atp2a2/Serca? overexpression and suggest
that signaling molecules can influence Ca*" homeostasis and
PUFA/MUFA/plasmalogen ratios.

EGFR and EGFR/ERBB3 dimers can activate Ca®" release via PLCs.
We mimicked this signal and associated ER Ca®’" depletion by
constitutively activating PLC for 48 h with m-3M3FBS in control cells
(Fig. 6B). Extensive ferroptosis protection was observed, while o-
3M3FBS (a control for nonspecific antioxidant activity) showed no
effect, consistent with observed changes in ether and MUFA-lipids
(Fig. 6C). PLCs are classically coupled to GPCRs, therefore we tested
“orphan” GPCR OlIfr39 overexpressing cells identified in the same
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greater biplot scores. Arrow length indicates relative abundance differences in associated samples. B Dose response curves of control cells
against RSL3 (0.4 pM) after 48 h pretreatment with PLC activator m-3M3FBS and inactive analog 0-3M3FBS. Addition of 10 pM oToc serves as
rescue control. Ca®" store depletion was detected by |onophore C Volcano plot of lipid changes in 3M3FBS samples for Ms4a15 OE modulated
species. Dot size indicates abundance of single lipid species. D-F Dose response curve of cell lines pretreated with PLC |nh|b|tors (2uM
U73122 + 1.5 uM edelfosine, EDEL) for 48 h. RSL3 was applied for ferroptosis induction and aToc serves as rescue control. E Ca®™ store
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MUFA-plasmalogens act as ROS sinks to protect cells from lipid peroxidation. Viability data are plotted as representative mean +SD of n=3
technical replicates for independent experiments repeated at least three times with similar outcomes. Curve statistics, p-values of two-way
ANOVA, shown above comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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screen [32] and observed the prototypical pattern of Ms4a15 OE in
viability, Ca®", and lipid regulation (Supplementary Fig. 6B-D).

Given this result, we tested if augmenting ER Ca®" could
sensitize ferroptosis-resistant cell lines. We applied PLC inhibitors
U73122 and edelfosine for 48 h to broadly inhibit Ca®" release
(Fig. 6D, E, Supplementary Fig. 6E). Testing of two resistant breast
cancer cell lines revealed that MDA-MB-231 could be sensitized to
RSL3, while MCF-7 cells were unaffected. MDA-MB-231 are EGFR-
addicted cells, whereas MCF-7 are estrogen dependent. Similarly,
lung cancer line NCIH1975 has a high dependency on EGFR [53]
and could be sensitized while A549 could not. Finally, of two
investigational cell lines, HEK293T and Hela, only HEK293T
responded to synthetic sensitization with relevant lipids plots
showing degrees of ether and MUFA-lipid depletion (Fig. 6F).
Together, these results demonstrate that elevating ER Ca®" levels
by blocking signals at the membrane can sensitize certain
ferroptosis-resistant cell lines.

DISCUSSION

In this report we define a unique mechanism for ferroptosis
resistance based on the discovery of MS4A15, an uncharacterized
four-pass membrane protein. MS4A proteins have previously been
proposed to oligomerize into ion channels to facilitate Ca®"
movement [27], however recent work suggests the requirement
for other channel proteins [54]. In contrast to other members at
the plasma membrane, MS4A15 is localized to the ER where it
constitutively depletes Ca®" stores. Consistent with previous
studies showing that MS4A proteins promote Ca®' flux
[30, 55, 56], overexpression of Ms4al5 profoundly altered Ca®"
homeostasis and depressed IP3R1 expression, resulting in
extensive lipid remodeling (see graphical summary Fig. 6G). This
effect is similar to treatment with thapsigargin, a specific inhibitor
of ER Ca®" uptake, and can be reversed by PLC inhibitors.

The primary consequence of decreased luminal Ca®>" levels is
depletion of long PUFA-GPs in favor of shorter MUFA-GPs and
-ether lipids, particularly plasmalogens. Long chain PUFA-GPs are
targets of ferroptosis oxidation in control cells, while Ms4a15 OE
demonstrate preferential degradation of MUFA-GPs and plasmalo-
gens. Until now, exogenous MUFAs [46] and nonspecific ether
lipids [57] have hinted to ferroptosis protection. Ms4al5 OE
provides the first demonstration that endogenous MUFAs and
specifically MUFA-plasmalogens are targets of ferroptotic ROS in
the low luminal Ca®" state.

Plasmalogens have been suspected to harbor antioxidant
capacity [58, 59]. In vitro, plasmalogens delay degradation of sn-
2 GPs in the presence of oxidants, suggesting the vinyl ether bond
protects against radical-generated oxidation [60]. Importantly, the
antioxidant capacity appears to be intramolecular [61]. Lipid
peroxidation propagation is stopped by the absorption of ROS at
delocalized electrons of the vinyl ether bond. During preparation
of this manucript, PUFA-containing plasmalogens were shown to
promote ferroptosis [48], which complements our findings that
alkyl chains strongly dictate sensitivity. MUFA-plasmalogens,
therefore, act as anti-ferroptotic reservoirs by absorbing ROS
and limiting their propagation in the membrane [62].

Disruption of ER Ca’" homeostasis has been linked to
lipogenesis [18]. Similarly, in rats, Ca®" deficiency leads to loss
of long chain PUFAs [63]. Our results suggest that the activities of
elongases and desaturases may require stable luminal Ca*" to
synthesize PUFA-containing lipids. Moreover, depletion of Ca*"
stores causes the dispersion of lipid droplets, which are tightly
coupled to cellular metabolism and storage of diverse lipid
species. In this respect, the lack of PUFAs may be compensated by
de novo lipogenesis, driving increased MUFA-GPs and plasmalo-
gens and changes in lipid droplet dynamics. As LDs sequester not
only neutral lipids but also PUFA-containing phospholipids, these
are not released into the fatty acid pool for re-esterification in
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membranes as observed in MS4A15 OE cells. LDs also provide
physical separation from peroxidation at the membrane [64, 65].
Thus, qualitative remodeling of lipids to MUFA-GPs in MS4A15 OE
cells also triggers a redistribution of LDs, producing smaller,
dispersed lipid droplets that may additionally limit oxidation
[64, 66]. However, the relationship between LD localization and
ferroptosis sensitivity is still unexplored.

Ferroptosis has been widely linked to cancer, yet how
precancerous cells limit ferroptosis-inducing PUFAs is enigmatic
[67]. Our findings linking calcium and ferroptosis are relevant in
this context as the number of oncogenes and tumor suppressors
that control Ca*" homeostasis and cell death is increasing [68-
70]. For instance, the RAS oncogene limits IP3R activity and ER
Ca®" flux [71]. Analogously, Serca2 haploinsufficiency and
thapsigargin cause tumors in mice [72, 73]. Thus, it is plausible
that changes in the calcium/lipid axis disrupt an endogenous
ferroptotic mechanism to abate neoplastic transformation. Ours
and others recent work has demonstrated evidence for
endogenously produced antioxidants to overcome ROS-
induced lipid peroxides [32, 74, 75], or limit PUFA insertion into
membranes [76]. Targeting these pathways provides an oppor-
tunity to limit therapy resistance in tumors. Hence, modulating
Ca®" homeostasis provides an additional lever to influence cell
survival.

An overlap between ferroptosis and oxytosis has been
suggested as the late lethal influx of Ca®" is conserved in some
cells. A conclusion of MS4A15 limiting acute Ca®™ flux is
nevertheless unlikely. BODIPY-C11 analysis of Ms4a15 OE cells, in
contrast to short Tgn-treatment, demonstrably lack early-forming
oxidized lipids. Moreover, SOCE blockage did not markedly affect
ferroptosis sensitivity while Tgn alters cell viability and lipid
profiles, despite its highly active Ca®" uptake. Thus, acute Ca*"
flux and persistent Ca®" dyshomeostasis are distinct cell death
phenomena with the latter primarily affecting biosynthesis of
ferroptosis substrates.

In conclusion, MS4A15 unites several distinct ferroptosis
phenomena. It coordinates lipid remodeling by regulating ER
Ca®" levels, while ER-synthesized MUFA-GPs and -plasmalogens
abate ferroptosis-induced lipid peroxidation. Taken together,
these data strongly support the conclusion that MS4A15 is an
independent contributor to ferroptosis resistance.

MATERIALS AND METHODS

Cell lines and culture conditions

Cell lines used in the study: Immortalized conditional Gpx4 —/— mouse
embryonic fibroblasts expressing Cre-ERt2 (MEF, male) [33] were previously
generated [32] with the CRISPR activation system [77] and a mouse Ms4a15
CRISPR guide (Supplementary Table 5) for overexpression, Calu-1 (gift from
Brent Stockwell), HEK293T (fetal, ATCC Cat# CRL-3216), H1975 (female,
ATCC Cat# CRL-5908); MDA-MB-231 (female, ATCC Cat# HTB-26), MCF-7
(female, ATCC Cat# HTB-22), HelLa (female, ATCC Cat# CCL-2), A549 (male,
ATCC Cat# CCL-185).

Calu-1 cells were maintained in RPMI Medium (Thermo Fisher Scientific)
with 15% fetal bovine serum (FBS, Biochrom). Other cell lines were
maintained in DMEM (Thermo Fisher Scientific) containing 10% FBS. All
cells were grown in medium supplemented with 1% L-Glutamine (Thermo
Fisher Scientific) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific)
at 37°C in a humidified atmosphere of 5% CO,. Cell lines were regularly
checked for mycoplasma and morphological conformity with ATCC's
specifications.

Generation of cell lines

To generate pooled OE cell lines, individual guides were cloned into lenti-
sgRNA(MS2)_Neo (neomycin resistance substituted for zeomycin in
Addgene plasmid # 61427) and packaged with lentiviral third generation
ecotropic system. Control cells were infected with empty lentivirus. A
guide for Serca2 activation (Supplementary Table 5) was cloned into lenti-
sgRNA(MS2)_Zeo (Addgene plasmid # 61427) [77] to generate Ms4al5 +
Serca2 OE cell line via stable infection of the MF Ms4a15 OE cell line. Cell
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pools were selected for 1 week with 1 mg/mL G418 Sulfate (Geneticin
Selective Antibiotic, Thermo Fisher Scientific) and 200 pg/mL Zeo (Thermo
Fisher Scientific), respectively. Viral production and infection were
performed as previously reported [32]. Ms4al5 CRISPR homozygous
mutations (30% efficiency) were generated in parental MF cells and
validated by genotyping PCR and a 17-bp deletion in exon 2 by Tide
(shinyapps.datacurators.nl/tide/). All guides and genotyping primers are
listed in Supplementary Table 5.

Human MS4A15-overexpressing HT1080 and Calu-1 cell lines
To generate pooled MS4A15-overexpressing HT1080 cells, corresponding
guides were cloned into lenti-sgRNA(MS2)_Neo and packaged with
lentiviral third generation system (see above) and expressed with helper
constructs [77]. To generate MS4A15-overexpressing Calu-1 cells, a human
PLVTHM hMS4A15-FLAG-T2A-neo expression construct was cloned and
lentivirus applied to parental Calu-1 cells and selected with G418 for 7 days
before cell death experiments.

Generation of monoclonal anti-human MS4A15 antibody

For generation of monoclonal antibodies against MS4A15, a Lou/c rat was
immunized with 40 ug ovalbumin-coupled peptide spanning aa50-62
(AQTPRATQPPDLR) of human MS4A15, 5 nmol CpG (TIB MOLBIOL), and an
equal volume of Incomplete Freund’s adjuvant (IFA; Sigma). After 12 weeks,
a boost injection without IFA was given 3 days before fusion of rat spleen
cells with P3X63Ag8.653 myeloma cells. Hybridoma supernatants were
screened in a bead-based flow cytometry assay (iQue, Intellicyte; Sartorius)
on his-tagged, biotinylated peptide captured on streptavidin beads
(PolyAN) and incubated for 90 min with hybridoma supernatant and Atto
488-coupled isotype-specific monoclonal mouse-anti-rat IgG secondary
antibodies. Antibody binding was analyzed using ForeCyt software
(Sartorius). Positive supernatants were validated by western blot of
Ms4a15 OE and control cell lysates. Hybridoma cells were subcloned five
limiting dilution rounds to obtain the stable monoclonal cell clone MS4A
5E6 (rat lgG2c/K). Experiments in this work were performed with
hybridoma supernatant.

Assessment of cell viability

Unless indicated otherwise, 2x10®> MF or 4x 10® human cells were
seeded in 96-well plates and treated with the corresponding compounds
as indicated in figures and figure legends. RSL3/IKE was added to the
cells 1 day before Resazurin incubation. Resazurin (Sigma) was added to
a final concentration of 50 uM, cell viability was assessed after 6-8 h
incubation. The Envision 2104 Multilabel plate reader (PerkinElmer) was
used for measuring the fluorescence at 540 nm excitation/590 nm
emission. In general, at least 3 wells under each condition were
averaged and all cell viability results are presented as percentage
relative to the respective untreated or vehicle-treated control as mean +
SD. For propidium iodide (Pl) stains, cells were treated with 0.5 uM RSL3
overnight and incubated with 3 pM PI for 15 min. Cell images were taken
with an Operetta High-Content Screening System (PerkinElmer) with a
%20 objective. For colony-forming assays, cells were treated with 1.25 uM
RSL3 overnight, then trypsinized single-cells, diluted 1:300 and seeded
into six-well plates. After 7 d colonies were stained with cresyl violet and
imaged.

Three-dimensional spheroids. MF control and Ms4al5 OE cells were
seeded into the GravityTRAP ULA 96-well plates (InSphero/PerkinElmer) to
form 3D spheroids. Interwell variations <10% were confirmed and spheres
were grown for 4 days, treated with 2 uM RSL3 for additional 16 h and
stained with Pl. Spheroids were imaged directly with an Operetta High-
content system. Images from a single plate were acquired using Brightfield
and Pl channels and x20 High-NA objective in wide field mode. Ten planes
of each sample were tracked and four replicates per cell condition were
collected with the same parameters and Pl intensity of different cell
conditions were analyzed with Harmony software (PerkinElmer) using the
same settings to optimize the results.

siRNA knockdown

Mission esiRNAs targeting human TMEM33 (EHU035611), EGFP (EHUEGFP),
murine Tmem33 (Emu078331), murine Fads2 (EMU027741), murine Scd1
(EMU023031) and murine Hsd17b12 (EMU064031) were purchased from
Sigma. 1.5 x 10° cells were typically seeded in six-well plates 1 day before.
Prior to transfection, 200 ng of siRNA and 3l Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher Scientific) were mixed and incubated
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at room temperature for 15 min in serum-free media, then added dropwise
on top of the cells. After 48 h transfection, cells were harvested for
subsequent experiments.

Quantitative PCR

Total RNA was isolated with the InviTrap Spin Universal RNA Mini Kit
(Stratec). Random hexamer primer and AMV Reverse Transcriptase (NEB)
were used for reverse transcription. Quantitative PCR reactions were
carried out using the LightCycler480 (Roche) with Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific). Using GAPDH or Actin as a reference
gene, the relative expression levels compared to the control were
calculated by the AACp method. Primer sequences are listed in
Supplementary Table 5.

Lipid peroxidation analysis by flow cytometry

Cells were seeded in six-well plates to reach 70% confluency. The next day,
0.3 pM RSL3 was added for 3 h. Cells were loaded with 2 uM BODIPY 581/
591 C11 (Thermo Fisher Scientific) for 30 min and harvested for analysis on
an Attune acoustic flow cytometer (Applied Biosystems). At least 30,000
events per condition were collected from the BL-1 channel (excited by 488
nm laser). Each experiment was repeated at least three times indepen-
dently and representative results are shown.

Intracellular calcium measurements

Cells containing the cytosolic calcium sensor GCaMP6s were seeded the
day before in 10 cm dishes to reach 70% confluency. The following day,
cells were treated with Accutase (Sigma) and resuspended in PBS,
washed twice with Ca®"-free buffer (NaCl 116 mM, KCl 5.6 mM, MgCl,
1.2mM, NaHCO; 5 mM, NaH,PO, 1 mM, HEPES 20 mM, Glucose 1 g/L).
Cell pellets were resuspended in 2mL of Ca®"-free buffer and were
analyzed with a BD FACSCanto Il (Becton Dickinson). Untreated cell
suspensions were recorded for 2 min (approx. 2000 events/second) to
establish a baseline signal. Ca>" release mediated by Bradykinin (Sigma)
and lonophore (Sigma) was measured for 4 and 6 min, respectively. After
Bradykinin stimulation, 2 mM CaCl, was added to the cells and data for
the uptake of Ca®" was collected for additional 9 min. Kinetic data were
created by FlowJo V10 of viable, GFP positive cells and exported for
visualization to GraphPrad Prism 8. All experiments were repeated at
least three times.

AAPH oxidation assay using BODIPY 581/591 C11

Ester lipids, plasmalogens and ferrostatin (fer-1) were added into 150 pL
PBS as indicated to achieve 150, 150, and 9 ppm, respectively. Freshly
dissolved 1.875 uM BODIPY 581/591 C11 in 150 uL PBS and 7.5 mM 2,2’-
Azobis(2- amidinopropane) dihydrochloride (AAPH, VWR International) in
150 L PBS were separately added to start the oxidation. PBS containing
the same ratios of ethanol/methanol/DMSO served as control. After mixing
thoroughly, reaction samples were incubated in the dark for 30 min at
room temperature. 100 uyL sample per well was measured using an
Envision 2104 System (PerkinElmer) in black 96-well plates as triplicates.
Fluorescence intensity at excitation 495 nm/emission 520 nm was eval-
uated and normalized to ethanol/methanol/DMSO control. Ferrostatin-1
was used as an antioxidant positive control.

Lipid cell assays

20 mM PUFA lipids were mixed with 2.5 mM BSA at a ratio of 1:4 and
incubation at 37°C for 45min, pre-warmed media was subsequently
added into the mixture. Ms4a15 OE cells were pre-seeded the day before,
the PUFA/BSA mixture was added to the cells to achieve a final PUFA
concentration of 25 pM. After 48 h incubation, cells were challenged with
2 yM RSL3.

For plasmalogen experiments, MF control cells were seeded the day
before on 96-well plates. The following day, cells were washed with PBS
and incubated with 25 uM plasmalogens in serum-free medium for 8 h.
After serum starvation, 10% FBS was added back and the cells were treated
with RSL3 and aToc to achieve final concentrations as indicated. Cell
viability assay was performed as described above.

EGF signaling in cultured cells

MF cells were pre-seeded in six-well plates 1 day before for reaching 70%
confluency. The culture medium was changed to serum-free medium and
incubated at 37 °C for 4 h starvation. Subsequently, the serum-starved MF
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cells were stimulated with 0-5 ng/mL EGF for 10 min at 37 °C, washed with
PBS and lysed for western blot analysis.

Western blotting

Cells were lysed for 20 min in lysis buffer (63 mM Tris-HCI, pH 6.8, 10%
glycerol, 2% SDS, 2.5% DTT and 1x protease inhibitor tablet (Roche)) and
DNA was shredded with a sonicator. After separation on a 6-12% SDS-
PAGE gel according to the protein sizes, proteins were transferred to
PVDF membranes. After blocking with 5% non-fat milk for 1 h at room
temperature, the membranes were incubated in specific primary
antibodies diluted in 2.5% BSA at 4°C overnight. The next day,
membranes were incubated with secondary antibodies for 2 h at room
temperature. ECL prime western blotting detection reagents (Bio-Rad)
were used at a ratio of 1:1 for chemiluminescence detection. Each
experiment presented was repeated at least three times. Primary
antibodies used in this study: MS4A15 (HMGU, N/A,1:10), ATP2A2
(Elabscience, E-AB-30196, 1:250), FLAG (Sigma, F7425, 1:2000), MYC
(Abcam, ab206486, 1:2000), ERK1/2 (Cell Signaling, 4696, 1:1000), pERK1/
2 (Cell Signaling, 9101, 1:1000), STAT3 (Cell Signaling, 9139, 1:1000),
pSTAT3 (Cell Signaling, 4113,1:1000), AKT (Cell Signaling, 9272, 1:1000),
pAKT (Cell Signaling, 9271,1:1000), B-Actin (Cell Signaling, 3700, 1:2000),
alpha-Tublin (Cell Signaling, 2125, 1:2000) and Vinculin (Abcam,
ab130007, 1:500).

Confocal microscopy and immunofluorescence

Cells were plated at a density of 4 x 10® cells/well on 96-well plates (Perkin
Elmer Cell Carrier Ultra Viewer). Cells were transfected with corresponding
expression constructs for 24 h before 4% formaldehyde fixation. Images
were taken with a laser scanning confocal microscope (Olympus FluoView
1200; Olympus Corporation). Nuclei were labeled with DAPI staining (blue).
MS4A15 was visualized with Anti-FLAG antibody (Sigma F7425; 1:500) and
a secondary goat anti rabbit antibody (Cy3 Jackson Immuno 111-165-003;
1:500). TMEM33 was visualized with Anti-MYC tag antibody (Abcam 9E10;
1:200) and a secondary donkey anti-mouse antibody (Alexa 647 Invitrogen
A-32733; 1:500). IPsR1 was visualized with anti-IP3R1 antibody (Biozol BLD-
817701; 1:500) and a secondary donkey anti-mouse antibody (Alexa 647
Invitrogen A-32733; 1:500). ER was tracked with ER marker Concanavalin A/
Alexa fluor 488 conjugate (Invitrogen C11252; 100 pg/mL).

Lipid droplets analysis by high-content imaging

Cells were seeded in 96-well plates to reach 80% confluency. The next day,
cells were loaded with 2 uM BODIPY 493/503 for 30 min and washed with
PBS twice before fixation. The images were taken using an Operetta High-
Content Screening System (PerkinElmer) with GFP filter (excitation 488 nm,
emission 509 nm) with the same parameters.

High-resolution high-speed time-lapse live-cell imaging
High-throughput wound healing assay: culture-Inserts (ibidi 80209) were
used to create a 500 pm gap, in two reservoirs for culturing cells. 8 x 103
MF cells were seeded in each reservoir and cultured for 24 h until they
attached in monolayers. The cells were imaged at X20 magnification after
insers removal using an Operetta High-Content Screening System
(PerkinElmer) equipped with digital phase contrast for live-cell imaging.
Eight images per well were collected with the same parameters and
analyzed with Harmony software (PerkinElmer) using the same settings to
optimize the comparison results between different cell lines.

RNA-Seq

RNA-Seq was performed as described earlier [78]. Briefly, RNA was isolated
from whole-cell lysates using InviTrap Spin Universal RNA Mini Kit (Stratec)
according to the manufacturer’s instructions. For library preparation, 1 pg of
RNA was poly(A) selected, fragmented, and reverse transcribed with the
Elute, Prime, Fragment Mix (lllumina). End repair, A-tailing, adaptor ligation,
and library enrichment were performed as described in the Low Throughput
protocol of the TruSeq RNA Sample Prep Guide (lllumina). RNA libraries were
assessed for quality and quantity with the Agilent 2100 BioAnalyzer and the
Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies). RNA libraries were
sequenced as 100 bp paired-end runs on an lllumina HiSeq4000 platform.

Immunoprecipitation assay
HEK 293 T cells were seeded at 1 x 10° cells per well in 10 cm plates the day
before. Transfection was performed in triplicates with 10 ug of each plasmid
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(GFP and MS4A15) using Lipofectamine 2000 following the manufacturer’s
instructions. Cells were harvested after 24 h in PBS and crosslinked using
1% formaldehyde at room temperature for 7 min, followed by 3 min
centrifugation at 1800 x g. Supernatant was removed and the reaction was
quenched with 0.5 mL ice-cold 1.25 M glycine/PBS. Cells were washed once
in 1.25 M glycine/PBS and lysed for 60 min on ice with homogenization in 1
mL RIPA buffer (50 mM Tris HCl, pH 8.0, 150 mM sodium chloride, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, protease inhibitors
(Complete mini, EDTA-free, Roche)). Spun for 30 min at 20,000 xg to
remove insoluble debris, the lysates were precleared by incubation for 2 h
with 20 pl protein G agarose beads (Protein A/G PLUS-Agarose, Santa Cruz).
The precleared lysates were incubated with 2yl FLAG (Sigma, F7425)
antibody for 1 h, subsequently 20 ul of beads were added and immuno-
precipitation was performed overnight. All steps were carried out with mild
agitation at 4 °C. The beads were washed three times with RIPA buffer and
incubated in 1 x Roti Loading Dye (Carl Roth) at 65 °C for 5 min. Samples
were stored at —80 °C for mass spectrometric analysis.

Quantitative mass spectrometry in data-dependent
acquisition mode
Dried beads after pulldown of MS4A15 from formaldehyde-fixed samples
were resuspended in 50 pL 1x Laemmli and de-crosslinked for 60 min at 99
°C. after reduction and alkylation using DTT and IAA, the proteins were
centrifuged on a 30 kDa cutoff filter device (Sartorius), washed twice with
UA buffer (8 M urea in 0.1 M Tris/HCl pH 8.5) and twice with 50 mM
ammoniumbicarbonate. The proteins were digested for 2h at room
temperature using 0.5 ug Lys-C (Wako Chemicals) and for 16 h at 37 °C
using 1 g trypsin (Promega). After centrifugation (10 min at 14,000 g) the
eluted peptides were acidified with 0.5% TFA and stored at —20 °C.
LC-MS/MS analysis was performed on a Q-Exactive HF mass spectro-
meter (Thermo Scientific) online coupled to an Ultimate 3000 nano-RSLC
(Thermo Scientific). Tryptic peptides were automatically loaded on a C18
trap column (300 pm inner diameter (ID) x 5 mm, Acclaim PepMap100 C18,
5um, 100 A, LC Packings) at 30 uL/min flow rate prior to C18 reversed
phase chromatography on the analytical column (nanoEase MZ HSS T3
Column, 1004, 1.8 pm, 75 pm x 250 mm, Waters) at 250 nl/min flow rate in
a 95 min nonlinear acetonitrile gradient from 3 to 40% in 0.1% formic acid.
Profile precursor spectra from 300 to 1500 m/z were recorded at 60,000
resolution with an automatic gain control (AGC) target of 3e6 and a
maximum injection time of 50 ms. TOP10 fragment spectra of charges 2-7
were recorded at 15,000 resolution with an AGC target of 1e5, a maximum
injection time of 50ms, an isolation window of 1.6 m/z, a normalized
collision energy of 27 and a dynamic exclusion of 30s.

Proteomics

Briefly, 1 x 107 Ms4a15 OE and parental MF cells per replicate (n = 5) were
lysed and equal amounts were proteolyzed using a modified FASP
procedure [79]. The proteins were digested for 2 h at room temperature
using 0.5 pug Lys-C (Wako Chemicals) and for 16 h at 37°C using 1 g
trypsin (Promega), eluted by centrifugation, acidified with TFA and stored
at —20 °C. Peptides were measured on a Q-Exactive HF mass spectrometer
online coupled to an Ultimate 3000 nano-RSLC (Thermo Scientific) in data-
independent acquisition (DIA) mode as described previously (Lepper et al.,
[80]). Raw files were analyzed using the Spectronaut Pulsar software
(Biognosys; [81]) with a false discovery rate setting of <1%, using an in-
house mouse spectral meta library generated using Proteome Discoverer
2.1 (Thermo Scientific), the Byonic search engine (Protein Metrics) and the
Swissprot Mouse database (release 2016_02). Quantification was based on
MS? area levels of all unique peptides per protein fulfilling the percentile
0.3 setting. Normalized protein quantifications were exported and used for
calculations of fold-changes and significance values.

Metabolite extraction and global metabolomics

Ms4a15 OE and control were prepared as described [32]. For analysis, cells
were resuspended in 800 uL methanol and transferred into beat tubes.
Eppendorf cups were flushed additionally with 200 puL to transfer
remaining cells. Cells were lysed using 2x15s, below 4°C (Precellys,
Bertin) and centrifuged with 12,000 rpm for 15 min. The supernatant was
immediately diluted 1:10 in methanol. Mass spectra were acquired on a 12
T solariX FT-ICR mass spectrometer (Bruker Daltonics) using an Apollo II
electrospray source (Bruker Daltonics), in broad band detection mode with
a time domain transient of 2 Megawords in positive and negative
electrospray mode. The instrument was calibrated with a 1 ppm arginine
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solution. A mass error below 100 ppb was achieved. Injected velocity was
set to 120 uL/h. Mass lists were generated with a signal-to-noise ratio (S/N)
of four, exported, and combined to one data matrix by applying a 1 ppm
window. lons (m/z mass/charge) were annotated using MassTRIX allowing
1ppm mass tolerance. Unidentified metabolites were annotated by
elemental composition using mass-differences based network approach
allowing 0.1 ppm mass tolerance [82].

Lipid extraction and global lipidomics

Procedures for lipid extraction and global lipidomics profiling using UPLC-
MS were described previously [45]. In short, we used a two-step MTBE
extraction in a cooled Precellys (Bertin). The organic content was analyzed
using data-dependent auto LC-MS? (maXis, Bruker Daltonics) coupled to an
UHPLC ACQUITY (Waters) using reverse phase chromatography (CORTECS
UPLC C18 column, 150 mm x 2.1 mm ID 1.6 um, Waters Corporation) in
both positive and negative electrospray modes. The injection volume was
set to 10 yL. Lipid elution was achived using 10 mM ammonium formate
and 0.1% formic acid in 60% acetonitrile/water mixture (A) and in 90%
isopropanol/acetonitrile mixture (B) as mobile phase. Quality control
consisting of an aliquot of each sample and pure solvent blanks were used
for column equilibration. The MS analysis alternated between MS and data-
dependent MS" scans using dynamic exclusion. Alignment, peak picking
and identification as well as quality control processing was done in
Genedata software (Genedata Expressionist 13.5, Genedata). Retention
time and detected m/z were used to annotate lipid species according to
the Lipid Classification System guidelines of LIPID MAPS Structure
Database (LMSD) [83] (max 0.005Da error), while single lipid species
identification was substantiated by MS2 fragmentation (see Supplemen-
tary Table 2). MS? information was first annotated based on MoNA library
with MSPepSearch [84] and with MetFrag [85], followed by a further
validation by manual curation [86]. Furthermore, the existence of the vinyl
ether linkage was verified via acidic hydrolysis following previously
published protocol [87, 88]. Samples were evaporated and reconstituted
in methanol prior MS analysis. Under the chosen conditions, only vinyl
ether linkages in plasmenyl-compounds are cleaved. Ether and ester
bindings stay intact.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics summary

Unless otherwise stated, general statistical analyses and data
visualization were performed in GraphPad Prism version 8.0 and R
version 3.6.3. All of the statistical details can be found in the
figures, figure legends, and results, including the statistical tests
used, exact p-values, and dispersion and precision measures.
Curve statistics were performed in GraphPad Prism using Two-way
ANOVA and Tukey’s multiple comparisons test.

RNAseq analysis

The STAR aligner [89] (version 2.4.2a) with modified parameter
settings (--twopassMode = Basic) is used for split-read alignment
against the mouse genome assembly mm10 and UCSC known-
Gene annotation. To quantify the number of reads mapping to
annotated genes we use HTseqg-count [90] (v0.6.0). FPKM
(Fragments Per Kilobase of transcript per Million fragments
mapped) values are calculated using custom scripts and
differential gene expression analysis was performed with the R
Bioconductor package “DESeq2” [91].

Immunoprecipitation analysis

Generated raw files were analyzed using Progenesis QI for
proteomics (version 4.1, Nonlinear Dynamics, part of Waters) for
label-free quantification as described previously [92]. Resulting
normalized protein abundances were used for calculation of fold-
changes and statistical values.

The log, of the normalized protein abundance ratios MS4A15/
GFP and -log;, of corresponding p-values of all quantified proteins
were visualized in a volcano plot. A very specific pulldown in the
MS4A15-PD samples and very low protein abundances in the GFP
controls lead to the appearance of mainly only one “arm” of the
volcano plot.
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Metabolomic analysis

Statistical analysis was performed in R studio (R 1.2.5019). To
identify metabolites that show significant change a
Mann-Whitney U test for non-parametric variables was performed,
and BH corrected for multiple testing. Missing values were
imputed by randomly generated minimum values and the data
was TIC normalized. Unit variance scaling and mean centering was
applied before statistical testing. PLS-DA models were built in
SIMCA-P (Umetrics) and validated by performing 100 random
permutations.

Heatmap proteomics representation

For heatmap of known ferroptosis genes from Stockwell [1],
individual log, samples were divided by the sum of each row and
clustered by Euclidean distance using Gene Cluster 3 [93]. The
results were mapped with Java Treeview [94].

KEGG Calcium clustering
To generate the clustered dataset shown in Fig. 6A and
Supplementary Table 4, CTRP2.0 data were downloaded from
CTD2 data-portal [95]. Top 100 resistant/sensitive cell lines are
AUC v20.data.curves_post_qc.txt values. CCLE expression data
were downloaded from https://depmap.org/portal/download/all/?
release=DepMap-+Public+20Q1&file=CCLE_expression_full.csv.
KEGG Calcium signaling pathway genes were downloaded from
https://www.genome.jp/dbget-bin/get_linkdb?-t+orthology
-+path:ko04020. After normalization, Gene Cluster 3.0 with
hierarchical clustering for cell lines was used according to
Euclidean distance with complete linkage; clustering for genes
used City Block clustering. Data were visualized using Java
TreeView.

Principal component analysis

Gene expression data consists of 204 human cell lines (observa-
tions) from two different known groups (Resistant group (R) and
Sensitive group (S)) described by 193 genes (variables).

PCA was performed in R (version 3.6.3) to visualize the
clustering of the gene expression data using log-fold transcript
abundance of gene arrays in each group. Variables were
pretreated to eliminate redundant columns with more than 40
zero values by applying the function implemented in R/colSums
(RS =0). The following analysis was performed by variables with
the highest 100 median absolute deviations (MAD). Multivariate
biplot were performed to characterize the variability of the data in
each group using “ggplot2” [96], “factoextra” [97], and “ade4” [98]
packages.

ssGSEA implementation

The correlations between gene expression levels were calcu-
lated by Pearson’s test. The 50 genes with the most
significant correlation coefficients were identified from whole
transcriptome. The heatmap was plotted with R package
“pheatmap” [99].

GO_CALCIUM_ION_TRANSMEMBRANE_TRANSPORT, KEGG_CEL-
L_ADHESION, and KEGG_CALCIUM_SIGNALING_PATHWAY term
lists were derived from GSEA. The correlation between each term
and gene expression level was calculated by Pearson’s test and
plotted with package “ggplot2” [96]. Briefly, all tumor samples
were centered into 40 values by their expression level of MS4A715.
Each dot represents the average MS4A15 expression level of 40
tumor samples. The most significant correlation between each GO
terms and MS4A15 expression was identified and plotted with R
package “ggplot2” [96].

Lung Adenocarcinoma (LUAD) and solid tumor transcriptome
data were downloaded via the TCGA website. R (version: 3.5.3) was
used for these analyses. The enrichment scores of the terms (GO
or KEGG) were evaluated using single-sample gene set enrichment
analysis (ssGSEA) (R package “GSVA” [100]).
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