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ABSTRACT

Ferroptosis is a form of regulated cell death that is characterized by iron-dependent lipid peroxidation. This process is regulated
by specific metabolites, the lipid composition of the cells, redox-active iron, and antioxidant mechanisms. Although numerous
regulators have been identified over the past decade, exploring other mechanisms, particularly from non-coding genomic regions,
can build a thorough understanding of the multifaceted regulatory processes underlying ferroptosis. MicroRNAs (miRNAs)
play a crucial role in gene regulation and cellular functions. Through a CRISPR KO screen, we identified miR-940 as a
negative regulator of ferroptosis. Overexpression of miR-940 in several cell lines consistently suppressed ferroptosis induced by
system x.~ inhibition. Notably, multiple cancer patient cohorts with elevated miR-940 levels exhibit reduced survival. Integrated
bioinformatic, transcriptomic, and proteomic analyses revealed that miR-940 decreases the expression of ACSL4, LPCAT3, DMT],
and NCOAA4, and simultaneously increases levels of GPX4. Pharmacological inhibition of GPX4 attenuated the protective effect of
miR-940, indicating that its primary anti-ferroptotic activity is mediated through GPX4. Overall, these mechanistic insights link
gene rewiring to reduced levels of redox-active iron and diminished lipid peroxidation, mediating ferroptosis suppression. These
findings provide a defined regulatory network, presenting a novel target for therapeutic exploration in susceptible cancers.
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1 | Introduction

Cell homeostasis is dependent on cell division and cell death.
The past two decades have shown that besides apoptosis, several
other cell death modalities are executed in a regulated fashion
[1]. Ferroptosis is a regulated cell death pathway that is based
on iron-dependent lipid peroxidation [2-4]. It is initiated by the
presence of phospholipids with polyunsaturated fatty acyl tails
(PUFA-PLs), redox-active iron, and a defective lipid peroxide
repair system [5]. PUFAs are incorporated into phospholipids by
the action of the enzymes acyl-CoA synthetase long-chain family
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase
3 (LPCAT3) [6]. Iron is transported into cells by endocytosis
mediated by transferrin receptor protein 1 (TfR1) and released
from endosomes by divalent metal transporter 1 (DMT1) [4].
Iron is then stored in a non-redox-active form in iron-ferritin
complexes and released from ferritin in a process called fer-
ritinophagy, mediated by nuclear receptor coactivator 4 (NCOA4)
[6]. Interestingly, TfR1 has also been shown to act as a potent
marker to detect ferroptosis [7, 8]. To prevent ferroptosis, cells
have developed several ways to protect themselves from lipid per-
oxidation. The system x.~/GPX4/glutathione axis is the central
ferroptosis inhibitory mechanism, where glutathione peroxidase
4 (GPX4) uses glutathione (GSH) to reduce lipid hydroperoxides
to the corresponding alcohol forms [4]. In addition, there are at
least two ferroptosis inhibitory modules that act independently of
GPX4, namely the FSP1/ubiquinol/vitamin-K axis [9-11], and the
GCH1/DHFR/tetrahydrobiopterin axis [12, 13]. Several synthetic
ferroptosis inducers (IKE, RSL3, ML162, and FINO,) as well
as inhibitors (Fer-1 and Lip-1) have been developed that can
modulate ferroptosis sensitivity [1]. Additionally, approved drugs
have been repurposed to inhibit ferroptosis, such as seratrodast
[14].

Several transcriptional factors control the expression of key
ferroptosis regulators to balance ferroptosis induction. Examples
are the nuclear factor-erythroid 2-related factor 2 (NRF2) [6],
as well as nuclear receptors including the farnesoid X receptor
(FXR) [15], the retinoic acid receptor (RAR) [16] or the estrogen
receptor (ER) [17, 18]. Gene expression can also be regulated by
microRNAs (miRNAs), which either degrade the mRNA or target
the untranslated regions (UTRs) of mRNA transcripts to prevent
their translation [19]. Recent years have seen growing interest in
miRNA-mediated regulation in many fields of research, including
ferroptosis. Although several studies have identified specific
miRNAs that influence the ability of cells to undergo ferroptosis
[20], there is an opportunity to expand our knowledge of this class
of regulators.

The microRNA miR-940 is located on chromosome 16p13.3 and
is known to exhibit dysregulated expression in various diseases,
including many types of cancer [21]. It binds to the 3’ untranslated
region (UTR) of target protein-coding genes, long non-coding
RNAs, and circular RNAs, thereby affecting their transcription or
post-transcriptional regulation [21]. Unlike many existing protein
regulators that control tumor progression, the expression of miR-
940 can be increased or decreased in cancer, depending on the
tissue and cell type. Its expression is decreased in hepatocellular
carcinoma [22] and non-small-cell lung cancer [23], but increased
in gastric [24] and cervical cancer [25]. This opposing role of

miR-940 has also been described in tumor metastasis [26], cell
cycle progression [25], the epithelial-mesenchymal transition
[27], among others. MiR-940 affects signaling pathways by either
directly targeting molecules such as MAPK1 [28], or indirectly
by inhibiting CBL-b and c-CBL, resulting in PD-L1 upregulation
and an increase in STAT3 and AKT [29]. In addition to signal
transduction, potential mechanisms by which miR-940 regulates
tumorigenesis include the induction of DNA damage [30], inter-
ference with folate metabolism through the downregulation of
MTHFD?2 [31], and the silencing of transcription factors such as
ZNF24 [24]. However, a connection to ferroptosis regulation has
never been reported.

In this study, we identified miR-940 as a key modulator of
ferroptosis by systematically integrating data from a CRISPR
KO screen, transcriptomics, and proteomics. We demonstrate
that miR-940 upregulates GPX4, while concurrently reduc-
ing levels of ferroptosis-promoting genes including ACSL4,
LPCAT3, DMTI, and NCOA4. Together, this regulation by
miR-940 reduces ferroptosis. By defining this regulatory archi-
tecture, these findings position miR-940 as a functionally
defined regulatory hub controlling ferroptosis. This mecha-
nistic insight provides a precise molecular rationale to ther-
apeutically target lipid peroxidation pathways in susceptible
cancers.

2 | Results

2.1 | CRISPR KO Screen Identifies miR-940 as a
Negative Regulator of Ferroptosis

To discover novel ferroptosis regulators, we performed a genome-
wide CRISPR knockout (KO) screen in this study using the
GeCKO v2 human CRISPR knockout pooled library [32]. Cas9-
expressing HT-1080 cells, a widely used ferroptosis model, were
transduced with the library and treated with the ferroptosis
inducer Imidazole ketone erastin (IKE) [33] or DMSO. After 18 h,
genomic DNA of surviving cells was extracted and subjected
to next generation sequencing (NGS) (Figure 1A). Analysis of
the abundance of gRNAs associated with miRNAs revealed
a set of 30 differentially expressed gRNAs upon ferroptosis
induction. Here, 15 of these were significantly enriched, sug-
gesting that the corresponding miRNAs are pro-ferroptotic, and
the other 15 were significantly depleted, indicating that the
corresponding miRNAs are negative regulators of ferroptosis
(Figure 1B).

To predict the most promising miRNA candidates that may be
involved in ferroptosis-related pathways, we performed an in-
depth bioinformatics analysis. We seeded 95 genes/proteins with
a known contribution in ferroptosis regulation into a functional
network analysis (Figure 1C). We then performed miRNA target
prediction and protein-protein interaction (PPI) analysis, rank-
ing the candidate genes based on their association score with
the ferroptosis-related seed genes. These analyses revealed that
miR-940 showed the strongest association with ferroptosis reg-
ulatory proteins including DMT1, LPCAT3, NCOA4, and GPX4
(Figure 1C). This prompted us to select this miRNA for further
analysis.
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FIGURE 1 | CRISPR KO screen identifies miR-940 as a negative regulator of ferroptosis. (A) Illustration of the genome-wide CRISPR knockout

screen using the GeCKO v2 human CRISPR knockout pooled library. (B) Differentially regulated miRNAs resulting from the CRISPR knockout screen.
(C) lustration of the bioinformatic pipeline for miRNA target prediction and protein-protein interaction (PPI) analysis. Gene targets of the differentially
regulated miRNAs were retrieved from the TargetScan and miRTarBase databases. Validated gene targets from miRTarBase were leveraged in a weighted
PPI (WPPI) network analysis to expand the candidate gene list. Focusing on targets among differentially expressed genes and proteins (FDR = 1%
and |log2 fold-changel > 1), a total of 14 genes were identified as targets of hsa-miR-940, hsa-miR-298, and hsa-miR-6069. In the network illustration,
blue nodes indicate up-regulated genes, red nodes indicate down-regulated genes, and triangles represent miRNAs. Large nodes represent the 5 genes
identified by miRTarBase and TargetScan (i.e., CHAC1, DMTI1, LPCAT3, NCOA4, and GPX4), while small nodes represent the 9 new genes identified

through the WPPI network analysis (i.e., TXNIP, CCND1, BUBI, RAD51, BRIP1, MYC, C3, CDKNI1A, and RB1).

2.2 | MiR-940 Inhibits IKE-Induced Ferroptosis

Previous studies suggested that miR-940 may induce apoptosis
[34, 35]. In contrast, using Annexin V/7-AAD staining, we show
that miR-940 does not induce apoptosis in our experimental
setting (Figure 2A). Next, we performed a series of experiments
to confirm a negative regulatory role of miR-940 in ferroptosis.
We transfected HT-1080, HepG2 cells, and HEK293T cells with
the precursor miRNA of miR-940 (pre-miR-940) and detected
a robust upregulation of miR-940 transcripts (Supplementary
Figure S1A). We used three different cell lines from three different
tissue origins to demonstrate the generalizability of ferroptosis
suppression by miR-940. We then induced ferroptosis using IKE,
RSL3, ML162 or FINO,. These molecules all selectively induced
ferroptosis, because the specific ferroptosis inhibitor Fer-1 fully

restored cell viability when co-treated with them (Supplementary
Figure SIB). As expected from the screening results, ferroptosis
induction by IKE was significantly rescued by miR-940 overex-
pression in HT-1080 cells (Figure 2B). Interestingly, ferroptosis
induced by GPX4 inhibition (RSL3, ML162 or FINO,) was only
slightly inhibited by miR-940 (Figure 2B). IKE-induced ferropto-
sis inhibition by miR-940 was additionally demonstrated through
PI staining (Figure 2C) and crystal violet staining (Figure 2D).
Importantly, staurosporine-induced apoptosis was not inhibited
by miR-940 in HT-1080 cells (Figure 2E), suggesting specificity
toward ferroptosis over apoptosis. These data could be confirmed
using Annexin V/7-AAD staining (Supplementary Figure S1C).
To determine if this effect was cell line-specific, we examined
ferroptosis susceptibility after miR-940 overexpression in two
additional cell lines. HepG2 cells were also rescued by miR-940
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FIGURE 2 | miR-940 inhibits IKE-induced ferroptosis (A) AnnexinV/7-AAD staining in pre-miR-940- and control-transfected HT-1080 cells 24 h
post transfection. AnnexinV positive control was included by the addition of staurosporine (STA, 1 uM), data are mean =+ SD of n = 3 biological replicates.
(B) Inhibition of ferroptosis in pre-miR-940- and control-transfected HT-1080 cells treated with 0.3 uM IKE, 0.25 uM RSL3, 0.25 uM ML162 and 0.6 uM
FINO,; **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, 2way ANOVA, data are mean + SD of n = 3 biological replicates. (C) Measurement of PI-positive
cells upon induction of ferroptosis (2 uM IKE) in pre-miR-940- and control-transfected HT-1080 cells, * = p < 0.05, 2way ANOVA, data are mean + SD
of n = 3 biological replicates. (D) Crystal violet staining of pre-miR-940- and control-transfected HT-1080 cells after treatment with 2 uM IKE for 24 h.
(E) Dose dependent induction of apoptosis with staurosporine in pre-miR-940- and control-transfected HT-1080 cells. (F,G) Inhibition of ferroptosis in
pre-miR-940- and control-transfected HepG2 (F) and HEK293T (G) cells treated with (F) 2.5 uM IKE, 0.5 uM RSL3, 0.25 uM ML162, and 2.5 uM FINO, and
(G) 0.6 uM IKE, 0.25 uM RSL3, 0.25 uM ML162, and 1.25 uM FINO,; *** = p < 0.001, ns = p > 0.05, 2way ANOVA, data are mean + SD of n = 3 biological
replicates. (H,I) Dose dependent induction of apoptosis with staurosporine in pre-miR-940- and control-transfected HepG2 (H) and HEK293T (I) cells.
(J) 3D spheroid formation of pre-miR-940- and control-transfected HT-1080 cells treated with 2 pM IKE, median intensity of Hoechst signal visualized.
(K,L,M) Query of Kaplan-Meier (KM) plotter to analyze the correlation of miR-940 expression and patient survival in sarcoma (K), liver hepatocellular
carcinoma (L), and kidney renal papillary cell carcinoma (M). Cut-points for high versus low levels were determined using the median expression of
hsa-mir-940. No restrictions applied (stage all; gender all; race all; grade all; mutation burden all). All cell types included.
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from IKE-induced ferroptosis, but not after RSL3, ML162, and
FINO, treatment (Figure 2F). Similar results were obtained in
HEK293T cells, namely, suppression of ferroptosis by miR-940
upon IKE-induced system x.~ inhibition only (Figure 2G). In both
cell lines, HepG2 and HEK293T cells, miR-940 had no effect on
apoptosis (Figure 2H,I).

We next tested the inhibitory effect of miR-940 on ferroptosis in
a more physiological setting. Therefore, we used 3D spheroids
of HT-1080 cells, either transfected with pre-miR-940 or the
control (seven spheroids per condition are depicted in Figure 27).
Spheroid formation in cells treated with IKE was impaired com-
pared to the DMSO control. This effect could not be observed in
cells transfected with pre-miR-940, which showed no difference
in the spheroid integrity and size between DMSO and IKE
treatment (Figure 2J). Notably, more cells migrated out of the
spheroids when transfected with pre-miR-940, which is likely
the result of altered pathways by miR-940, thereby facilitating
cell migration [36]. Hence, we validated the anti-ferroptotic
effect of miR-940 also in a three-dimensional setup that more
closely reflects physiological conditions. We also queried the
KM Plotter [37-39] and analyzed the correlation between miR-
940 expression and patient survival. Patients with higher levels
had worse survival rates in sarcoma (Figure 2K), liver hepato-
cellular carcinoma (Figure 2L), and kidney renal papillary cell
carcinoma (Figure 2M). These patient data align well with our
HT-1080 (fibrosarcoma), HepG2 cells (liver hepatocellular car-
cinoma), and HEK293T (kidney cells), which exhibit ferroptosis
suppression by miR-940.

2.21 | MiR-940 Modulates Key Regulators of
Ferroptotic Cell Death

To further investigate the role of miR-940 in ferroptosis-
related pathways, we subjected total RNA from pre-miR-940-
and control-transfected cells to RNA sequencing (RNAseq).
Transcriptomics analysis revealed the downregulation of four
ferroptosis-promoting target genes: LPCAT3, DMT1, NCOA4, and
ACSLA4 (Figure 3A). This largely aligned with the prediction of our
bioinformatics pipeline (Figure 1C). Transcriptomics also showed
that GPX4, the central gatekeeper of ferroptosis, was upregulated
upon pre-miR-940 overexpression (Figure 3A), which aligns
with the bioinformatic prediction. Normalized transcript counts
from the RNAseq data are shown in Figure 3B. We did not
assess direct 3’ UTR binding for these transcripts; thus, direct
miR-940-mRNA interactions remain to be established. However,
predicted miR-940 binding sites were identified in the 3" UTRs of
the ferroptosis regulators NCOA4, ACSL4, LPCAT3, DMTI, and
GPX4 (Supplementary Figure S2 and Supplementary Table S1).
Notably, NCOA4 revealed a high-confidence 8mer site predicted
by both TargetScan and miRDB, while DMTI1 was previously
validated as a direct miR-940 target [40]. Along with transcrip-
tomics, we performed proteomics and observed downregulation
of ACSL4 protein levels. Unfortunately, the other proteins
were not detected due to limited resolution (Supplementary
Figure S3).

To confirm the omics data, the mRNA levels of all differentially
expressed target regulators were analyzed by qRT-PCR. Signif-
icant upregulation of GPX4 (Figure 3C) and downregulation

of LPCAT3, ACSL4, DMTI, and NCOA4 (Figure 3D) could be
confirmed upon transfection with pre-miR-940. Similar results
were obtained in HepG2 cells and HEK293T cells (Supplementary
Figure S4A,B). Finally, we investigated whether miR-940 reduces
the protein levels of the aforementioned target proteins by
performing western blot analysis and quantification. Overex-
pression of miR-940 significantly increased GPX4 protein levels,
protein levels of NCOA4 spliced variant, DMTI1, and ACSL4 were
significantly decreased (Figure 3E). Full western blots can be
found in the supplementary (Supplementary Figure S6). These
findings demonstrate that miR-940 modulates key regulators of
ferroptotic cell death, as detected on RNA as well as protein lev-
els. Interestingly, lipidomics analyses of control-miRNA- versus
miR-940-transfected cells demonstrate that several ferroptosis-
relevant PUFA-containing phospholipids are depleted upon miR-
940 overexpression (Figure 3F). According to our data, this largely
correlates with a reduction in ACSL4 and LPCATS3 levels. Yet,
reflecting on the data that miR-940 largely failed to rescue from
ferroptosis upon GPX4 inhibition, this fact sets GPX4 as the major
mechanism by which miR-940 suppresses ferroptosis, because
upregulated GPX4 proteins (Figure 3E) are still inhibited by RSL3,
MLI162 and FINO,.

2.3 | MiR-940 Suppresses Iron Accumulation and
Lipid Peroxidation

To assess the mechanism behind the anti-ferroptotic actions of
miR-940, we first investigated glutathione levels within HT-1080
cells following treatment with IKE. No significant increase in
GSH concentration was observed in miR-940-transfected versus
control cells. Both, miR-940-transfected cells and control cells,
showed decreased GSH levels upon IKE-induced ferroptosis,
indicating that miR-940 has no direct influence on GSH levels
(Figure 4A).

Next, iron levels of HT-1080 cells transfected with miR-940
were measured via ‘inductively coupled plasma optical emission
spectroscopy’ (ICP-OES), as well as using the heavy metal indica-
tor PhenGreen SK Diacetate. Both assays revealed a significant
decrease in iron levels in cells overexpressing miR-940 before
(Figure 4B) and after ferroptosis induction (Figure 4C). Moreover,
lipid peroxidation was detected via staining with the C11-BODIPY
sensor and a 4-HNE immunostaining after inducing ferroptotic
cell death with IKE in HT-1080 cells. Both assays showed an
induction of lipid peroxidation in IKE-treated control cells.
Importantly, overexpression of miR-940 significantly suppressed
levels of lipid peroxidation as detected by both techniques
(Figure 4D,E). We also assessed lipid peroxidation using the C11-
BODIPY sensor in HepG2 cells. These cells are more resistant to
ferroptosis, which results in a smaller fluorescence shift. Never-
theless, a significant reduction of IKE-induced lipid peroxidation
was detected in miR-940- overexpressing cells (Supplementary
Figure S5A). Interestingly, similar to viability measurement
(Figure 2B,F), miR-940 was not able to reduce lipid peroxidation
induced by GPX4 inhibition (RSL3) in HT-1080 and HepG2 cells
(Supplementary Figure S5B).

Together, these findings suggest that miR-940 inhibits ferroptotic
cell death through three mechanisms: 1) enhanced repair of
PLOOH due to upregulation of GPX4, 2) decreased levels of
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FIGURE 3 | miR-940 modulates key regulators of ferroptotic cell death. (A) Transcriptomics analysis of miR-940-overexpressing HT-1080 cells
show downregulation of NCOA4, ACSL4, DMTI, and LPCAT3 and upregulation of GPX4, significance at False Discovery Rate (FDR) of 1% and absolute
value of log2 fold-change (log2FC) > 1, Wald test adjusted with Benjamini-Hochberg correction. (B) Normalized counts of transcriptomics analysis of
LPCAT3, ACSL4, DMT1, NCOA4, and GPX4, data are mean + SD of n = 4 biological replicates. (C) qRT-PCR results of GPX4 in miR-940 transfected
cells, * = p < 0.05, unpaired t-test with Welch’s correction, data are mean + SD of n = 3 biological replicates. (C) qRT-PCR results of GPX4 in miR-
940 transfected cells, * = p < 0.05, unpaired t-test with Welch’s correction, data are mean + SD of n = 5 biological replicates. (D) qRT-PCR results
of LPCAT3, ACSL4, DMTI, and NCOA4 in miR-940-overexpressing cells, ¥ = p < 0.05, ** = p < 0.01, ** = p < 0.001, unpaired t-test with Welch
correction, data are mean + SD of n = 3 biological replicates. (E) Western Blot analysis of miR-940-overexpressing HT-1080 cells with staining against
GPX4, NCOA4, DMT1, and ACSL4 relative to -Actin levels, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, unpaired t-test with Welch correction, data
are mean + SD of n = 6 biological replicates. Full western blots can be found in the supplementary (Supplementary Figure S6). (F) Lipidomics analyses

6 of 15 Advanced Science, 2026

85USD17 SUOLULLIOD BAIRER.D 3|1 jdde 3Ly Aq peueob e Sap1e YO 88N J0 S3INJ 104 ARIQIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWRIALIOD" AB] 1M ARRIq1BUIIUO//SHNL) SUORIPUOD PUE SULLB | U} 89S *[9202/90/60] U0 ARIqIT BUIIUO /AB]1M ‘WNALBZSBUNUISI0- SAURSINeQ Ueuyouen | WNIUSZ Z}ouwRH Ad 0E8S. SAPR/Z00T OT/I0PALI0D" A3| 1M ARRIq 1 pUIIUO PSOURADE//SARY W01} papeo|umod ‘0 ‘rY8E86Te



of pre-miR-940- and control-transfected HT-1080 cells treated with 2 uM IKE show depletion of ferroptosis-relevant PUFA-containing phospholipids
upon miR-940 overexpression, CE cholesteryl ester, CL cardiolipin, DG diacylglyceride, PC phosphatidylcholine, PE phosphatidylethanolamine, PI

phosphatidylinositol, TG triglyceride, LPC lysophosphatidylcholin, depicted are Z-scores with p < 0.05, two-tailed t-test, n = 5 biological replicates.

redox-active iron associated with reduced expression of NCOA4
and DMTI, and 3) a reduction in PUFA-PL levels through
downregulation of LPCAT3 and ACSL4 (Figure 5).

3 | Discussion

Our data suggest that miR-940 is a previously unrecognized
cellular inhibitor of ferroptosis (Figure 2), acting through the
coordinated modulation of the gene expression of ferroptosis
regulators, especially the upregulation of the central gatekeeper
of ferroptosis, namely GPX4. Rather than affecting individual
effectors, it appears that miR-940 influences a broader regulatory
architecture, the major hallmarks of ferroptosis, which controls
cellular susceptibility to oxidative cell death. Therefore, we
propose that miR-940 is a potent, novel cellular suppressor of
ferroptotic cell death (Figure 5).

This illustration shows how miR-940 suppresses ferroptosis by
downregulating ACSL4 and LPCAT3, which leads to reduced
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PUFA-PL levels in the cell membrane. It also inhibits DMTI to
limit iron uptake, and NCOA4 to reduce ferritin degradation and
thus the release of the labile, redox-active iron pool. This results
in lower Fe?* levels. Finally, it upregulates GPX4, which reduces
lipid peroxides and counteracts ferroptosis.

Through integrative analysis, we mechanistically unraveled that
miR-940 alters the expression profiles of several regulators
involved in phospholipid processing and iron handling, both
of which essentially govern vulnerability to lipid peroxidation
(Figure 3). This suggests that small non-coding RNAs can have
wide-ranging effects on cell fate by simultaneously targeting func-
tionally linked molecular processes. Notably, ACSL4 and LPCAT3
are pivotal enzymes in determining phospholipid composition
and susceptibility to peroxidation [3, 41], while DMT1 and
NCOA4 influence intracellular iron availability [4], two critical
nodes in ferroptotic sensitivity. The simultaneous repression of
these targets by miR-940 suggests the existence of a robust
evolutionary mechanism to avoid lipid peroxidation driven cell
death. While the exact biophysical binding dynamics were not
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FIGURE 4 | miR-940 suppresses iron accumulation and lipid peroxidation (A) Measurements of GSH concentration upon treatment with 2 uM

IKE in both control and pre-miR-940 transfected H1080 cells, ns = p > 0.05, 2way ANOVA, data are mean + SD of n = 3 biological replicates. (B)
Measurements of iron concentration via ICP-OES show reduced levels in miR-940-overexpressing cells compared to control cells, * = p < 0.05, unpaired
t-test with Welch'’s correction, data are mean + SD of n = 3 biological replicates. (C) Analysis of iron levels via the heavy metal indicator PhenGreen SK
Diacetate in pre-miR-940 transfected cells after treatment with 2 uM IKE compared to control cells, ns = p > 0.05, * = p < 0.05, 2way ANOVA, data are
mean + SD of n = 3 biological replicates. (D) C11-BODIPY sensor of lipid peroxidation upon treatment with 2 uM IKE in miR-940 overexpressing cells,
ns = p > 0.05, * = p < 0.05, 2way ANOVA, data are mean + SD of n = 5 biological replicates. (E) Detection of lipid peroxidation via antibody for 4-HNE
in miR-940 overexpressing cells upon treatment with 2 uM IKE, ** = p < 0.01, 2way ANOVA, data are mean =+ SD of n = 6 biological replicates.
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FIGURE 5 | Working model of how miR-940 suppresses ferroptosis.

assessed via reporter assays, the functional multi-omic regulation
of this network is clear. Especially, the reduction of ACSL4
and LPCAT3 by miR-940 has the consequence that ferroptosis-
relevant PUFA-containing phospholipids are largely depleted
upon miR-940 overexpression as evident from lipidomics analysis
(Figure 3F). Furthermore, the simultaneous upregulation of
the selenoenzyme GPX4 by miR-940 (Figure 3) is interesting,
given its central role in ferroptosis inhibition [1, 3, 4]. Since
miR-940 largely failed to protect cells from ferroptosis after
GPX4 inhibition (viability and lipid peroxidation), these results
suggest that GPX4 is the main axis through which miR-940
suppresses ferroptosis. The elevated levels of GPX4 protein upon
miR-940 overexpression will still be susceptible to inhibition by
RSL3, MLI162, and FINO,. However, the exact mechanism by
which miR-940 increases GPX4 expression remains unclear, it
suggests the existence of indirect regulatory networks or the
possibility of miR-940-mediated suppression of cellular GPX4
inhibitors; for example, an E3 ligase that triggers degradation
of GPX4 by the proteasome. In some cases, miRNAs may
also increase protein levels, which would be a direct effect.
Thus, future investigation into upstream regulators and feedback
loops involving miR-940 and GPX4 will help to decipher this
process.

While this study provides mechanistic insight into the regu-
lation of ferroptosis by miR-940, some limitations should be
acknowledged. Our findings were confirmed in three indepen-
dent cell lines, largely relying on in vitro experimental systems.

Glutamate

Cystine

Cystine Glutamate

!

Cysteine
I

| Glutathione
! Synthesis

PUFA PL-OOH

To provide pathological context, we show that increased miR-940
expression correlates with decreased overall survival in several
cancer patient cohorts, supporting the notion that inhibition of
ferroptosis may negatively influence patient outcomes. Although
direct in vivo validation should be conducted in future studies
using animal models or patient-derived systems to evaluate
the systemic (patho)physiological significance of the regulation
of ferroptosis by miR-940, this study establishes the complex
regulatory architecture that is a critical prerequisite. By detailing
precisely how miR-940 rewires the expression of GPX4 alongside
essential iron and lipid regulators (ACSL4, LPCAT3, DMTI,
and NCOA4), we provide a validated molecular rationale for
modulating ferroptosis. This mechanistic foundation ensures
that future in vivo designs including miR-940 to target lipid
peroxidation pathways in susceptible cancers, are mechanistically
driven rather than purely empirical. Furthermore, while our
lipidomics data demonstrate a depletion of PUFA-phospholipids
and pharmacological assays indicate a primary anti-ferroptotic
role for GPX4, the exact contribution of ACSL4-mediated lipid
remodeling remains to be fully defined. Unambiguously decou-
pling the specific effects of ACSL4-driven lipid remodeling from
GPX4 upregulation remains an important area for future investi-
gation. Lastly, although our data identify key factors associated
with ferroptosis downstream of miR-940 and demonstrate that
miR-940 does not influence apoptosis under our experimental
conditions, potential off-target effects or additional roles of miR-
940 in other cell death pathways cannot be completely ruled
out.
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From a translational perspective, miR-940 may represent a
promising target in cancer entities such as sarcoma, liver hepato-
cellular carcinoma or kidney cancer (Figure 2K-M), where resis-
tance to ferroptosis contributes to therapeutic failure. Inhibiting
miR-940 may increase tumor sensitivity to ferroptosis inducers.
In line with this, the elevated expression of miR-940 could serve
as a predictive biomarker for identifying patients who are likely
to respond to miR-940-modulating therapies in combination with
ferroptosis-based medicines [42]. Combining miR-940 antago-
nism with ferroptosis-inducing regimens could increase anti-
tumor efficacy and open new ways of overcoming drug resistance.
These concepts provide a framework for future preclinical and
clinical oncology studies exploring miR-940-targeted strategies.

In summary, this study identifies miR-940 as a potent regulator
that limits ferroptotic cell death by reshaping lipid and iron
homeostasis. These findings broaden our understanding of the
role of microRNAs in controlling redox-sensitive death pathways
and emphasize the therapeutic potential of targeting miR-940
in diseases associated with ferroptosis. Future efforts should
focus on defining the upstream signals that govern miR-940
expression and analyzing its interactions with other non-coding
RNAs and transcription factors. A better understanding of this
regulatory landscape will provide a deeper insight into the biology
of ferroptosis and could reveal new opportunities for precision
therapies in cancer.

4 | Experimental Section
4.1 | Cell Culture

HT-1080 cells (RRID:CVCL_0317), HepG2 cells
(RRID:CVCL_0027), and HEK293T cells (RRID:CVCL_0063)
were purchased from ATCC and grown in Dulbecco’s Modified
Eagle’s medium (Thermo Fisher Scientific) containing 10%
fetal bovine serum (Gibco), 1% Penicillin-Streptomycin
(Thermo Fisher Scientific), and supplemented with 1% non-
essential amino acids (Sigma) at 37°C with 5% CO,. Cells were
regularly tested (including mycoplasma) and were completely
contamination-free.

4.2 | Transfection of HT-1080 Cells

If not indicated otherwise, 200 000 cells per well were seeded in
6-well plates the day before transfection. Cells were transfected
with 30 nM hsa-miR-940 pre-miR or pre-miR negative control
#1 (AM17100, Ambion, Invitrogen) in 1 mL medium. Per well,
3 uL of 10 uM miRNA or negative control was diluted in 50 pL
Opti-MEM, and 50 uL 6% Lipofectamine RNAiMAX reagent in
Opti-MEM I reduced serum medium (all from Thermo Fisher
Scientific) was added. The mix was incubated for 10 min at room
temperature before dropwise addition to the cells. After another
5 min of incubation at room temperature, the plate was kept at
37°C. After 6 h, cells were washed with PBS, and fresh medium
was added.

4.3 | Cell Viability Assays

Transfected cells were harvested 48 h after transfection with
0.05% Trypsin-EDTA and seeded into 384-well plates at a density

of 750 cells per well. After incubation for 6 h, different concen-
trations of ferroptosis inducers (IKE (Cayman Chemical), RSL3
(Sigma Aldrich), ML162 (Sigma Aldrich), FinO, (Caymen Chem-
ical)) or the apoptosis inducer staurosporine (Sigma Aldrich)
were added to the cells. DMSO was used as a negative control.
After 18 h at 37°C, CellTiter-Glo 2.0 Reagent (Promega) was
added directly into each well, and viability was assessed by
luminescence measurement in an EnVision 2104 Multilabel plate
reader (PerkinElmer).

4.4 | AnnexinV + 7AAD Detection Assay

HT-1080 cells were seeded in 6-well plates at a density of
100,000 cells per well one day prior to miRNA transfection,
with transfections performed as previously described. In +STA
conditions, 20 h after transfection, 1 uM staurosporine was added
to the cultures for 4 h. 24 h after transfection, media was
removed from all wells before being washed with 1x PBS and
then incubated in 1 mL Accutase (Gibco) for 5 min at 37°C.
Lifted cells were then collected in media and centrifuged at 300
x g for 3 min, washed with 1x PBS, and again centrifuged at
300 x g for 3 min. AnnexinV assays were performed using the
FITC Annexin V Apoptosis Detection Kit with 7-AAD (Biolegend,
Cat # 640922), according to the kit protocol. Cell pellets were
resuspended in 100 pL AnnexinV binding buffer along with
5uL of AnnexinV and 5 uL of 7AAD, before being briefly vortexed
and incubated in the dark at room temperature for 15 min.
400 pL of AnnexinV binding buffer was subsequently added to
each tube, and samples were analyzed using the CytoFLEX S flow
cytometer (Beckman Coulter), using the 488 nm laser with 525/40
bandpass filter to detect AnnexinV-FITC and the 561 nm laser
with 610/20 bandpass filter to detect 7AAD. Data was analyzed
using FlowJo (v10.10.0, BD Biosciences).

4.5 | Crystal Violet Staining

HT-1080 cells were seeded into a 6-well plate at a density
of 200,000 cells per well and transfected as described. After
incubation for 24 h, cells were treated with 2 uM IKE. DMSO was
used as a control treatment. After 6 h, the medium was removed,
cells were washed with MilliQ water, and 1.5 mL crystal violet
staining solution (0.5% in 20% methanol) was added. Cells were
incubated at room temperature for 20 min and rinsed with MilliQ
water until no residual crystal violet solution was visible. Images
were taken with an EVOS FL fluorescence microscope.

4.6 | Spheroid Formation

Transfected HT-1080 cells were harvested 48 h after transfection,
and 3 000 cells per well were seeded into 96-well Round Bottom
Ultra Low Attachment Microplates (Corning costar 7007). After
1 h of incubation at 37°C, cells were treated with 2 uM IKE or
DMSO as control. 48 h after treatment nuclei were stained with
Hoechst 33342 (Sigma Aldrich) at a dilution of 1:10,000 followed
by 1 h incubation at 37°C. Spheroids were imaged using the
Operetta High Content Screening System (Perkin Elmer) at 10x
magnification. Image analysis was performed with Columbus
Software (Perkin Elmer).
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4.7 | qRT-PCR

Total RNA was isolated from transfected cells 48 h after trans-
fection using InVitrap Spin Universal RNA Mini kit (Stratec
Scientific) according to the manufacturer’s instructions. Genomic
DNA was removed by digestion with dsDNase (Promega) before
reverse transcription of mRNA and miRNA. Maxima H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was
used for the synthesis of first-strand cDNA with oligo (dT)
and random hexamer primers. Reverse transcription of miRNA
was performed using MystiCq microRNA cDNA Synthesis Mix
according to the manufacturer’s instructions. Polyadenylation of
microRNA was performed with the Poly(A) Polymerase (Thermo
Fisher Scientific, AM2030). Subsequently, RNA was eliminated
by digestion with RNase H for 30 min at 37C°. qRT-PCR was
performed on a LightCycler480 (Roche) with PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific) for cDNA tran-
scribed from mRNA and SYBR Green Master Mix (Roche) for
cDNA transcribed from miRNA. The primers used are listed
in Supplementary Table S2. Expression levels of target genes
were normalized to RNA Polymerase II, and quantification
was carried out using the delta delta Cp method. For expres-
sion levels of miRNA, SNORD44 was used for normalization,
respectively.

4.8 | Western Blotting

Transfected cells were harvested 48 h after transfection as
described above, washed once with PBS, and resuspended in
2x RotiLoad (Carl Roth) for lysis. The samples were sonified,
and proteins were denatured at 95°C for 5 min. After separation
on 12.5% SDS-PAGE gels, proteins were transferred to PVDF
membranes. Unspecific binding sites were blocked by incubation
in 5% milk in TBS-Tween for 30 min at room temperature,
followed by incubation in primary antibody diluted in 2.5%
milk in TBS-Tween at 4°C overnight. Primary antibodies were
ACSL4 (Santa Cruz, sc-365230, 1:200), DMT1 (Abcam, ab55735,
1:4000), GPX4 (Abcam, abl25066, 1:1000), NCOA4 (Abcam,
ab86707, 1:2000), and $-Actin (Santa Cruz Biotechnology, sc-
47778, 1:400). Membranes were washed three times for 10 min
before incubation in secondary antibody (dilution 1:7,500 in milk-
TBS-Tween) for 1 h at room temperature. Western Lightning
ECL reagent (Perkin Elmer) was used for chemiluminescence
detection. Densiometric analysis of protein bands was performed
with Image]J software.

Validation statements, relevant citations, and antibody profiles
are provided online by Santa Cruz Biotechnology and Abcam for
each respective antibody used in this study.

4.9 | Detection of Iron Levels via PhenGreen

Transfected cells were harvested 48 h after transfection as
described above and seeded in 6-well plates at a density of
500,000 cells per well. After 8 h incubation at 37°C, ferroptosis
was induced by 1.5 uM IKE for 17-18.5 h. Cells were incubated
with 5 uM PhenGreen SK Diacetate (Thermo Fisher Scientific)
in PBS for 10 min at 37°C in the dark. For dead cell exclusion,
1 pg/mL propidium iodide (PI) was added to the cells 5 min before

analysis on an Attune acoustic flow cytometer (Applied Biosys-
tems). 15,000 PI-negative events were recorded, and analysis was
performed with FlowJo v10.8.1 Software (BD Life Sciences).

4.10 | Detection of Iron Levels via ICP-OES

Cells were seeded at a density of 125,000 cells per 10 cm dish
and transfected as described above. After 24 h incubation at
37°C ferroptosis was induced by 2 uM IKE for 18 h. Cells were
harvested and centrifuged at 300 x g for 5 min. The cell pellet
was washed with 5 mL PBS twice. The cell count was counted
via Vi-CELL XR (Beckman Coulter) and adjusted to 1 Mio
cells per sample in 1.5 mL ddH,O. Afterward, 1.5 mL of 65%
nitric acid was added to the samples and incubated at room
temperature overnight. Samples were stored at 4°C. Iron levels
were measured via inductively coupled plasma optical emission
spectrometry (ICP-OES) using the Spectro Arcos 2 (Spectro
Ametek).

4.11 | Detection of Lipid Peroxidation

Cells were prepared as described for the detection of iron levels.
However, for the analysis of lipid peroxidation 0.75 uM IKE was
used with subsequent incubation at 37°C for 16.5-19 h. Afterward
BODIPY 581/591 C11 was added at a concentration of 2 uM
followed by a further 30 min incubation at 37°C in the dark.
Dead cell exclusion and analysis were performed as described
above.

For 4-HNE immunostaining, transfected cells were treated with
2 uM IKE 30 h after transfection and incubated at 37°C for 16.5-
19 h. Cells were harvested with 0.05% Trypsin-EDTA, washed
with PBS, and resuspended in 10% normal goat serum (Thermo
Fisher Scientific) for 30 min on ice. Cells were incubated with
anti-4-HNE antibody (Abcam, ab46545, 1:50) for 1 h on ice,
washed three times with PBS, and incubated with anti-rabbit
Alexa 488 antibody (Thermo Fisher Scientific, A32731, 1:200)
for 30 min on ice. After washing twice with PBS, cells were
resuspended in PBS, and fluorescence was analyzed on an Attune
acoustic flow cytometer (Applied Biosystems). Histograms and
intensities were analyzed with FlowJo v10.8.1 Software (BD
LifeSciences).

Validation statements, relevant citations, and antibody profiles
are provided online by Thermo Fisher Scientific and Abcam for
each respective antibody used in this study.

4.12 | Detection of Glutathione Levels

HT-1080 cells were seeded in 6-well plates at a density of 150,000
cells per well and transfected as described above. After 48 h of
incubation, 3 uM IKE was applied to the cells for 6 h before
harvest. Equal numbers of cells per condition were lysed in
PBS containing 0.5% Nonidet-P40, and debris was removed by
centrifugation (15 min, 20,000 x g, 4°C). The supernatant was
transferred to a fresh tube, and proteins were removed using
Deproteinizing Sample Preparation Kit—TCA (Abcam) accord-
ing to the manufacturer’s instructions. For the measurement
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of glutathione (GSH) levels, the fluorimetric GSH/GSSG Ratio
Detection Assay Kit II (Abcam) was used with black pClear
96-well plates with clear bottom. The preparation of standard
curves and the assay procedure were performed according to
the manufacturer’s instructions. GSH levels were obtained by
fluorescence detection with an EnVision 2104 Multilabel plate
reader (PerkinElmer).

4.13 | CRISPR Knockout Screen and Data Analysis

HT-1080-Cas9 cells were transduced with viruses containing
the GeCKO v2 human CRISPR knockout pooled library [32] to
generate the HT-1080-Cas9-gRNA-library cells. These cells were
cultured in medium that was supplemented with 5 pyg/mL of
blasticidin and 0.7 pg/mL of puromycin. Next, the cells were
expanded, and on day-1, 18x T175 flasks were seeded at ~20%
confluency. By Day 3, when the cells reached ~80% confluency,
they were treated in duplicate as follows: DMSO (samples #1-
2), IKE (0.8 uM, samples #3-4), and incubated for 20 h, then
harvested on Day 4. The cells were washed once with PBS,
detached using trypsin, and the sample duplicates were pooled.
A 300 pL aliquot of each sample was diluted 1:1 with medium for
viability assessment (ViCell). The remaining cells were washed
twice with PBS (with centrifugation steps) and flash-frozen on
dry ice before storage at —-80°C and submitted to the MSKCC GES
Core.

Genomic DNA (gDNA) was isolated from cell pellets using
standard extraction protocols, and the integrated guide RNA
(gRNA) sequences were PCR-amplified from the extracted gDNA
using primers that flanked the gRNA cassette. The amplicons
were then purified, quantified, and the resulting library was
then subjected to next-generation sequencing on an Illumina
HiSeq platform to determine gRNA representation across the
two different conditions (DMSO versus IKE). Normalized guide
frequencies amplified from viable cells were scored against con-
trol cells to identify enriched or depleted guides using ENCoRE
[43]. In some instances, a full complement of guides for each
transcript was not present in amplified samples, and imputed
values were utilized to calculate P-values, False Discovery Rate
(FDR), and fold changes. Results from the CRISPR KO screen are
in Supplementary Table S3.

4.14 | Analysis miRNA Integration

To identify target genes of the enriched miRNAs, we queried both
the miRTarBase [44] and TargetScan [45] databases using default
parameters. Consecutively, the resulting 95 putative validated
target genes from miRTarBase were exploited as seed genes
in a protein network analysis, performed using the Weighted
Protein-Protein Interaction (WPPI) Bioconductor package (Gal-
hoz A, Turei D, P. Menden M (2022). wppi: Weighting protein-
protein interactions. R package version 1.6.0, https://github.
com/aGalhoz/wppi) with default settings (i.e., without disease-
specific constraints besides the given seed genes). The top 10%
highest scoring genes from WPPI were selected and integrated
with the original miRNA target data from miRTarBase and
TargetScan to expand the candidate gene list for downstream
analyses.

4.15 | RNA Sequencing Analysis

RNA was isolated from transfected cells, 48 h after transfection
with InVitrap Spin Universal RNA Mini kit (Stratec Scientific)
according to the manufacturer’s instructions. 2.5 pg of each
sample were shipped on dry ice to Genewiz (Azenta Life Sciences,
Leipzig), where strand-specific RNA sequencing (Illumina Nova-
Seq technology) with 20 million reads per sample and 2x150 bp
read length was performed. Sample preparation included PolyA
selection for rRNA removal. RNA sequencing data were subject
to differential gene expression analysis leveraging the DESeq2
package and R software version 4.2.0. P-values were estimated
using Wald test and adjusted with Benjamini-Hochberg correc-
tion. Associations were considered significant at False Discovery
Rate (FDR) of 1% and an absolute value of log2 fold-change
(10g2FC) > 1. The raw counts are in Supplementary Table S4, and
the differential expression is shown in Supplementary Table S5.

4.16 | Proteomics Analysis

Transfected cells were harvested 48 h after transfection and
resuspended in 300 uL RIPA buffer containing 1 mM PMSF. After
incubation on ice for 15 min the samples were sonified at 50%
amplitude three times for 2 pulses. After another 15 min on ice
lysates were centrifuged (5 min at 14 000 x g) and the amount
of protein in the supernatants was determined by Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific).

10 pg of whole cell extract were digested using a modified filter
aided sample preparation (FASP) digest procedure [46]. After
reduction and alkylation using DTT and IAA, the proteins were
centrifuged on a 30 kDa cutoff filter device (Sartorius), washed
thrice with UA buffer (8 M urea in 0.1 M Tris/HCI pH 8.5) and
twice with 50 mM ammoniumbicarbonate. The proteins were
digested for 2 h at room temperature using 0.5 pug Lys-C (Wako
Chemicals, Neuss, Germany) and for 16 h at 37°C using 1 ug
trypsin (Promega). After centrifugation (10 min at 14 000 x 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-X mass
spectrometer (Thermo Fisher Scientific) online coupled to an
Ultimate 3000 nano-RSLC (Thermo Fisher Scientific). Tryptic
peptides were automatically loaded on a C18 trap column (300 um
inner diameter (ID) X 5 mm, Acclaim PepMap100 C18, 5 pm, 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 um, 75 ym x 250 mm, Waters) at 250 nL/min
flow rate in a 95 min non-linear acetonitrile gradient from 3% to
40% in 0.1% formic acid. Profile precursor spectra from 300 to
1500 m/z were recorded at 60000 resolution with an automatic
gain control (AGC) target of 3e6 and a maximum injection time
of 30 ms TOP15 fragment spectra of charges 2 to 7 were recorded at
15000 resolution with an AGC target of 1e5, a maximum injection
time of 50 ms, an isolation window of 1.6 m/z, a normalized
collision energy of 28 and a dynamic exclusion of 30 s.

Generated raw files were analyzed using MaxQuant 2.0.3.1. (MPI
Biochemistry, Martinsried) with default settings [47], additionally
including LFQ quantification with LFQ min. ratio count of 1
[48], quantification using unique peptides, and application of
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the match-between-runs algorithm. Searches were performed
within the MaxQuant software using the Andromeda search
engine [49] against the Swissprot human protein database (20237
sequences, 11451954 residues) applying default search settings.
Identifications were filtered for a peptide-spectrum-match and
protein false discovery rate of each 1%. Missing values in the
resulting list of identified protein groups were imputed from
a normal distribution separately for each intensity column in
Perseus (MPI Biochemistry, Martinsried) [50]. Resulting protein
LFQ intensities were used for the calculation of fold-changes and
statistical values applying a Student’s t-test.

4.17 | Lipidomics Analysis

Cells were seeded in 10-cm culture dishes at a density of 2
Mio cells per dish. After 24 h, cells were transfected with
hsa-miR-940 pre-miR or pre-miR negative control as described
previously. Cells were treated with DMSO or 2 uM IKE for
18 h. Each condition was performed in five biological replicates.
For lipidomics sample preparation, cells were harvested on dry
ice to minimize metabolic activity. Culture dishes were washed
twice with 11 mL ice-cold PBS (dry ice), and all residual PBS
was completely removed. Subsequently, 800 pL of ice-cold 80%
methanol (HPLC grade), prepared in glass flasks and stored at
- 80°C overnight, was added directly onto the cells and rapidly
distributed across the dish. Cells were scraped using a rubber-
tipped scraper, and the extract was transferred into collection
tubes prepared on dry ice. Remaining cells were recovered with
an additional 200 uL of 80% methanol and combined with the
initial extract. Samples were stored at -80°C. After thawing the
cell samples, about 80 mg of glass beads were added to each
sample to break down the cells and release cellular contents
during homogenization. Homogenization was conducted using
Preccellys24 (PeqLab) for three cycles of 20 s at 5500 rpm, with
a 30-s break between cycles at 10°C. 200 pL of cell homogenate
was then transferred into 1.5 mL glass vials for further extraction.
Three replicates of 20 uL homogenates were pipetted in a 96-well
microtiter plate for Hoechst analysis [51].

Lipid extraction was performed by adding 60 uL water, 25 uL
internal standard solution, and 575 uL methyl tert-butyl ether
(MTBE) to the sample homogenate in sequence, followed by
incubation for 30 min on an orbital shaker DOS-10L (Neolabline,
Heidelberg, Germany) at 300 rpm. For phase separation, 200 uL
of water was added to each vial. The mixtures were vortexed, and
the vials were centrifuged at 5 000 x g for 10 min at RT with a
Sigma 4-5C centrifuge (Qiagen, Hilden, Germany). The upper
(organic) phase was transferred into two 1.5 mL glass vials, with
250 pL in each vial. The organic solvent was then evaporated
under nitrogen gas using a TurboVap 96 dual evaporator (Biotage,
Uppsala, Sweden). The aqueous phase was then reextracted by
adding 100 uL methanol, 300 uL MTBE, and 100 pL water
before the sample was incubated for 5 min at 300 rpm at room
temperature. The sample was then centrifuged at 5 000 g for 10
min. The organic phase was transferred to the respective vials
from the first extraction step (150 pL per vial) and evaporated
to dryness under gaseous nitrogen. For quality control purposes,
along with the biological samples, the pool of all homogenates,
EDTA human reference plasma, and water were extracted using
the same protocol as for the biological samples.

The dried extract samples were stored in -20°C until LC-MS analy-
sis. Prior to LC-MS analysis, the dried extract was reconstituted in
40 pL of a mixture of 60% 2-propanol/ 35% acetonitrile/ 5% water.
Lipid analysis was performed using a Sciex ExionAD LC system
coupled to a Sciex ZenoTOF 7600 (Sciex, Darmstadt, Germany).
Lipids were separated as described by Witting et al. [52]. Briefly,
a Waters Cortecs UPLC C18 column (150 mm x 2.1 mm ID,
1.6 um particle size) was used with eluent A being 40% H20/60%
ACN + 10 mM ammonium formate / 0.1% form acid and eluent
B being 10% ACN/90%iPrOH + 10 mM ammonium formate /
0.1% formic acid. Samples have been analyzed in positive and
negative ionization modes using data-dependent acquisition.
Obtained raw data was processed using mzmine 4.8.30 [53],
including conversion to. mzML format, peak picking, alignment,
and annotation. Lipids were annotated using rule-based lipid
annotation in mzmine, and the results were exported as. csv files
for further analysis in R and Excel. Data normalization based on
Hoechst assay readouts and QC-based intensity drift correction
was performed in a custom R workflow using the notame package
[54]. After normalization, only features present in all QC samples
with an RSD < 30% were kept for further statistical analysis. For
statistical analysis, Microsoft Excel (version 16.100) was used. The
peak areas of the respective lipid features were log2 transformed
and scaled relative to the mean values of all samples. A two-tailed
t-test was performed to select significant (p < 0.05) lipid changes
and ferroptosis relevant lipids were chosen and presented in a
heatmap created in the GraphPad Prism Software (version 10.6.1).
Lipidomics data are in Supplementary Table Sé.

4.18 | Kaplan-Meier Plotter

Ferroptosis-sensitive cancer types, including sarcoma, liver
hepatocellular carcinoma, and kidney renal papillary cell
carcinoma, were analyzed for pan-cancer survival analysis
using the miRpower module of the Kaplan-Meier Plotter
(kmplot.com/mirpower) [37-39]. Patients were stratified based
on hsa-miR-940 expression levels using a median split cut-off.
Kaplan-Meier survival curves were generated to evaluate the
association between miR-940 expression and overall survival.
Statistical significance was assessed using the log-rank test, and
hazard ratios (HR) with corresponding 95% confidence intervals
were obtained to estimate the prognostic impact of miR-940.

4.19 | Statistical Analysis
Statistical analyses were performed using the GraphPad Prism

Software (version 10.6.1). All relevant statistical information is
provided in the respective figure legends.
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