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SUMMARY

The mesenchymal-amoeboid transition (MAT) enhances cancer cell migration and therapy resistance during
dissemination through mechanically confined spaces. Using an in vitro MAT induction system combining
physical confinement with a non-adhesive environment to mimic interstitial migration, we introduce “long-
term MAT” (L-MAT) to describe cells sustaining MAT under prolonged pressure and show that L-MAT
triggers receptor-interacting protein kinase 3 (RIPK3)-independent necroptosis. Mechanistically, the
PIEZO1-STAT1 axis upregulates mixed lineage kinase domain-like pseudokinase (MLKL), whose membrane
accumulation drives necroptosis in cells otherwise resistant to death-receptor signaling. Before membrane
rupture, L-MAT cells show progressive migration restriction; MLKL-knockout cells bypass this checkpoint
and persist as surviving clones. Spatial transcriptomics of patient tumors shows MLKL expression correlates
with PIEZO1 activation and immunogenicity in less aggressive regions, while advanced malignant and met-
astatic clones show reduced MLKL. These findings establish MLKL as a conditional tumor checkpoint and
identify the PIEZO1-STAT1-MLKL axis as a predictive biomarker and therapeutic target.

INTRODUCTION Our previous work showed that strong confinement in a non-
adhesive milieu reproduces key elements of MAT in vitro, biasing
cancer cells toward a fast, amoeboid-like phenotype.® Notably, it

is not confinement alone that replicates the in vivo conditions

Cancer progression unfolds over extended timescales within a
complex three-dimensional (3D) microenvironment that imposes

evolving mechanical constraints. Traditional two-dimensional
(2D) Petri-dish cultures do not recapitulate these features, particu-
larly the compressive and confining stresses encountered as tu-
mors expand. Among the cellular programs enabling dissemina-
tion, the mesenchymal-amoeboid transition (MAT) is a central
driver of tumor cell migration and plasticity.’® Their enhanced
adaptability also allows MAT cancer cells to withstand therapeutic
and immune pressures, positioning them as an evolutionary “hub”
from which more aggressive, therapy-resistant clones can
emerge.

promoting MAT but rather the combination of confinement with
a non-adhesive environment. This dual condition fosters the
transition from a mesenchymal to an amoeboid phenotype,
where the loss of adhesion facilitates rapid migration through
the adoption of an amoeboid-like shape. However, how MAT
cells ultimately affect cell fate and behavior over long-term moni-
toring, in a way that more accurately reflects long-term cancer
progression in vivo, remains poorly understood.

Mixed lineage kinase domain-like pseudokinase (MLKL) is an
endogenous membrane-breaking protein in mammalian cells,
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Figure 1. L-MAT triggers MLKL-dependent, RIPK3-independent necroptosis

(A) Schematic of amoeboid metastatic cancer cells undergo MAT dissemination through biological barriers such as the extracellular matrix (ECM) and blood
vessel walls.

(B) Experimental setup for in vitro MAT induction. See STAR Methods for details.

(C) Transcriptomic profiling and necroptosis-related protein expression in HelLa cells following L-MAT induction. Left: volcano plot showing differentially ex-
pressed genes 8 h after L-MAT induction. Red and blue dots indicate significantly upregulated and downregulated genes, respectively. Necroptosis-related
genes are highlighted; Right: immunoblot analysis of MLKL, p-MLKL, and RIPK3 protein levels before and after L-MAT induction. HT29 cells treated with TSZ

(legend continued on next page)
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whose activation leads to membrane-lytic cell death, also known
as necroptosis.” Canonically, MLKL activation depends on phos-
phorylation by the upstream kinase receptor-interacting protein
kinase 3 (RIPK3) following death-receptor signaling; phosphory-
lated MLKL relieves autoinhibition, oligomerizes, translocates to
membranes, and compromises membrane integrity.®~'* Many hu-
man cancer cell lines, however, lack RIPK3 expression and are
therefore considered resistant to death receptor-induced necrop-
tosis.'* This stands in contrast to the frequent observation of
necrotic tumor cores in solid malignancies—including regions
that appear adequately perfused—where membrane-lytic death
is evident.”>™'® A central open question is whether MLKL-medi-
ated necroptosis can arise in vivo without RIPK3 expression or up-
stream death-receptor activation.

Most necroptosis studies have been performed in 2D culture,
reinforcing the view that RIPK3-deficient cancers resist TNF fam-
ily-driven necroptosis. We posit that this paradigm overlooks the
3D physical context of growing tumors. Investigating how intratu-
moral mechanical pressure and confinement—conditions that
mimic the MAT-favoring state in a strong confinement, non-adhe-
sive assay —intersect with MLKL activation, particularly in RIPK3-
deficient cancers, could reveal context-specific routes to necrop-
tosis and expose therapeutic opportunities to modulate MLKL,
constrain tumor growth, and limit dissemination.

In vivo, cancer progression is a prolonged process driven by
clonal selection, where more aggressive clones with greater
MAT capacity emerge and outcompete less aggressive
ones.'%?° As tumors enlarge, intratumoral pressure intensifies
due to increased cellular crowding, extracellular-matrix deposi-
tion, and stromal infiltration.?’**> Whether and how necroptosis
feeds back on L-MAT under strong confinement to shape the
evolutionary trajectory of tumor cells remains unknown.

Addressing this gap, here we found that MAT cancer cells
exposed to prolonged confinement in a non-adhesive 3D micro-
environment undergo Piezo1-driven transcriptional upregulation
of MLKL, progressive restriction of migration, and ultimately
RIPK3-independent necroptotic cell death. In contrast, MLKL-
low cancer cells evade this death fate, retain sustained motility,
and persist as surviving clones. Spatial transcriptomic analysis
of breast cancer patient samples revealed a positive correlation
between MLKL upregulation and local cell density in less aggres-
sive tumor regions, as well as with tumor immunogenicity,
whereas more malignant clones had escaped MLKL induction
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and were less sensitive to Piezo1 activation. Consistently, in
advanced colorectal cancer patients with liver metastases,
MLKL transcript levels were significantly lower at the metastatic
front than in the matched primary tumor regions.

Our findings reveal that, in solid tumors, long-term MAT cancer
cells can undergo MLKL-mediated necroptosis even in the
absence of RIPK3, defining a mechanically triggered cell death
modality that bypasses classical death-receptor activation.
This pathway acts as a natural “braking mechanism,” whereby
confinement-driven MLKL activation eliminates the dangerous
MAT cancer cells. However, because necroptosis preferentially
removes MAT cells, clonal evolution progressively enriches for
necroptosis-resistant, more aggressive clones—an evolutionary
dynamic that echoes the notion that “what does not kill you
makes you stronger.” By directly linking cellular mechanics to
cell death signaling, these results uncover a previously underap-
preciated layer of selection in tumor progression and open new
avenues for therapeutic intervention.

RESULTS

L-MAT triggers MLKL-dependent, RIPK3-independent
necroptosis

During metastatic dissemination, amoeboid cancer cells under-
going the MAT traverse biological barriers—including the extra-
cellular matrix (ECM) and vascular walls—while experiencing
substantial mechanical confinement (Figure 1A). Previous
studies, including ours, have shown that short-term MAT induc-
tion (minutes to hours) is sufficient to trigger a rapid switch to
amoeboid motility, thereby facilitating metastatic dissemination
under confined conditions.®?*** However, cancer progression
unfolds over months to years under chronic mechanical con-
straints, and the long-term fate of MAT cells under sustained
pressure remains unclear.

We therefore operationally define exposure to MAT-inducing
conditions for >8 h as L-MAT (“long-term MAT”), distinguishing
it from the acute short-term MAT paradigm. Using our estab-
lished in vitro MAT induction system®—combining strong phys-
ical confinement with a non-adhesive environment to recapitu-
late migration through narrow interstitial spaces—we extended
the observation window to interrogate long-term cellular fate.
Wild-type Hela cells were cultured on poly(L-lysine)-graft-poly
(ethylene glycol) (PLL-PEG)-coated substrates and subjected

(TNF-o/Smac mimetic/z-VAD-FMK) undergoing canonical necroptosis were included as a positive control for RIPK3 expression and activation. GAPDH served as

a loading control.

(D) Temporal dynamics of MLKL transcriptional induction across cell lines. Heat map displaying MLKL mRNA levels at indicated time points following L-MAT

induction (n = 3).

(E) L-MAT triggers MLKL membrane translocation indicative of overexpression-induced activation. HeLa cells, post 13 h MAT induction. MLKL (red); DAPI (blue).

Scale bar, 5 pm.

(F) CRISPR-Cas9 deletion of MLKL (LentiCRISPRv2) reduces L-MAT-induced death in HeLa cells. Left: quantification of cell death over time. Right: representative
images of propidium iodide (Pl)-positive cells, with Pl staining shown in red indicating plasma membrane rupture. Scale bar, 20 um (n = 136 (control) and 125

(MLKL-knockout) cells).

(G) The MLKL inhibitor necrosulfonamide (NSA; 1 uM) reduces L-MAT-induced death in HelLa cells. As in (F) (n = 109 [DMSQ] and 122 [NSA] cells).

(H) As in (G), in MCF7 cells (n = 127 [DMSQ] and 131 [NSA] cells).

(I) As in (F), in Mikl-knockout C2C12 cells (n = 161 [control] and 155 [MIki-knockout] cells).

(J) As in (F), in Mlki-knockout B16F10 cells.(n = 192 [control] and 166 [MIk/-knockout] cells).

Bars show mean + SD; individual dots represent single cells. Statistical analysis was performed using unpaired two-tailed Student’s t test with Welch’s correction.
**p <0.01,**p < 0.001, ***p < 0.0001. All experiments were repeated >3 independent times with consistent results; statistical analysis was conducted on pooled

replicate data.
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to vertical confinement (3 pm) using PDMS spacer compression
slides, similarly coated to ensure complete detachment from
both surfaces (Figure 1B).

Surprisingly, RNA sequencing (RNA-seq) of Hela cells sub-
jected to L-MAT revealed significant enrichment of the necropto-
sis pathway (Figure S1A)—unexpected, as Hela cells lack
RIPK3, a feature generally associated with necroptosis resis-
tance. Among core necroptosis components, only MLKL
showed robust transcriptional upregulation following L-MAT,
while TNF-related apoptosis-inducing ligand (TRAIL), Fas-asso-
ciated protein with death domain (FADD), TNFR1-associated
death domain protein (TRADD), caspase-8, RIPK1/3, and ZBP1
remained unchanged (Figure 1C, left). Immunoblotting
confirmed MLKL upregulation without detectable p-MLKL or
RIPK3 (Figure 1C, right). This transcriptional induction was
consistent across multiple cell lines (Figure 1D). Given that
MLKL overexpression alone can induce necroptosis indepen-
dent of RIPK3 —as demonstrated in Figure S2A and previous re-
ports'—our findings suggest L-MAT triggers necroptosis
through direct transcriptional MLKL upregulation.

Consistent with this model, L-MAT induced MLKL membrane
translocation, a hallmark of MLKL activation, visualized by
immunofluorescence (Figure 1E). Genetic ablation of MLKL via
CRISPR-Cas9 significantly reduced L-MAT-induced cell death
in HelLa cells (Figure 1F; knockout efficiency in Figure S1B).
Pharmacological MLKL inhibition using necrosulfonamide
(NSA)” similarly blocked L-MAT-induced death in Hela
(Figure 1G) and MCF7 cells (Figure 1H), indicating this mecha-
nism is not cell-type specific.

Extending to murine systems, MilkI knockout abolished
L-MAT-induced cell death in C2C12 myoblasts (Figure 1l) and
markedly reduced death in B16F10 melanoma cells (Figure 1J;
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knockout efficiency in Figure S1B), demonstrating that L-MAT-
induced, MLKL-dependent necroptosis is conserved across
species and occurs independently of RIPK3 status, as both
HelLa and B16F10 cells are RIPK3 deficient.

To exclude alternative death pathways, the ROS inhibitor N-
acetylcysteine (NAC) and pan-caspase inhibitor z-VAD failed to
prevent L-MAT-induced death in HeLa, C2C12, and B16F10
cells (Figures S1C-S1E), confirming that death occurs via
MLKL-dependent necroptosis rather than ROS-mediated dam-
age or apoptosis.

Together, these results demonstrate that L-MAT triggers
MLKL transcriptional upregulation and subsequent RIPK3-in-
dependent necroptosis, challenging the conventional para-
digm that necroptosis requires upstream kinase activity. Impor-
tantly, this process is elicited by persistent physical
confinement alone—not by canonical biochemical stimuli,
pharmacological agents, or metabolic stressors—underscor-
ing a decisive role for mechanical microenvironmental forces
in governing cancer cell fate over evolutionary and progressive
timescales.

Piezo1-STAT1 signaling drives MLKL upregulation
following L-MAT

Having established that L-MAT triggers MLKL-dependent nec-
roptosis in RIPK3-null cells, we next sought to understand the
mechanistic basis for this RIPK3-independent process. Ectopic
MLKL expression in HEK293T cells induced dose-dependent
cell death independent of RIPK3 (Figure S2A), indicating
elevated MLKL levels alone are sufficient to trigger necroptosis,
bypassing RIPK3-mediated activation. We therefore focused on
identifying the mechanosensitive signaling pathway responsible
for L-MAT-induced MLKL transcriptional upregulation.

Figure 2. Piezo1-STAT1 signaling drives MLKL upregulation following L-MAT induction

(A) The Piezo1 inhibitor GsMTx4 (10 uM; referred to as Piezo1/) reduces L-MAT-induced MLKL upregulation in Hela cells (n = 3).

(B) Piezo1 inhibition prevents L-MAT-induced cell death. Time-course analysis of cell death in HeLa cells treated with GsMTx4 (10 uM). Representative images
show PI-positive cells indicating plasma membrane rupture. Scale bar, 20 pm (n = 84 [control] and 106 [GsMTx4] cells).

(C) The Piezo1 activator Yoda1 (5 pM; referred to as Piezo1a) induces MLKL upregulation in HelLa cells in 2D condition (n = 3).

(D) Piezo1 activation induces MLKL-dependent necroptosis in 2D condition. Control (sg-Ctrl) or MLKL-knockout (sg-MLKL) Hela cells were treated with Yoda1
(1 uM). Cell death was quantified after 72 h using Sytox Green staining (n = 3).

(E) Candidate transcription factors (TFs) mediating MLKL upregulation: TFs predicted from the L-MAT RNA-seq data (Figure 1C) using ChEA3 were intersected
with reported Piezo1-regulated TFs; heat map shows ranking by p value.

(F) TF screening for Piezo1-mediated MLKL upregulation in 2D condition in HeLa cells. TF inhibitors: signal transducer and activator of transcription 1 (STAT1)
(fludarabine, 5 pM), Jun proto-oncogene, AP-1 transcription factor subunit (JUN) (bentamapimod, 3 uM), ETS proto-oncogene 1, transcription factor (ETS1) (YK-
4-279, 1 uM), TEA domain transcription factor 4 (TEAD4) (YAP/TAZ inhibitor-1, 3 uM), Fos proto-oncogene, AP-1 transcription factor subunit (FOS) (praeruptorin
A, 10 uM), and serum response factor (SRF) (CCG-1423, 10 uM). MLKL mRNA levels were quantified by RT-gPCR (n = 3).

(G) STAT1 inhibition reduces Yoda1-induced MLKL upregulation in a dose-dependent manner in 2D condition. HeLa cells were treated with Yoda1 in combination
with increasing concentrations of the STAT1 inhibitor fludarabine. MLKL mRNA levels were quantified by RT-gPCR (n = 3).

(H) PIEZO1 activation induces MLKL protein upregulation in 2D condition. Immunoblot analysis of PIEZO1, phospho-STAT1, STAT1, and MLKL protein
expression in control, PIEZO1-knockout, and STAT7-knockout Hela cells following Yoda1 or DMSO treatment. As each genotype was analyzed on a separate
gel, MLKL protein levels were normalized to the DMSO-treated group within each respective gel to account for inter-gel variability; statistical comparisons were
therefore performed within each genotype (n = 3).

() Yodal- or L-MAT-induced MLKL transcriptional upregulation requires PIEZO1 and STAT1. MLKL mRNA levels were quantified by RT-gPCR in control,
PIEZO1-knockout, and STAT1-knockout HelLa cells following Yoda1 treatment in 2D condition (a) or L-MAT induction (b). All samples were measured in one batch
against a shared reference (sg-Ctrl with DMSO in [a]; sg-Ctrl without MAT in [b]), allowing comparison across genotypes (n = 3).

(J and K) L-MAT induces cell death in a Piezo1-STAT1-dependent manner. Time-course analysis of cell death in control, PIEZO1-knockout (J), or STATT-
knockout (K) HeLa cells under MAT induction. Representative images show Pl-positive cells indicating plasma membrane rupture. Scale bar, 20 pm. (n = 146 [sg-
Ctrl] and 156 [PIEZO1-knockout] cells in J; n = 278 [sg-Ctrl] and 810 [STAT1-knockout] cells in K.)

Bars depict mean + SD; dots represent individual replicates or single cells, depending on assay. Statistical analysis was performed using an unpaired two-tailed
Student’s t test with Welch’s correction for comparisons in (A), two-way ANOVA followed by Sidak’s multiple comparisons test for (B)—(D), (F), (G), (la), (Ib), (J), and
(K), and one-sample t test comparing normalized values against a theoretical value of 1 for (Hd). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns, not
significant. All experiments were repeated at least three independent times with consistent results; statistics were calculated from pooled replicate data.
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Figure 3. MLKL activation restricts amoeboid migration in MAT cells before culminating in final death

(A) L-MAT reduces amoeboid motility in control but not MLKL-knockout cells. Real-time tracking of cell movement in C2C12-sg-Ctrl (control) and C2C12-sg-Milk/
(MLKL-knockout) cells was performed 8 h after L-MAT induction, coinciding with the onset of MLKL transcriptional upregulation (see Figure 1C). Left: repre-
sentative images of amoeboid migration for each condition. Right: time-course quantification showing the proportion of motile cells (blue) and dead cells (pink).
Cells were classified as motile if displacement was >0.1 pm/min (blue lines; A, right) or non-motile if displacement was <0.1 pm/min. The y axis indicates the
percentage of cells meeting the motility criterion at each time point (n = 175 [sg-ctrl]] and 175 [MLKL-knockout] cells for cell death; n = 110 [sg-ctrl] and 109 [MLKL-
knockout] cells for motility).

(B) MLKL knockout prolongs amoeboid migration capacity under L-MAT across multiple cell lines. Left: representative migration trajectories of indicated cells
under confinement. Starting positions were registered to the center of each plot. Right: quantification of mean migration speed. Analyzed sample numbers:
B16F10, n = 25 (sg-ctrl) and 22 (sg-Mikl); HelLa, n = 25 (sg-ctrl) and 22 (sg-MLKL); MCF-7, n = 10 (ctrl) and 12 (NSA).

(C) Representative migration behavior of cells with and without MLKL activation under MAT conditions. Cells expressing MLKL (1-178) fused to tandem FKBP
(F36V) domains were treated with the dimerizer AP20187 to induce MLKL oligomerization and activation. Plasma membrane rupture was visualized by Pl staining
(bottom). Scale bar, 20 pm.

(legend continued on next page)
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Mechanosensitive ion channels are prime candidates for
transducing physical cues from L-MAT conditions into intra-
cellular signaling cascades.”*?® To systematically identify
which mechanosensor mediates L-MAT-induced MLKL upre-
gulation, we reanalyzed publicly available transcriptomic data-
sets. Modulation of TRPV4, TRPM7, NHE1, or AQP5 through
pharmacological inhibition, knockdown, or knockout did not
consistently affect MLKL transcription (Figures S3A-S3D).
RNA-seq analysis revealed that PIEZO2 and TRPV4 are mini-
mally expressed across our experimental cell lines
(Figure S2B, accession number GEO: GSE328536), while
PIEZO1 was robustly expressed. Previous studies established
that mechanical confinement elicits PIEZO1-dependent Ca®*
influx,?” supporting PIEZO1 as the primary mechanosensor
under confined conditions.

To directly test whether Piezo1l mediates L-MAT-induced
MLKL upregulation, we employed grammostola spatulata me-
chanotoxin 4 (GsMTx4), a peptide toxin that specifically inhibits
Piezo1.”® GsMTx4 treatment (labeled “Piezo1/”) blocked
L-MAT-induced MLKL transcriptional upregulation in HelLa cells
(Figure 2A) and reduced L-MAT-induced cell death (Figure 2B).

Conversely, Yodal, a Piezo1 agonist (labeled “Piezo1a”),
induced time-dependent MLKL transcriptional and protein upre-
gulation (Figure 2C). High-dose Yoda1 triggered necroptotic cell
death in control HelLa cells, while MLKL-knockout cells were
protected (Figure 2D), demonstrating Piezo1 activation is both
necessary and sufficient for MLKL-dependent necroptosis.

Next, we sought to identify the transcription factor(s) down-
stream of Piezo1. Using the ChEA3 database, we analyzed tran-
scription factors regulating differentially expressed genes in
HelLa cells under L-MAT (RNA-seq from Figure 1C, GEO:
GSE328527). Intersecting these with known Piezo1-regulated
transcription factors identified 13 candidates enriched in both
L-MAT and Piezo1-activation conditions (Figure 2E).

We conducted pharmacological screening of Hela cells
treated with Yoda1 plus inhibitors targeting STAT1 (fludarabine,
5 puM), JUN (bentamapimod, 3 uM), ETS1 (YK-4-279, 1 uM),
TEAD4 (YAP/TAZ inhibitor-1, 3 pM), FOS (praeruptorin A,
10 pM), and SRF (CCG-1423, 10 uM). We excluded CREB1
from testing, as it has been previously reported to inhibit MLKL
expression.?® Only fludarabine, a STAT1 inhibitor, specifically
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reduced Yodal-induced MLKL transcriptional upregulation in a
dose-dependent manner (Figures 2F and 2G).

To genetically validate this pathway, we generated PIEZO1-
knockout and STAT7-knockout Hela cells (Figures S2C and
S2D). Both knockouts significantly reduced Yodal- and
L-MAT-induced MLKL transcription (Figure 2I) and protein levels
(Figure 2H).

We next examined whether the Piezo1-STAT1 pathway is
required for L-MAT-induced cell death. Genetic ablation of either
PIEZO1 or STATT1 significantly reduced L-MAT-induced cell
death in Hela cells (Figures 2J and 2K). In murine C2C12 myo-
blasts and B16F10 melanoma cells, Piezo1 or Stat1 knockout
abrogated L-MAT-induced MLKL upregulation (Figure SZ2E)
and reduced cell death (Figures S2F and S2G). Consistent with
Ca?* signaling downstream of PIEZO1,%°** BAPTA-AM chela-
tion attenuated L-MAT-induced STAT1 phosphorylation and
MLKL upregulation (Figure S2H).

These findings establish that L-MAT triggers MLKL transcrip-
tional upregulation through the Piezo1-STAT1 axis. By elevating
MLKL above a critical threshold, this mechanotransduction
pathway bypasses RIPK3 requirement, enabling RIPK3-inde-
pendent necroptosis in confined cancer cells.

MLKL activation restricts amoeboid migration in MAT
cells before culminating in final death

Fast amoeboid migration is the hallmark of confinement-induced
MAT, captured by our in vitro MAT induction system.®**2* Sur-
prisingly, before the final necroptotic cell death described above,
we observed striking differences in amoeboid migration capacity
between wild-type and MLKL-knockout cells. While both cell
types initially transformed and migrated efficiently under MAT
conditions, their behaviors diverged after 8 h: wild-type cells—
exhibiting MLKL upregulation (Figures 1C and 1D)—progres-
sively lost migratory capacity and succumbed to necroptosis,
whereas MLKL-knockout cells retained motility throughout
(Figure 3A; Videos S1-S4). This pattern was consistent across
multiple cell lines (Figures 3B and S1B).

These observations suggest a two-phase MAT response: an
early MLKL-independent transition to fast amoeboid migration,
followed by progressive restriction as MLKL expression in-
creases, culminating in cellular paralysis and necroptotic death.

(D) Migration trajectories of cells without (left) or with (right) MLKL activation, as shown in (C). n = 10 cells per condition.
(E) Quantification of mean migration speed of cells as shown in (C). n = 10 per condition.

(F) GO enrichment analysis reveals activation of adhesion and migration pathways following L-MAT. Circle plot displays enriched GO biological processes related
to cell adhesion, migration, and cytoskeleton organization in HelLa cells. Inner ring colors indicate Z scores (activation or suppression); outer dots represent log,
fold change (logFC) of contributing genes. Several pathways, including microtubule cytoskeleton regulation (GO:0070507, GO:0044380, and GO:0051495) and
cell migration (GO:0010631, GO:0090130, GO:0010632, and GO:0043534), showed overall activation.

(G) Gene-pathway chord diagram of adhesion and migration-related GO terms in L-MAT-treated Hela cells. Chord plot illustrates connections between key
genes and enriched GO biological processes. The width of each pathway sector reflects the number of contributing genes; colored ribbons represent gene—
process associations.

(H) RT-gPCR analysis of migration-related gene expression in cells with or without dimerization-induced MLKL activation (+tAP20187) under MAT conditions.
MLKL activation significantly reduced transcription of genes associated with cell migration.

(I) Schematic summary of morphological transitions under MAT induction in MLKL-inactive control cells (top) versus MLKL-activated cells (bottom). Control cells
progress from early active blebbing to stable bleb formation, followed by polarization (elongated morphology with a defined uropod; blebbing ceases) and
sustained, directed amoeboid migration. In contrast, MLKL-activated cells exhibit minimal or absent blebbing, fail to polarize, adopt a rounded, static “fried egg”
morphology, undergo migration arrest, and ultimately progress to necroptotic cell death (PI*). Blue arrows denote motile cells, and gray arrows indicate non-
motile cells.

Bars indicate mean + SD; individual dots represent each tracked cell or biological replicate as appropriate. Statistical analysis was performed using unpaired two-
tailed Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns, not significant. All experiments repeated at least three
independent times with consistent results; statistics calculated from pooled replicate data.
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Figure 4. MLKL activation reduces cancer cell metastatic dissemination

(A) Schematic of transwell migration assay for B16F10 cells with or without MLKL activation. MLKL activation in B16F10-MLKL(1-178)-2xFKBP cells was
described in Figure 3. Migrated cells were quantified by counting Hoechst-stained nuclei (10 pg/mL).

(B) Transwell migration of B16F10 cells through confined filters to mimic MAT induction. Cells with or without MLKL activation were allowed to migrate through
3 um (confined) or 12 pm (non-confined) pore-sized filters. Upper: representative images of Hoechst-stained migrated cells. Lower: quantification of migrated cell
numbers. Scale bar, 500 um. n = 3 per condition.

(legend continued on next page)
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Importantly, the migratory defect precedes rather than results
from membrane damage. Live-cell imaging (Figure 3A) shows
motility loss shortly after MLKL upregulation onset (8 h post-L-
MAT), while propidium iodide (PI) uptake occurs ~4.6 h later.
Control cells ceased migrating well before Pl positivity, whereas
MiIkl-knockout cells remained motile throughout. In our inducible
MLKL activation system (Figure 3C), MLKL activation rapidly
abolished migration, while Pl uptake followed ~130 min later,
confirming that impaired migration is not secondary to mem-
brane disruption.

To directly compare locomotion with and without MLKL acti-
vation, we employed the 2xFKBP system, fusing tandem
FKBP(F36V) dimerization domains to human MLKL(1-178).
AP20187 addition triggered MLKL oligomerization and mem-
brane translocation (Figures S4A and S4B). To prevent immedi-
ate cell death, we implemented a washout strategy using the di-
merizer competitor tacrolimus to halt further MLKL activation,**
allowing migration monitoring in MLKL-activated survivor cells
under MAT induction (Figure 3C).

Under MAT conditions, non-activated control cells exhibited
active blebbing followed by stabilization into a polarized, elon-
gated morphology enabling rapid migration. MLKL activation
drastically disrupted this process: cells showed reduced bleb-
bing (Figure S4C), loss of cortical actin retrograde flow by total
internal reflection fluorescence (TIRF) microscopy (Figure S4D;
Video S7), and failed front-rear polarization, adopting an unpo-
larized “fried egg” morphology (Figure S4E; Video S5). Non-acti-
vated cells achieved fast amoeboid migration while MLKL-acti-
vated cells remained immobile (Figures 3C-3E; Video S6).

Transcriptomic analysis of L-MAT-treated Hela cells revealed
enrichment of migration and cytoskeleton-related pathways
(Figures 3F and 3G), and RT-gPCR confirmed that MLKL activa-
tion significantly reduced transcription of migration-related
genes (Figure 3H), indicating transcriptional reprogramming
that restricts migratory capacity.

Prolonged MAT established persistent directional retrograde
actin flow—the primary mechanical engine of confined amoe-
boid migration®?%24*—which MLKL activation abolished
alongside cortical polarity. Together, MLKL restricts amoeboid
migration through dual mechanisms: disruption of cortical actin
dynamics and transcriptional repression of migration-associated
genes, ultimately culminating in cell death under sustained MAT
(Figure 3I).
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MLKL activation reduces cancer cell metastatic
dissemination

Having established that MLKL activation restricts amoeboid
migration in vitro, we next investigated whether this migration-
suppressive effect translates into reduced metastatic potential
in physiologically relevant contexts. Confinement is a key factor
that induces fast amoeboid migration, enabling cancer cells to
squeeze through physical barriers such as blood vessel walls
and tissue interstitial spaces during metastatic dissemina-
tion.***” To investigate how MLKL activation affects cancer cell
migration under confinement, we designed three experimental
systems with increasing levels of physiological complexity.

First, we performed a transwell migration assay to assess the
migration capacity of MLKL-activated B16F10 melanoma cells
(Figure 4A). B16F10 cells stably expressing MLKL(1-178)-
2 xFKBP were treated with dimerizer to induce MLKL activation,
followed by tacrolimus washout to halt further activation and
allow cell survival (Figures S5A-S5B). Microporous membranes
with different pore sizes were used to evaluate migration under
varying degrees of confinement. B16F10 cells, which are
approximately 15-20 pm in diameter, were placed in transwells
with either 3 pm (confined) or 12 pm (non-confined) pore sizes.
In the absence of strong confinement (12 pm pores), no signifi-
cant difference in migration was observed between MLKL-acti-
vated and non-activated cells (Figure 4B, left). However, under
confined conditions (3 pm pores), MLKL-activated cells ex-
hibited significantly reduced migration compared with non-acti-
vated cells (Figure 4B, right).

Next, we developed a biomimetic microfluidic chip model de-
signed to simulate cancer cell migration across tight vascular bar-
riers during metastasis (Figure 4C). Tumor cells typically dissem-
inate through blood vessels, where they must navigate confined
spaces such as capillaries (5-10 um in diameter).*® Microchannels
of 4 um (confined) and 8 pm (non-confined) in width were used to
mimic these physiological constraints. In the 8 ym microchannels,
both MLKL-activated and non-activated B16F10 cells exhibited
similar migration abilities. However, in the more confined 4 pm mi-
crochannels, MLKL-activated cells were significantly less likely to
enter the channels compared with non-activated cells (Figure 4D).
Furthermore, MLKL-activated cells migrated at a significantly
slower speed than non-activated cells in the 4 um microchannels
(Figure 4E), with many MLKL-activated cells stalling in place rather
than migrating distally (Video S8).

(C) Schematic of confined microfluidic chip assay designed to mimic cancer cell migration across tight vascular barriers during metastasis. B16F10 cells with or
without MLKL activation were subjected to migration through 4 pm (confined) or 8 pm (non-confined) microchannels.

(D) MLKL activation reduces cancer cell entry into confined microchannels. Quantification of B16F10 cells that migrated into confined microchannels with or
without MLKL activation. n = 33 channels per condition.

(E) MLKL activation reduces cancer cell migration speed in confined microchannels. Quantification of migration speeds of B16F10 cells with or without MLKL
activation through 4 or 8 pm microchannels. n = 15 (non-activated, 8 pm), n = 16 (non-activated, 4 um), n = 13 (MLKL-activated, 8 pm), and n = 15 (MLKL-
activated, 4 pm).

(F) Schematic of in vivo lung metastasis model. B16F10 cells with or without MLKL activation were injected into mice, and lung metastasis was assessed 14 days
post-injection.

(G) MLKL activation reduces lung metastatic colonization. Upper left: representative images of mouse lungs 14 days after injection of equal numbers of B16F10
cells with or without MLKL activation. Lower left: H&E staining of lung sections showing melanoma nodules. Right: quantification of lung metastatic nodules.n=5
mice per group. Scale bar, 50 pm.

For in vitro assays, n represents individual channels or pores pooled from >3 independent experiments. For in vivo assays, n represents number of mice per
group. Bars show mean + SD; individual dots represent single measurement units (channel, pore, or mouse, depending on assay). Statistical analysis was
performed using unpaired two-tailed Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, ****p < 0.0001; ns, not significant. All p values calculated from
pooled data across all biological replicates; assays were repeated in >3 independent experiments with consistent outcomes.
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Figure 5. Tumor evolution selects for MLKL-low clones that escape necroptosis and anti-tumor immunity

(A) Spatial expression of MLKL correlates with malignancy grade in invasive ductal carcinoma (IDC) breast cancer (luminal B subtype). Left: representative
immunofluorescent staining of IDC tissue sections from 13 regions showing invasive carcinoma (circled in red), carcinoma in situ (circled in orange), and benign
hyperplasia (circled in blue). DAPI (blue), fiducial frame (green), and anti-CD3 (yellow) staining are indicated. Right: corresponding MLKL transcription levels in the
same regions. MLKL expression is high in low-malignancy zones and low in high-malignancy zones.

(B) Pearson correlation analysis between cell density and spatial MLKL expression in carcinoma in situ/benign hyperplasia (less aggressive regions) (n = 18)
versus invasive carcinoma (more aggressive regions) (n = 18).

(C) Spatial expression of PIEZO1 target genes (ALPL/RUNX2/BMP2) in the IDC breast cancer sample. Left: spatial gene expression map. Middle: Pearson
correlation between MLKL and PIEZO1 target gene expression in carcinoma in situ/benign hyperplasia (less aggressive regions) (n = 37). Right: Pearson cor-
relation in invasive carcinoma (more aggressive regions) (n = 15).

(D) Spatial expression of the tumor-infiltrating CD8" T cell-expressing gene set (TNF, IFNG, GZMB, and CD8A) in the IDC breast cancer sample.

(E) Pearson correlation analysis between MLKL expression and tumor-infiltrating CD8* T cell gene expression in carcinoma in situ/benign hyperplasia (left, less
aggressive regions) (n = 9) versus invasive carcinoma (right, more aggressive regions) (n = 15).

(F) Spatial expression of MLKL correlates with malignancy grade in an formalin-fixed paraffin embedded (FFPE)-preserved breast cancer sample. Tissue sections
from 8 regions showing invasive carcinoma (circled in red), ductal carcinoma in situ #1 (circled in orange), and ductal carcinoma in situ #2 (circled in blue) are
presented.

(G) Spatial expression of PIEZO1 target genes (ALPL/RUNX2/BMP2) in the FFPE-preserved breast cancer sample. Left: spatial gene expression map. Middle:
Pearson correlation between MLKL and PIEZO1 target gene expression in ductal carcinoma in situ #1/#2 (less aggressive regions) (n = 24). Right: Pearson
correlation in invasive carcinoma (more aggressive regions) (n = 18).

(H) Pearson correlation analysis between MLKL expression and tumor-infiltrating CD8* T cell gene expression in ductal carcinoma in situ #1/#2 (left, less
aggressive regions) (n = 17) versus invasive carcinoma (right, more aggressive regions) (n = 26) in the FFPE-preserved breast cancer sample.

(legend continued on next page)
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Finally, we validated these findings in vivo using a B16F10 lung
metastasis mouse model (Figure 4F). B16F10 cells with or
without MLKL activation were injected into C57BL/6 mice, and
lung metastasis was assessed 14 days post-injection. Consis-
tent with our in vitro findings, the number of lung metastatic nod-
ules was significantly reduced in mice injected with MLKL-acti-
vated cells compared with those injected with non-activated
cells (Figure 4G).

Collectively, these results demonstrate that MLKL activation
restricts cancer cell migration within physiologically confined mi-
croenvironments, thereby reducing metastatic dissemination.

Tumor evolution selects for MLKL-low clones that
escape necroptosis and anti-tumor immunity

Having established MLKL'’s role in mechanosensing and cell
death regulation in cancer cell lines, we next examined MLKL
expression across malignancy stages in human tumor samples.
Since high cell density creates mechanical compression that can
promote MAT,®?3243941 \we reasoned that MAT-like conditions
in solid tumors might modulate MLKL expression in a stage-
dependent manner.

Early-stage tumors typically exhibit pronounced intratumoral
heterogeneity,?>***® providing adaptive flexibility under fluctu-
ating microenvironmental constraints. As disease advances,
clonal selection favors more aggressive populations with dimin-
ished heterogeneity, while progressive tumor expansion am-
plifies mechanical confinement. We hypothesized that escalating
physical compression constitutes a selective pressure reshaping
MLKL expression and clonal evolution during tumor progression.

To explore this, we leveraged spatially resolved transcriptom-
ics (SRT) using a published breast cancer dataset from invasive
ductal carcinoma (IDC) patients (luminal B subtype, 10x Geno-
mics*?), examining correlations between (1) MLKL levels and
malignancy, (2) PIEZO1 activation and MLKL transcription, and
(8) MLKL expression and immune infiltration.

We categorized tumor clusters by malignancy degree
(Figures S6A and 5A, left). MLKL expression showed significant
heterogeneity across clusters (Figure 5A, right), with relatively
high expression in less aggressive clusters (benign hyperplasia,
carcinoma in situ; green/orange) but low expression in invasive
carcinoma (red).

MLKL expression positively correlated with cell density in less
aggressive clusters but showed no correlation in invasive carci-
noma (Figures 5B and S6B), suggesting MLKL is upregulated
during early hyperproliferative stages (high cell density) but
downregulated as aggressive, low-MLKL clones dominate in
later stages.

Developmental Cell

We next examined correlations between MLKL and PIEZO1
target genes (ALPL/RUNX2/BMP2), given our earlier demon-
stration that PIEZO1 regulates MLKL transcription (Figure 2).
PIEZO1 target genes were highly expressed and positively
correlated with MLKL in less aggressive clusters, but signifi-
cantly lower and uncorrelated with MLKL in invasive carcinoma
(Figure 5C), indicating the PIEZO1-MLKL axis is active early
but becomes uncoupled during progression toward invasive
phenotypes.

Given that MLKL-mediated necroptosis promotes anti-tumor
immunity through immunogenic cell death,***® we investigated
whether MLKL loss correlates with reduced immune infiltration.
CD8* T cell gene expression was high in less aggressive regions
(Figure 5D) and positively correlated with MLKL in carcinoma in
situ/benign hyperplasia, but this correlation was lost in invasive
carcinoma (Figure 5E), suggesting MLKL-low clones evade
both necroptosis and anti-tumor immunity.

We validated these findings using an independent FFPE-pre-
served breast cancer sample®® (Figure 5F). Consistent with the
IDC sample, MLKL expression was high in situ (orange/green)
but low in invasive regions (red). PIEZO1 target genes strongly
correlated with MLKL in less aggressive regions but only moder-
ately in invasive carcinoma (Figure 5G). PIEZO1 staining scores
were markedly lower in invasive carcinoma (mostly <0.5) versus
in situ/benign regions (mostly >0.5), mirroring MLKL’s pattern
(invasive: mostly <0.2; less aggressive: mostly >0.2). The
MLKL-CD8" T cell correlation was similarly lost in invasive re-
gions (Figure 5H), further supporting the MLKL-immune evasion
link.

To confirm the spatial MLKL-STAT1 relationship, we analyzed
both breast cancer samples: in aggressive invasive regions,
MLKL and STAT1-targeted genes were concomitantly attenu-
ated, while in less aggressive ductal carcinoma in situ (DCIS)/
benign regions, they maintained strong positive correlation
(Figures S6C and S6D)—providing in situ evidence for progres-
sive loss of STAT1-driven MLKL regulation during tumor
progression.

Extending to metastatic cancer, we analyzed SRT data from a
colorectal cancer patient with liver metastasis (Figure 5I). Using
stKeep spatial clustering™ (Figure 5J), we identified primary tu-
mor, liver metastasis, and normal liver regions. MLKL expression
was significantly lower in metastatic regions versus primary tu-
mor (Figures 5K and 5L), with correspondingly reduced CD8*
T cell infiltration (Figure S6E), supporting that MLKL downregula-
tion facilitates metastatic dissemination—consistent with our
finding that MLKL activation limits cancer cell locomotion under
confinement.

(I) H&E staining of colorectal cancer liver metastasis tissue with manual annotation of three regions: primary cancer (circled in black), liver metastasis (circled in

blue), and normal liver tissue (circled in red).

(J) Spatial clustering analysis of colorectal cancer liver metastasis tissue using stLearn/stKeep. Detailed methodology is described in STAR Methods.
(K) Spatial expression of MLKL in colorectal cancer liver metastasis tissue based on stKeep spatial clustering analysis.
(L) Quantification of MLKL spatial expression across different regions in colorectal cancer liver metastasis tissue based on stKeep spatial clustering analysis (n =

324 in cluster 4; n = 146 in cluster 5).

Spatial transcriptomics and immunofluorescence performed on defined frozen or FFPE tissue sections as indicated; details provided in STAR Methods. All
regional expression and correlation data are derived from independent ROIs within each sample; IDC dataset includes 13 ROIs, FFPE breast cancer sample
includes 8 ROls, and colorectal cancer liver metastasis sample includes 3 annotated regions. Scatterplots show individual ROIs; bars represent mean + SD values

across ROls in each group.

Statistical analysis for group comparisons was performed using unpaired two-tailed Student’s t test with Welch’s correction. Correlation analyses were per-
formed using Pearson correlation coefficient. ***p < 0.0001. All statistical tests used pooled data from all biological regions, not representative single runs.
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Figure 6. Model of L-MAT cancer cell necroptosis and migration restriction shaping tumor evolution

During cancer progression, sustained mechanical pressure to L-MAT cancer cells leads to MLKL overexpression, which restricts cell motility and ultimately
triggers necroptosis. As tumors evolve, MLKL-low/null clones—resistant to necroptosis —become dominant. These clones retain strong migratory capacity with
enhanced persistence, ultimately promoting rapid cancer progression and distant metastasis.

To evaluate RIPK3-independent MLKL regulation in vivo, we
analyzed RIPK3 expression across these datasets. In both
breast cancer samples, RIPK3 was consistently low throughout
tumors, particularly in invasive zones, with no significant spatial
correlation with MLKL in any region (Figures S7A and S7B). Simi-
larly, in the colorectal cancer/liver metastasis dataset, RIPK3 re-
mained low across both compartments with no significant
RIPK3-MLKL correlation (Figure S7C). This consistent spatial
decoupling across distinct tumor contexts provides in vivo evi-
dence supporting RIPK3-independent MLKL regulation in hu-
man cancers.

Collectively, these data support a model in which MLKL up-
regulation serves a checkpoint-like role in tumor progression
(Figure 6): promoting confinement-driven elimination of hyper-
proliferative cells via necroptosis while facilitating anti-tumor
immunity and restricting metastatic dissemination by inhibiting
MAT. Our spatial transcriptomic analyses reveal that reduced
MLKL expression associates with advanced tumor stage and
decreased immune infiltration, linking MLKL loss to immune
evasion and metastatic progression. The convergence of
experimental and transcriptomic evidence implicates intratu-
moral selection for MLKL-low cells as a mechanism enabling
escape from necroptosis and immune surveillance, while
licensing enhanced amoeboid migratory capacity to drive met-
astatic dissemination.

DISCUSSION

Rethinking necroptosis: A RIPK3-independent cell

death modality

The canonical view of necroptosis positions RIPK3 as the obli-
gate upstream activator of MLKL, typically triggered by death re-
ceptor ligation combined with caspase inhibitors. Our findings
challenge this paradigm by demonstrating that MLKL-mediated
necroptosis can occur independent of RIPK3 kinase activity,
death receptor activation, or artificial compounds such as
Smac mimetics and z-VAD. Mechanistically, the PIEZO1-
STAT1 axis mediates transcriptional upregulation of MLKL, and
the elevated MLKL accumulates on the membrane even without
detectable RIPK3 expression. These findings suggest that nec-
roptosis sensitivity in vivo—particularly within the 3D tumor
microenvironment—may be substantially higher than previously
appreciated from traditional 2D studies, revealing a physiologi-
cally relevant mode of necroptosis induction that warrants
further structural and biochemical investigation.

The emerging concept of non-canonical necroptosis is further
supported by the recent study of Kelepouras et al.,°° which
demonstrated that MLKL activation can occur independently
of death-receptor signaling, yet still requires RIPK3 as an oblig-
atory intermediate downstream of ZBP1, thereby retaining the
core necrosome architecture. Our findings extend this
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conceptual framework further, demonstrating that MLKL-driven
cell death can occur in the complete absence of RIPK3. These
two studies delineate at least two distinct layers of non-canoni-
cal necroptosis regulation, raising the intriguing possibility that
additional, yet-to-be-discovered layers of MLKL regulation
may exist —each bypassing distinct components of the canon-
ical necrosome machinery under specific cellular or microenvi-
ronmental contexts.

MLKL as a tumor conditional checkpoint by governing
L-MAT cell fate

MAT enables rapid, protease-independent migration that facili-
tates cancer cell dissemination. We introduce the concept of
L-MAT —referring to cells with sustained MAT status under pres-
sure—and demonstrate that MLKL activation determines L-MAT
cell fate. MLKL-high cells undergoing L-MAT exhibit cellular pa-
ralysis characterized by an unpolarized, “fried egg” morphology,
loss of actin retrograde flow, and eventual necroptotic cell death;
in contrast, MLKL-low cells sustain L-MAT with enhanced migra-
tory capacity, enabling successful dissemination. SRT support
this model: MLKL expression is high and positively correlated
with PIEZO1 activation in early-stage, less aggressive tumor re-
gions, but markedly reduced and uncoupled from PIEZO1
signaling in invasive carcinoma and metastatic lesions. These
observations establish MLKL as a conditional checkpoint—
active in early tumor development but progressively inactivated
through clonal selection of MLKL-low cells that bypass this
checkpoint, escape necroptosis, evade anti-tumor immunity,
and sustain productive amoeboid migration. This explains why
aggressive clones exhibit reduced necroptosis sensitivity
coupled with increased motility and suggests that MLKL could
serve as a prognostic biomarker, with therapeutic strategies
aimed at reinforcing this checkpoint in early-stage tumors or tar-
geting compensatory pathways in advanced MLKL-low cancers.

PIEZO1 is a mechanically activated ion channel that rapidly re-
sponds to membrane tension but undergoes inactivation and
adaptive gating during repetitive or sustained mechanical stimu-
lation, thereby limiting prolonged mechanotransduction.®'-?
Building on this established framework, we propose that cancer
cells experience persistent cycles of mechanical confinement
while repeatedly traversing dense ECMs and narrow tissue
spaces. Such recurrent mechanical stimulation would be ex-
pected to progressively attenuate PIEZO1 responsiveness over
extended time scales, reducing PIEZO1-dependent MLKL
signaling and allowing cells to evade this intrinsic necroptotic
checkpoint. Consistent with this model, our findings identify
MLKL as a confinement-induced barrier to amoeboid dissemina-
tion and support a model in which mechanical adaptation pro-
motes the selection of necroptosis-resistant, more invasive tu-
mor clones. Additional mechanisms may contribute to MLKL
loss in vivo, including clonal mutations at the MLKL locus, alter-
ations in RIPKS3 status, or broader rewiring of mechanotransduc-
tion networks disrupting the PIEZO1-STAT1-MLKL axis; distin-
guishing among these will require future functional studies in
physiologically relevant tumor models.

Our findings suggest that mechanically induced cell death
checkpoints are dynamic barriers whose progressive evasion
represents a fundamental mechanism by which cancer cells ac-
quire metastatic fitness. Whether attenuation of mechanosensi-

1964 Developmental Cell 67, 1952-1968, October 14, 2026

Developmental Cell

tive signaling during chronic confinement occurs through intrinsic
remodeling of PIEZO1 activity or broader rewiring of mechano-
transduction networks remains an important open question.
Therapeutic strategies that restore or reinforce these intrinsic me-
chanosensitive checkpoints may therefore provide an avenue for
limiting tumor progression and metastatic dissemination.

Local immune modulation by MLKL activation

A notable feature of MLKL activation during L-MAT is that ar-
rested cells are immobilized long before they ultimately undergo
necroptosis, meaning that cellular contents released upon mem-
brane rupture—including immunogenic damage-associated
molecular patterns (DAMPs)—are deposited locally rather than
disseminated to distant tissues. This spatially restricted release
raises the possibility that L-MAT-induced necroptosis may
actively recruit and activate immune effectors within the tumor
microenvironment. Consistent with this idea, our analyses reveal
a positive correlation between MLKL expression and tumor-infil-
trating CD8" T cells in less aggressive tumor regions, a correla-
tion lost in invasive carcinoma. These findings suggest that
MLKL-mediated cell death during L-MAT provides a dual mech-
anism of tumor suppression—direct elimination of malignant
cells and enhanced local immune surveillance—that could be
harnessed for early-stage cancer immunotherapy.

Although MLKL has been extensively studied as the terminal
executioner of necroptosis, its potential impact on cell behavior
before plasma membrane rupture has received far less attention.
In conventional 2D models, rapid membrane permeabilization
following MLKL activation makes it difficult to distinguish direct
effects of MLKL from terminal membrane disruption. Neverthe-
less, accumulating evidence indicates that MLKL activation is
accompanied by early cellular events preceding rupture,
including cell rounding, blebbing, loss of adhesion, and mem-
brane remodeling,®*°*~>° all closely linked to cortical actomyosin
dynamics. In our L-MAT model, prolonged confinement uncou-
ples these early events from overt membrane rupture, revealing
that MLKL activation progressively restricts fast amoeboid
migration well before detectable plasma membrane damage.
This argues that impaired locomotion reflects an earlier function
of activated MLKL in disrupting the migratory machinery, rather
than a secondary consequence of membrane permeabiliza-
tion—an effect likely pronounced under confinement, where
amoeboid migration critically depends on sustained cortical
actomyosin remodeling and front-rear polarity. By temporally
separating locomotion defects from terminal membrane rupture,
the L-MAT model provides an experimental platform to dissect
the direct consequences of MLKL activation on the migratory
machinery, uncovering a previously unappreciated functional
connection between MLKL and restriction of amoeboid migra-
tion that extends its role beyond a membrane-lytic effector.
Defining the molecular mechanisms by which activated MLKL
remodels the cortical cytoskeleton and migratory apparatus
will be an important direction for future investigation.

PIEZO1 activation extends to diverse mechanically
challenged cell types

PIEZO1 activation is not restricted to mesenchymal cells. Profes-
sional amoeboid cells—including neutrophils, T and B lympho-
cytes, dendritic cells, and macrophages—intrinsically migrate in
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an amoeboid mode and frequently encounter mechanical
confinement in vivo. PIEZO1 is activated in several of these cell
types under physiologically relevant confinement or deformation:
trans-endothelial migration induces membrane tension-
dependent PIEZO1 activation and Ca2* influx in neutrophils,*®-"
pulmonary capillary confinement activates PIEZO1 to regulate
neutrophil functional specialization,*® PIEZO1 modulates T cell re-
ceptor signaling,®®®° dendritic cell mechanosensing regulates
cytokine production and T cell differentiation,** and macrophages
respond to substrate stiffness and mechanical confinement.**°"

Whether PIEZO1 activation in these professional amoeboid
cells also induces MLKL-dependent necroptosis under specific
physiological or pathological contexts remains unknown and
warrants systematic investigation using appropriate in vivo and
in vitro models. Our study provides a conceptual framework for
exploring this possibility in future work.

Other forms of cell death contribute to L-MAT cell fate

In our experimental setting, we excluded the involvement of
reactive oxygen species (ROS) and apoptosis in L-MAT-
induced cell death. The lack of ROS involvement also rules out
ferroptosis, which is fundamentally dependent on lipid peroxida-
tion driven by reactive oxygen species. However, we observed
that additional MLKL-independent death modalities may
contribute to cell fate under these conditions. The identity of
these alternative pathways remains unclear and warrants further
investigation. Given the substantial membrane, nuclear, and
cytoskeletal stress imposed by prolonged confinement in non-
adhesive environments, additional death mechanisms may op-
erate in parallel with or independently of necroptosis. Unbiased
approaches such as CRISPR screens or phosphoproteomics
may help identify MLKL-independent contributors to L-MAT-
induced cell death.

Limitations of the study

While our study establishes MLKL as a conditional checkpoint
governing L-MAT cell fate and identifies the PIEZO1-STAT1-
MLKL axis as a driver of confinement-induced necroptosis,
several important limitations remain. First, although our work
provides a tractable assay system for dissecting the crosstalk
between MLKL activation and actin cortex dynamics in the
L-MAT scenario, the precise molecular mechanism by which
MLKL activation leads to migration restriction prior to membrane
rupture—in particular, how membrane-associated MLKL dis-
turbs the actin cortex to impair amoeboid motility—remains
incompletely understood. Second, our patient tumor data sug-
gest that persistent cycles of mechanical confinement during
cancer evolution progressively desensitize PIEZO1 responsive-
ness over extended timescales in vivo; however, how such pro-
longed desensitization ultimately silences MLKL transcription at
the molecular level has not been resolved. Third, while our spatial
transcriptomic analyses of patient tumors reveal a strong corre-
lation between MLKL expression, PIEZO1 activation, and clonal
aggressiveness, functional validation of the PIEZO1-STAT1-
MLKL axis as a therapeutic vulnerability in vivo, particularly in
preclinical metastasis models, is currently lacking. Together,
these limitations underscore the need for further mechanistic
and translational investigation into confinement-induced nec-
roptosis as an evolutionary bottleneck in cancer progression.
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DESeq2 Love et al.®® https://bioconductor.org/packages/
DESeq2/

featureCounts Liao et al.®* https://subread.sourceforge.net/
featureCounts.html

HISAT2 Kim et al.%® https://daehwankimlab.github.io/hisat2/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Wild-type C57BL/6J mice (approximately 6 weeks old, male) were purchased from Shanghai Lingchang Biotechnology and used for
the lung metastatic melanoma model. Mice were maintained under specific pathogen-free (SPF) conditions with free access to food
and water under a 12-h light/dark cycle. All animal experiments were performed in accordance with institutional guidelines and were
approved by the Institutional Animal Care and Use Committee of the Center for Excellence in Molecular Cell Science, Chinese Acad-
emy of Sciences.

For the lung metastatic melanoma model, B16F10 cells were washed three times with PBS and filtered through a 70-pm cell
strainer. A total of 1 x 10”6 cells were intravenously injected into the tail vein of C57BL/6J mice. Mice were monitored regularly
for body weight, general health, and signs of tumor-related distress. Animals were euthanized at 14 days post-injection for subse-
quent analysis or earlier if humane endpoint criteria were reached. For measurable tumor lesions, a tumor burden exceeding
1,500 mm® was considered a humane endpoint. Other humane endpoints included severe deterioration in general condition, sub-
stantial body weight loss, impaired mobility or feeding, respiratory distress, or other signs of significant suffering.

Cell Lines

Hela cells were a gift from Matthieu Piel’s laboratory. HelLa, HT-29, HCT116, BT549, MCF-7, 293T, C2C12, MLKL'"'78-2x FKBP-
C2C12, B16F10, MLKL'~"78-2 x FKBP-B16F10 were cultured in Dulbecco’s modified Eagle’s medium (DMEM, gibco, 6123084) sup-
plemented with 10% fetal bovine serum (FBS, GIBCO, Cat#10099141) and 100 units/mL penicillin/streptomycin. Cells were cultured
at 37°C in a 5% CO, incubator. All cell lines were tested to be mycoplasma-negative by the standard PCR method.

METHOD DETAILS

Reagents

Trypsin (#25200072) was purchased from ThermoFisher Scientific. CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega,
cat#7573). B/B Homodimerizer (MCE, AP20187). Tacrolimus (MCE, FK506). SYTOX Green (Invitrogen, 100 nM). GsMTx4 (MCE,
HY-P1410). Yodal (MCE, HY-18723). Fludarabine (MCE, HY-B0069). Bentamapimod (MCE, HY-14761). YK-4-279 (MCE, HY-
14507). YAP/TAZ inhibitor-1 (TargetMol, T13364). CCG-1423 (MCE, HY-13991). N-Acetylcysteine (MCE, HY-B0215). BAPTA-AM
(MCE, HY-100545). Necrosulfonamide (Sigma-Aldrich, Cat# 480073). Anti-Flag antibody (Sigma-Aldrich, Cat#A8592). Anti-M MIkI
(Abgent, Cat#AP14272b). Anti-Mlkl (Cell Signaling Technology, Cat#14993). Anti-phospho MLKL (Abcam, Cat#ab187091). Anti-
STAT1 (Cell Signaling Technology, Cat#9172). Anti-Phospho STAT1 (Cell Signaling Technology, Cat#9167). Anti-PIEZO1
(HUABIO, Cat#M1005-2). Anti-RIPK3 (Abcam, Cat#ab226297). Anti-GAPDH antibody (ABclonal, Cat#AC033). Anti-Cox IV (Protein-
tech, Cat#11242-1-AP). Anti-B-actin (ABclonal, Cat#AC004).

SYTOX Green/Pl Staining Assay
SYTOX Green/Pl is added to the cell culture medium to trace the plasma membrane breakdown during microscopic imaging. The
intranuclear DNA fluorescent signal of SYTOX Green/Pl indicated the membrane leakage.

ATP Assay
Cell viabilities (the intracellular ATP levels of the remaining cells) were measured with the CellTiter-Glo Luminescent Cell Viability
Assay Kit according to the manufacturer’s instructions. Necroptosis was quantified by subtracting the cell viability from the initial total
cell viability.
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Acquisition of MLKL-Activated Survivor Cells

hMLKL1-178-2xFKBP-C2C12 or B16F10 cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/strepto-
mycin. MLKL dimerization was induced by adding 10 nM dimerizer until cell detachment occurred. Subsequently, 10 pM Tacrolimus
(Tac), a dimerizer competitor, was added to inhibit further MLKL activation. The cells were then trypsinized, resuspended in fresh
DMEM with 10% FBS and 1% penicillin/streptomycin, and used in the MAT-induction assay and B16F10 lung metastasis model
(in Figures 3 and 4).

Immunohistochemistry Staining

Isolated B16F10 tumors were fixed overnight in 4% paraformaldehyde (PFA), dehydrated through a graded ethanol series and
xylene, and embedded in paraffin. Sections (5 pm thick) were deparaffinized, rehydrated, and treated with 3% hydrogen peroxide
to block endogenous peroxidase activity. Antigen retrieval was performed in 10 mM citric acid buffer (pH 6.0) containing 0.05%
Tween 20. Subsequently, sections were incubated in 3% H,O, at room temperature overnight to bleach endogenous melanin
pigment. Sections were blocked with 4% normal goat serum and incubated overnight at 4°C with an MLKL antibody. After washing
with TBST, the sections were incubated with HRP-conjugated secondary antibodies for 1 hour at room temperature. Signal devel-
opment was performed using the InmPACT DAB Peroxidase Substrate Kit (Vector, cat#SK-4105), followed by counterstaining with
hematoxylin. The sections were then dehydrated through ethanol and xylene, mounted with mounting medium, and images were
captured using the BX53 microscope (Olympus).

Immunofluorescence staining

Cells were seeded onto coverslips in a 6-well plate. Following L-MAT treatment, the cells were fixed on the coverslips with 4% para-
formaldehyde for 20 min. After washing with PBS, the cells were permeabilized using 0.25% Triton X-100 for 20 min, blocked with 5%
bovine serum albumin for 1 h at room temperature, and incubated with primary antibodies overnight at 4 °C. This was followed by
incubation with secondary antibodies for 2 h at room temperature. After thorough washing with PBST, the cells were counterstained
with DAPI for 10 min to label the nuclei and examined using a confocal microscope.

Fabrication of the Cell Confiner

The multi-well cell confiners used for MAT induction in this study were developed in our lab and have been previously described in
detail.>°® Briefly, micropillar patterns on glass slides were obtained from custom-made molds on silicon wafers, which were fabri-
cated using standard photolithography with SU-8 2005 photoresist, following the manufacturer’s protocol. The molds were then
treated with trimethylchlorosilane (TMCS) for 3 minutes by evaporation. Subsequently, 12 mm diameter glass coverslips were
pressed onto the SU-8 molds, which were coated with Polydimethylsiloxane (PDMS) RTV615 (Momentive Performance Materials)
at an 8:1 base-to-curing agent ratio to form the confining slides. These were baked on a 95°C hot plate for 15 minutes, and the re-
sulting PDMS pillar structures were peeled off using a small amount of isopropanol.

The fabrication process continued as follows: 1) Large PDMS pads, prepared by mixing PDMS (A:B = 35:1) in a custom-made
mold, were attached to the center of each well’s cover lid using 100 um thick gel-film sheets (Gel-Pak). 2) The confining slides
were then modified with 0.1 mg/mL pLL(20)-g[3.5]-PEG(2) (PLL-PEG, SuSoS) in 10 mM HEPES buffer for 1 hour. 3) Before cell
loading, the confining slides were equilibrated in cell culture medium, then positioned on the PDMS pads.

Live Cell Imaging

Phase and fluorescence time-lapse imaging were performed using a 20x air phase objective on a Leica inverted microscope equipped
with a CMOS camera, controlled by MetaMorph software (Universal Imaging). For myosin retrograde flow imaging, Total Internal Reflec-
tion Fluorescence (TIRF) microscopy was conducted on an Eclipse Ti inverted microscope (Nikon) with a 100x oil objective and a Prim
95B camera, controlled by NIS-Elements software (Nikon). All microscopes were equipped with an incubation chamber (Okolab) main-
taining a temperature of 37°C and 5% CO.,. Image acquisition and analysis were performed using ImageJ and MATLAB software.

Image Analysis

Cell migration analysis was conducted using Imaged and MATLAB. For each tracked cell, individual trajectories were extracted and
manually clustered based on morphology using the Manual Tracking plugin in TrackMate (Imaged). The mean migration speed was
calculated using a custom MATLAB script (MathWorks, USA). Actin retrograde flow distributions were analyzed from registered time-
lapse TIRF images of representative cells. Kymographs were generated using an ImagedJ plugin and processed to remove horizontal
and vertical artifacts with Imaged Fourier transform tools. The speed of actin retrograde flow was determined by measuring the slope
of the actin trajectory in the kymographs.

Transcriptomic analysis of HeLa cells under L-MAT

For bulk RNA-seq analysis, HelLa Kyoto cells were seeded in six-well plates at a density of 200,000 cells per well. For each of three
independent biological replicates, two plates of cells were subjected to mechanical confinement for approximately 8 hours using six-
well static non-adhesive confiners with a height of 3 um, while cells on two additional plates were maintained as no MAT induction as
controls. Then cells from both plates of the same condition were pooled to generate samples of approximately 240,000 cells each
and collected in TRIzol. Library preparation and sequencing were performed by OE Biotech Co., Ltd.
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RNA-seq raw reads of HelLa cells under L-MAT were first subjected to quality control and low-quality reads were removed. High-
quality reads were aligned to the reference genome with HISAT2 (version 2 2.2.1), and the resulting alignments were saved in BAM
format and sorted. Gene-level read counts were then quantified using featureCounts (version 2.0.1) against the reference annotation
to generate a count matrix. Differential expression analysis was performed in R (version 4.3.1) with the DESeg2 package (version
DESeq2): counts were normalized and statistical testing was carried out under a negative-binomial model. Genes were considered
differentially expressed if the adjusted P-value (FDR) was < 0.05 and the fold-change criterion was also satisfied. A volcano plot was
used to visualize the overall distribution of differentially expressed genes.

Gene Ontology Enrichment Analysis

Differentially expressed genes (DEGs) were identified using DESeq?2 v1.46.0 (Jlog2FC| > 0.58, p < 0.05). Gene Ontology (GO) enrich-
ment analysis was performed using clusterProfiler v4.6.0 in R v4.3.1. Biological process terms related to cell migration were specif-
ically screened and identified. Both circle plots and gene-pathway chord diagrams were constructed using the GOplot package
v1.0.2. Complete GO term annotations and statistical parameters are provided in Tables S1, S2, and S3.

Transwell Assay

Migration assays were conducted in 24-well plates with 3- or 12-pm pore size Transwell inserts (BD Biosciences). A total of 680 pl of
culture medium was added to the lower chamber of each well. For each condition, 4 x 10° cells suspended in serum-free medium
were added to the upper chamber. After incubation at 37°C and 5% CO, for 24 hours, non-migrated cells remaining on the upper
surface of the membrane were gently scraped off. The migrated cells on the lower surface of the membrane were then stained
with Hoechst for quantification.

Microfluidic Chip Assay

Soft photolithography and replica molding were used to fabricate PDMS-based microchannel devices of different dimensions.®”
Briefly, a darkfield, chrome-coated glass mask was printed with microtrack geometries designed in K-Layout and then transferred
to a wafer using soft photolithography to obtain a custom-made mold. Microchannels were fabricated from polydimethylsiloxane
(PDMS) following previously described protocols.®®° PDMS was mixed at a 10:1 ratio and cast into a custom-made mold with mi-
crochannels of 4 or 8 pm width and 10 pm height. After curing at 65°C for 12 hours, the PDMS was peeled from the mold, cut into
10 x 10 mm pieces to fit standard 35-mm glass-bottom dishes, and plasma activated. The activated PDMS pieces were bonded
to the glass-bottom dishes and further strengthened by heating at 65°C for 20 minutes. The microchannels were incubated with
25 pg/ml fibronectin at room temperature for 1 hour, followed by washing with PBS. They were then incubated with the appropriate
culture medium for at least 1 hour at 37°C in 5% CO,, prior to cell loading. A 30 pl drop of cell suspension was added to the micro-
channel inlets and allowed to settle for approximately 30 minutes. Finally, additional medium was added to the dish to maintain cell
viability for up to 48 hours.

SRT Dataset and Bioinformatics Analyses

To investigate the role of physical confinement in shaping cancer cell behavior and driving tumor progression, we analyzed two pub-
licly available Spatial RNA-Seq (SRT) datasets: one from breast cancer and another from colorectal cancer with liver metastasis. We
used stKeep, a multi-model heterogeneous approach developed in our previous study,** to identify spatial domains and denoise
gene expression data. To assess the relationship between MLKL expression and cell density across different malignancy groups,
we manually annotated regions of uniform circular size using LabelMe software.”® For each region, we calculated the mean expres-
sion of spots and estimated cell density using Imaged. Additionally, we quantified the gene activity score of the STAT1-targeted gene
set, curated from the published ChIP-chip database,”" using the ’AddModuleScore’ function in the Seurat package.””

The raw spatial transcriptomics data for human invasive ductal carcinoma (IDC) breast cancer sample is publicly available at the
10x Genomics Website (https://support.10xgenomics.com/spatial-gene-expression/datasets). The raw spatial transcriptomics
data for colon cancer liver metastasis sample is available at The National Omics Data Encyclopedia (https://www.biosino.org/
node/project/detail/OEP001756).

QUANTIFICATION AND STATISTICAL ANALYSIS

All images were processed with Imaged. Quantification and statistical analyses were performed using GraphPad Prism (v[9], Dot-
matics). Data are presented as mean + SD. The exact value of n, definition of center and dispersion, and statistical tests used are
indicated in the corresponding figure legends. Comparisons between two groups were performed using an unpaired two-tailed Stu-
dent’s t-test with Welch'’s correction. Comparisons among multiple groups were performed using one-way or two-way ANOVA fol-
lowed by Sidak’s multiple-comparisons test, or Tukey’s multiple-comparisons test for single-factor designs. Normalized values were
compared with a theoretical value of 1 using a one-sample t-test. Correlations were assessed using Pearson’s correlation coefficient
(). Statistical significance was defined as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****); ns, not significant.
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Supplementary Figure 1 | Validation of MLKL-dependent necroptosis following L-MAT across cell lines and controls,
related to Figure 1.



Supplementary Figure 1 | Validation of MLKL-dependent necroptosis under
L-MAT across cell lines and controls, related to Figure 1.

(A) Representative immunohistochemical staining of MLKL in subcutaneous tumors
formed by control (sg-Ctrl) or Mlki-knockout (sg-MIkl) B16F10 cells. MLKL signal
(brown) is counterstained with hematoxylin (blue). Red dashed lines demarcate high

MLKL signal zones; green dashed lines demarcate low MLKL signal zones.

(B) Quantification of cell density in high versus low MLKL signal zones (upper
panel). Cell density (cells/mm?) was determined from defined- size imaging fields
using watershed segmentation with size- range exclusion by imagelJ, followed by

manual verification. Tissue slice thickness was 5 um.

(C) Pearson correlation analysis between cell density and MLKL intensity from (A)

(lower panel).

(D)GO enrichment analysis revealed that differentially expressed genes in L-MAT—tre
ated HeLa cells were significantly enriched in pathways governing core cellular behav

ior & signaling, including cell death and cell adhesion.

(E) Immunoblot analysis confirming MLKL knockout efficiency in indicated cell

lines.

(F—H) Neither ROS inhibition nor apoptosis inhibition prevents L-MAT-induced cell
death. Time course quantification of cell death following treatment with the ROS

inhibitor N-acetylcysteine (NAC) or the apoptosis inhibitor z-VAD (20 uM) in HeLa
(E), C2C12 (F), and B16F10 (G) cells. Representative images show Pl-positive cells

indicating plasma membrane rupture. Scale bar, 20 um.

Bars show mean + SD; individual dots represent single cells. Statistical analysis was
performed using unpaired two-tailed Student’s t-test with Welch’s correction. ****P <
0.0001; ns, not significant. All experiments were repeated >3 independent times with

consistent results; statistical analysis was conducted on pooled replicate data.
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Supplementary Figure 2 | Piezo1-STAT1 signaling drives MLKL upregulation and necroptotic cell death following L-MAT,

related to Figure 2.



Supplementary Figure 2 | Piezol-STAT1 signaling drives MLKL upregulation
and necroptotic cell death following L-MAT, related to Figure 2.

(A) MLKL overexpression is sufficient to induce cell death. HEK293T cells were
transfected with increasing doses of MLKL-encoding plasmid. Upper panel: cell
viability assessed by ATP luminescence assay. Lower panel: immunoblot analysis of

MLKL expression.

(B) RNA-seq analysis indicates that PIEZOZ2 and TRPV4 are minimally expressed
across the cell lines examined, suggesting they do not contribute to L-MAT-induced

necroptosis.

(C) Immunoblot analysis confirming PIEZO1 knockout efficiency in the indicated cell

lines.

(D) Immunoblot analysis confirming STAT1 knockout efficiency in the indicated cell

lines.

(E) Piezol and Statl are required for L-MAT-induced MIkl upregulation in murine
cells. MlkI mRNA levels were quantified by RT-qPCR in control, Stat/-knockout, or
Piezol-knockout C2C12 and B16F10 cells following L-MAT induction. All samples
were measured within the same batch. Expression levels were normalized to Gapdh
and presented relative to the control genotype (sg-Ctr/) without MAT induction as a
shared reference, allowing direct statistical comparisons across all genotypes and

conditions.

(F) Stat1 knockout reduces L-MAT-induced cell death in C2C12 cells. Time course
analysis of cell death in control (sg-Ctrl) or Stat/-knockout (sg-Statl) C2C12 cells
under MAT induction. Representative images show PI-positive cells indicating plasma

membrane rupture. Scale bar, 20 um.

(G) Piezol knockout reduces L-MAT-induced cell death in BI6F10 cells. Time course
analysis of cell death in control (sg-Ctrl) or Piezol-knockout (sg-Piezol) BI6F10
cells under MAT induction. Representative images show Pl-positive cells indicating

plasma membrane rupture. Scale bar, 20 um.

(H) Calcium chelation suppresses L-MAT-induced STAT1 activation and MLKL
upregulation. HeLa cells were pretreated with the intracellular calcium chelator
BAPTA-AM (5 uM) or DMSO for 2 h, followed by L-MAT induction. Immunoblot
analysis was performed to examine the levels of phosphorylated STAT1 (P-STAT1),
total STAT1, and MLKL following L-MAT treatment. GAPDH served as a loading



control.

Bars depict mean = SD; dots represent individual replicates or single cells, depending
on assay. Statistical analysis was performed using one-way ANOVA followed by
Tukey’s multiple comparisons test for comparisons in (A), and two-way ANOVA
followed by Sidak’s multiple comparisons test for comparisons in (E, F, and G). *P <
0.05, ***P <0.001, ****P <(0.0001. All experiments were repeated at least three
independent times with consistent results; statistics were calculated from pooled

replicate data.
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Supplementary Figure 3 | Inhibition or knockout of other mechanosensitive ion channels does not inhibit MLKL transcription,
related to Figure 2.



Supplementary Figure 3 | Inhibition or knockout of other mechanosensitive ion
channels does not inhibit MLKL transcription, related to Figure 2.

(A) TRPV4 inhibition does not inhibit MLKL transcription. Left panel: MLKL
transcript levels (TPM) in human aortic endothelial cells (HAECs) under laminar flow
treated with the TRPV4 antagonist GSK205 versus control (GSE255770). Right panel:
MLKL transcript levels (TPM) in sh-Ctrl versus sh-TRPV4 MDA-MB-231 cells
cultured at 0.77 cP or 8 cP viscosity (GSE203651).

(B) TRPM7 modulation does not affect MLKL expression. Left panel: MLKL
expression (normalized signal intensity) following TRPM7 knockdown (GSE63956).
Right panel: MLKL expression (normalized signal intensity) in control

versus TRPM7-overexpressing HEK cells (GSE23102).

(C) NHEI1 inhibition or knockout does not inhibit MLKL expression. Left panel:
MLKL transcript levels (TPM) in MV4-11 cells treated with NHE1 inhibitor for 48
hours (GSE247175). Right panel: MLKL transcript levels (TPM) in control

versus NHE [-knockout MDA-MB-436 cells (GSE270232).

(D) Agp5 knockout does not affect MLKL expression. Left panel: MLKL transcript
levels (normalized counts) in liver tissue from wild-type versus Agp5~/~ mice

post-partial hepatectomy (PHx) (GSE284995). Right panel: MLKL transcript levels
(FPKM) in lacrimal gland tissue from wild type versus Agp5~/ mice (GSE149832).

n represents the number of biological samples/groups in each dataset as deposited in
GEO. Bars indicate mean + SD; individual dots represent values from each biological
replicate/sample. Statistical analysis was performed using unpaired two-tailed
Student’s t-test with Welch’s correction. *P < 0.05, **P < 0.01, ns, not significant.
Statistical computations used all available replicate values from the original datasets;

no representative subset was used.
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Supplementary Figure 4 | Characterization of the inducible MLKL activation
system and its effects on cell morphology and cytoskeletal dynamics during MAT,
related to Figure 3.

(A) Necroptosis can be halted by competitive washout of the MLKL dimerizer,
enabling extended monitoring of migration behavior. C2C12-MLKL(1-178)-2xFKBP
cells were treated with 10 nM dimerizer (AP20187) to induce MLKL activation until
cell detachment, followed by 10 uM tacrolimus to inhibit further MLKL activation.

Cell viability was assessed by ATP levels during necroptosis.

(B) MLKL membrane translocation is attenuated by dimerizer inhibition. Cell lysates
were incubated at 30°C, and aqueous and detergent phases were separated. MLKL
distribution between cytoplasm and plasma membrane fractions was analyzed by

immunoblotting.

(C) MLKL-activated cells exhibit reduced blebbing activity following MAT induction.
Left panel: representative images of blebbing. Right panel: quantification of bleb
surface area (yellow in schematic) relative to total cell surface (green in schematic).
Scale bar, 10 um. n = 147 (non-activated) and 109 (MLKL-activated) cells.

(D) MLKL activation abolishes retrograde actin flow. Left: Representative TIRF
microscopy images of actin dynamics in C2C12 cells expressing Lifeact-EGFP
following MAT induction. Kymographs reveal strong retrograde flow of intracellular
F-actin in non-activated cells, whereas MLKL-activated, unpolarized cells show no
detectable retrograde actin flow. White dashed lines indicate cell outlines; red dashed
lines indicate regions used to generate kymographs. Horizontal bars, 10 um; vertical
bars, 90 sec. Retrograde actin flow velocity was quantified from the actin kymographs
shown on the left. Upon MLKL activation, cells lost polarity and failed to establish
persistent directional retrograde actin flow, precluding reliable quantification of

retrograde flow velocity.

(E) MLKL-activated cells fail to polarize and adopt unpolarized, fried-egg-shaped
morphology following MAT induction. Non-activated cells exhibit polarized,
sausage-shaped morphologies with stable blebs, whereas MLKL-activated cells form
unpolarized, fried-egg-shaped structures. Left panels: representative images. Middle
panels: schematic of cell morphology. Right panel: quantification. Scale bar, 20 pm. n
= 73 (non-activated) and 72 (MLKL-activated) cells.

Bars indicate mean + SD; individual dots represent each tracked cell or biological
replicate as appropriate. Statistical analysis was performed using unpaired two-tailed
Student’s t-test with Welch’s correction. **P < (.01, ***P < 0.001, ****P < 0.0001,



ns, not significant. All experiments repeated at least three independent times with

consistent results; statistics calculated from pooled replicate data.
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Supplementary Figure 5 | Validation of dimerizer washout strategy for controlled
MLKL activation in B16F10 cells, related to Figure 4.

(A) Necroptosis is halted by competitive washout of the MLKL dimerizer.
B16F10-MLKL(1-178)-2xFKBP cells were treated with 10 nM dimerizer (AP20187)
to induce MLKL activation until cell detachment, followed by 10 uM tacrolimus to
inhibit further MLKL activation. Cell viability was assessed by measuring ATP levels.

(B) Dimerizer inhibition attenuates MLKL membrane translocation. Cell lysates were
incubated at 30°C, and aqueous and detergent phases were separated. MLKL
distribution between cytoplasm and plasma membrane fractions was analyzed by

immunoblotting.

Bars show mean + SD; individual dots represent single cells. Statistical analysis was
performed using unpaired two-tailed Student’s t-test with Welch’s correction. **P <
0.01. All experiments were repeated >3 independent times with consistent results;

statistical analysis was conducted on pooled replicate data.
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Supplementary Figure 6 | Additional spatial transcriptomic analyses of MLKL expression and tumor microenvironment
in human cancers, related to Figure 5.



Supplementary Figure 6 | Additional spatial transcriptomic analyses of MLKL

expression and tumor microenvironment in human cancers, related to Figure 5.

(A) Correlation of metastasis-related gene expression within polyclonal lesions in the
IDC (Luminal B) breast cancer patient sample. Spatial expression of breast cancer
metastasis related genes in carcinoma in situ/benign hyperplasia and invasive
carcinoma of IDC tissue. List of breast cancer metastasis related genes were
referenced from GeneCards database

(https://www.genecards.org/Search/Keyword?queryString=breast%20cancer%20meta

stasis&sections=pathways).

(B) Quantification of cell density and spatial MLKL expression in different zones.
Circles represent selected fields for quantification analysis. DAPI staining (nuclei)
was used for cell number quantification. Detailed analysis is provided in the Methods

section.

(C) Spatial expression of MLKL and STAT1-targeted gene set in an invasive ductal
carcinoma (IDC) breast cancer sample. Left: spatial gene expression maps of the
STAT1-targeted gene set and MLKL. Right: Pearson correlation analysis reveals
significant co-expression of the STAT I-targeted gene set and MLKL in the less

aggressive ductal carcinoma in situ (DCIS) and benign hyperplasia regions.

(D) Spatial expression of MLKL and STAT1-targeted gene set in an FFPE-preserved
breast cancer sample. Left: spatial gene expression maps of the STAT 1-targeted gene
set and MLKL. Right: Pearson correlation analysis reveals significant co-expression
of the STAT1-targeted gene set and MLKL in the less aggressive ductal carcinoma in
situ (DCIS) regions (#1 and #2).

(E) Spatial expression of tumor-infiltrating CD8" T cell-expressing genes in colorectal
cancer liver metastasis tissue based on stKeep spatial clustering analysis. Left: spatial
gene expression map. Right: quantification of tumor-infiltrating CD8" T cell gene

expression across different regions.

n denotes independent spatial regions of interest (ROIs) within each tissue sample;
numbers of ROIs for each comparison are detailed in Methods. Bars represent mean +
SD values across ROIs; each dot corresponds to a single ROI measurement. Unpaired
two- tailed Student’s t- test with Welch’s correction. ****P <(0.0001. Analyses were
conducted on all available ROIs pooled across >3 independent experiments or
independent patient samples, ensuring that no single experiment was used as sole

representation.



RIPK3 expression MLKL expression

RIPKS. - MLKL- - 500_pm
00 02 04 06

0.0 0.1 02 0.3 0.4

500 pm

RIPK3 expression MLKL expression
RIPK3 i - 500 ym MLKL i - 500 pm
0.0 0.1 0.2 0.3 0.4 0.5 00 02 04 06
C
RIPK3 expression MLKL expression

vce B M

0.00.10.2030.4

500_pm

RIPK3 i - 500 ym

00 01 02 03

Supplementary Figure 7 | Comparison of MLKL and RIPK3 expression pattterns across human cancers, related

to Figure 5.

RIPK3 expression

Carcinoma in situ
Ibenign hyperplasia

0.157
°
- r=-0.2273
o p=0.3642
@ 0.10+
o .
g .
o
Q (3
o 0051 o o @
14 o, .
°
°
0.00 T T T 1
00 01 02 03 04

MLKL expression

Carcinoma in situ
Ibenign hyperplasia

0.3+
® o0

. r=-0.1093
S p=0.6373
® 0.2 ce .
2 o o0
5 T
X Qe
o o .
& 0.1 o
(4

0.0

J T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
MLKL expression

1.5

1.5- Cluster 5 2.0 Cluster 4
=-0.0714 0.0041
=0.3914 r=0.
P . § 157 p=0.9404
1.0 ]
0
H
R o x 1.0
[}
0.5+ & . .
x 0.5
———
O.G T T 1 0.3 T T 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0

MLKL expression

MLKL expression



Supplementary Figure 7 | Comparison of MLKL and RIPK3 expression patterns

across human cancers, related to Figure 5.

(A) Spatial expression of RIPK3 and MLKL in an invasive ductal carcinoma (IDC)
breast cancer sample. Left, spatial gene expression maps of RIPK3 and MLKL.
Overall, RIPK3 expression is low throughout the tumor, particularly in the invasive
carcinoma region, where MLKL expression is also relatively low. Right, Pearson
correlation analysis of RIPK3 and MLKL expression in the less aggressive ductal
carcinoma in situ (DCIS) and benign hyperplasia regions shows no significant

correlation.

(B) Spatial expression of RIPK3 and MLKL in an FFPE-preserved breast cancer
sample. Left, spatial gene expression maps of RIPK3 and MLKL. RIPK3 expression
remains low, particularly within the invasive carcinoma region. Right, Pearson
correlation analysis of RIPK3 and MLKL expression in the less aggressive ductal

carcinoma in situ (DCIS) regions (#1 and #2) shows no significant correlation.

(C) Spatial expression of RIPK3 and MLKL in colorectal cancer with liver metastasis
analyzed by stKeep-based spatial clustering. Left, spatial gene expression maps of
RIPK3 and MLKL. Right, Pearson correlation analysis of RIPK3 and MLKL
expression in the primary colorectal tumor (cluster 5) and liver metastatic lesion

(cluster 4) shows no significant correlation.

Statistical significance for group comparisons was determined using an unpaired
two-tailed Student's t-test with Welch's correction. Correlations were analyzed using
the Pearson correlation coefficient.
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Supplementary Table 1 | GO Enrichment Analysis of L-MAT-induced HeLa Cells,
related to Figure 3F.
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Supplementary Table 2 | Differentially Expressed Genes in Enriched Pathways,
related to Figure 3G.
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Supplementary Table 3 | Analysis Parameters and Softwarel222, related to
Figure 1C and Supplementary Figure 2B.
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