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Supplementary Figure 1 | Validation of MLKL-dependent necroptosis following L-MAT across cell lines and controls,
related to Figure 1.
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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 Mlkl-knockout (sg-Mlkl) 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/mm²) was determined from defined- size imaging fields
using watershed segmentation with size- range exclusion by imageJ, followed by
manual verification. Tissue slice thickness was 5 μm.

(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 μM) in HeLa
(E), C2C12 (F), and B16F10 (G) cells. Representative images show PI-positive cells
indicating plasma membrane rupture. Scale bar, 20 μm.

Bars showmean ± 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.
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Supplementary Figure 2 | Piezo1–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 PIEZO2 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) Piezo1 and Stat1 are required for L-MAT-induced Mlkl upregulation in murine
cells. Mlkl mRNA levels were quantified by RT-qPCR in control, Stat1-knockout, or
Piezo1-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-Ctrl) 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 Stat1-knockout (sg-Stat1) C2C12 cells
under MAT induction. Representative images show PI-positive cells indicating plasma
membrane rupture. Scale bar, 20 μm.

(G) Piezo1 knockout reduces L-MAT-induced cell death in B16F10 cells. Time course
analysis of cell death in control (sg-Ctrl) or Piezo1-knockout (sg-Piezo1) B16F10
cells under MAT induction. Representative images show PI-positive cells indicating
plasma membrane rupture. Scale bar, 20 μm.

(H) Calcium chelation suppresses L-MAT-induced STAT1 activation and MLKL
upregulation. HeLa cells were pretreated with the intracellular calcium chelator
BAPTA-AM (5 μM) 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.



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

A

0

1

2

3

4

5

 MV4-11

TP
M

 (M
LK

L)

NHE1 inhibitor
(HA)

- +

✱✱

FP
K

M
 (M

LK
L)

0.0

0.2

0.4

0.6

0.8

Lacrimal glands of mice

- Aqp5
knockout

ns

0

10

20

30

HAECs
TP

M
 (M

LK
L)

High laminar flow
TRPV4 inhibitor

(GSK205)

+ +
- +

✱

0

2

4

6

MDA-MB-231

TP
M

 (M
LK

L)
Extracellular fluid

viscosity (cP)

sh-TRPV4

0.77 8

- +

8

-

ns

0

2

4

6

MDA-MB-231

N
or

m
al

iz
ed

 c
ou

nt
s 

(M
LK

L)

ns

sh
-C

trl

sh
-TRPM7

0

100

200

300

400

HEK293

N
or

m
al

iz
ed

 c
ou

nt
s 

(M
LK

L) ns

Ctrl

TRPM7

0

2

4

6

Liver of mice

N
or

m
al

iz
ed

 c
ou

nt
s 

(M
LK

L)

WT Aqp5
knockout

ns

B

C D

0

1

2

3

4

MDA-MB-436

FP
K

M
 (M

LK
L)

✱

sg
-ct

rl

sg
-N

he1



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-TRPV4MDA-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) NHE1 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 NHE1-knockout MDA-MB-436 cells (GSE270232).

(D) Aqp5 knockout does not affect MLKL expression. Left panel: MLKL transcript
levels (normalized counts) in liver tissue from wild-type versus Aqp5⁻/⁻ mice
post-partial hepatectomy (PHx) (GSE284995). Right panel: MLKL transcript levels
(FPKM) in lacrimal gland tissue from wild type versus Aqp5⁻/⁻ 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.
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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)-2×FKBP
cells were treated with 10 nM dimerizer (AP20187) to induce MLKL activation until
cell detachment, followed by 10 μM tacrolimus to inhibit further MLKL activation.
Cell viability was assessed by ATP levels during necroptosis.

(B) MLKLmembrane 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 μm. 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 μm; 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 μm. 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 < 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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to Figure 4.



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)-2×FKBP cells were treated with 10 nM dimerizer (AP20187)
to induce MLKL activation until cell detachment, followed by 10 μM 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.



Supplementary Figure 6 | Additional spatial transcriptomic analyses of MLKL expression and tumor microenvironment 
in human cancers, related to Figure 5.
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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 STAT1-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 STAT1-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.
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Supplementary Figure 7 | Comparison of MLKL and RIPK3 expression pattterns across human cancers, related
to Figure 5.



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 Software1222, related to
Figure 1C and Supplementary Figure 2B.


