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Abstract

Objectives: Resistance to apoptosis in esophageal squa-
mous cell carcinoma (ESCC) constitutes a significant
impediment to treatment efficacy. Exploring alternative cell
death pathways and their regulatory factors beyond
apoptosis is crucial for overcoming drug resistance and
enhancing therapeutic outcomes in ESCC.
Methods: Mammalian Ste 20-like kinase 1 (MST1) is impli-
cated in regulating various cell deaths, including apoptosis,
autophagy, and pyroptosis. Employing enhanced ascorbate
peroxidase 2 (APEX2) proximity labeling coupled with
immunoprecipitation-mass spectrometry (IP-MS), we eluci-
dated the interactomes of MST1 across these three cell death
paradigms.
Results: Proteomic profiling unveiled the functional roles
and subcellular localization of MST1 and its interacting
proteins during normal proliferation and various cell death
processes. Notably, MST1 exhibited an expanded inter-
actome during cell death compared to normal proliferation
and chromosome remodeling functions consistently. In
apoptosis, there was a notable increase of mitosis-associated
proteins such as INCENP, ANLN, KIF23, SHCBP1 and
SUPT16H, which interacted with MST1, alongside decreased
expression of the pre-apoptotic protein STK3. During

autophagy, the bindings of DNA repair-related proteins
CBX8 and m6A reader YTHDC1 to MST1 were enhanced. In
pyroptosis, LRRFIP2 and FLII which can inhibit pyroptosis
increasingly binding to MST1.
Conclusions: Our findings delineate potential mechanisms
through which MST1 and its interactomes regulate cell
death, paving the way for further investigation to validate
and consolidate these observations.
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Introduction

Esophageal cancer ranks among the most prevalent malig-
nant tumors globally and stands as the sixth leading cause of
cancer-related mortality [1]. Resistance to apoptosis in
esophageal squamous cell carcinoma (ESCC) constitutes a
significant contributor to treatment failure [2]. Therefore,
exploring alternative cell death pathways and their regula-
tory factor beyond apoptosis holds paramount importance
in overcoming drug resistance and enhancing therapeutic
outcomes in ESCC. In recent years, there has been a growing
focus on the involvement of Mammalian Ste 20-like kinase
1 (MST1) in cell death regulations. For instance, MST1 has
been implicated in suppressing the progression of pancre-
atic ductal adenocarcinoma (PDAC) cells, partly through
ROS-induced pyroptosis [3]. Additionally, Wilkinson et al.
demonstrated that MST1/2 phosphorylation of LC3, a pivotal
molecule in the autophagy process, is crucial for autophagy
induction [4].

MST1, a mammalian counterpart of the Hippo signaling
pathway, serves as a crucial regulator in stem cell self-
renewal, tissue regeneration, and organ size control [5–7].
This pathway involves a kinase cascade consisting of MST1/2,
the scaffolding protein Salvador/WW45 (Sav), the nuclear
Dbf2–related family kinases LATS1 and LATS2 (LATS1/2),
and the adaptor protein MOB1. MST1/2 phosphorylates and
activates LATS1/2–MOB1, leading to the phosphorylation
of Yes-associated protein/transcriptional coactivator with
PDZ-bindingmotif (YAP/TAZ) [8, 9]. Phosphorylated YAP/TAZ
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is either degraded or sequestered in the cytoplasm by the
14-3-3 protein. Upon activation of the Hippo pathway,
YAP/TAZ translocates to the nucleus, where it interacts with
the TEA domain transcription factor (TEAD) to promote the
expression of pro-proliferative and pro-survival genes,
facilitating cell proliferation [10, 11].

Pan-cancer expression analysis demonstrated esopha-
geal squamous cell carcinomated significantly elevated
levels of MST1 across seven different cancer types
(Figure 1a). Specifically, analysis of 155 patients with
revealed significant overexpression ofMST1 in tumor tissues
(Figure 1b). These findings imply potential aberrant activa-
tion of MST1 in tumor tissues, suggesting its candidacy as a

therapeutic target for ESCC. Nevertheless, the functional role
and regulatory impact of MST1 and its interactomes on cell
death in ESCC remain inadequately understood.

This study aimed to investigate various forms of regu-
lated cell death, encompassing apoptosis, autophagy,
pyroptosis, as well as the common module representing
fundamental functions of MST1 and its interactomes across
different cell death. Our focus was specifically directed to-
wards elucidating the regulatory role of MST1 and its
interactomes (Figure 1c). Thus, we established cell death
models including apoptosis, autophagy, and pyroptosis in
ESCC cells. In these cell models, we used APEX2 proximity
labeling technology combined with immunoprecipitation-

Figure 1: Expression of MST1 across cancers. (a) The expression of MST1 in different cancer species. MST1 was significantly overexpressed in seven
cancers, which was analyzed and visualized using the UALCAN (ualcan.path.uab.edu) website. RCC, renal cell carcinoma; UCEC, uterine corpus endo-
metrial carcinoma; PAAD, pancreatic adenocarcinoma (**p<0.01; *p<0.05). (b) The expression of MST1 in tumor tissues of 155 patients with esophageal
squamous cell carcinoma was significantly higher than that in adjacent normal tissues (**p<0.01). The data generated by this paper is available through
the genome sequence archive (GSA) in the BIG Data Center (http://bigd.big.ac.cn/gsa), Beijing Institute of Genomics (BIG), Chinese Academy of Sciences:
HRA003107 (WGS & RNA-seq, https://ngdc.cncb.ac.cn/gsa-human/browse/HRA003107), HRA003533 (WGBS, https://ngdc.cncb.ac.cn/gsa-human/
browse/HRA003533). (c) The schematic diagram of MST1 and its interactomes exhibit varied roles in apoptosis, autophagy, pyroptosis and the c.
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mass spectrometry (IP-MS) to capture and identify the pro-
tein interactome of MST1. Through comprehensive proteo-
mic analysis, we examined the influence of MST1 and its
interacting proteins across different cell death conditions,
constructing a protein interaction network map for MST1.
These findings contribute to a deeper understanding of the
potential mechanisms underlying MST1 in regulating cell
death and lay a theoretical foundation for the development
of innovative therapeutic approaches.

Materials and methods

Cell lines and reagents

The human ESCC cell lines KYSE150 were kindly supplied by
Dr. Y. Shimada. ESCC cells were cultured in RPMI 1640
(GIBCO) medium supplemented with 10 % (v/v) fetal bovine
serum (FBS) and 100 U/mL penicillin/streptomycin (GIBCO).
All the cell lines were free of mycoplasma andmaintained at
37 °C and 5 % CO2. To ensure the reliability of the experi-
mental results, the passage number of cells used in experi-
ment was less than 10.

Cell viability assays

Cell proliferation was conducted with a Cell Counting Kit-8
(CCK8) assay (Vazyme Biotech). KYSE150 cells were seeded
in 96-well plates (10,000 cells/well) and treated with
gradient concentrations of DDP, rapamycin or TSA for 24 h.
Then, 10 µL of CCK-8 solution was added to each well, and
the plates were further incubated for 1 h at 37 °C according
to the manufacturer’s instructions. Optical density (OD)
values were obtained at 450 nm using a microplate reader
(BioTek, Winooski, VT, USA). Each experiment was con-
ducted three times with six replicates. Drug treatment
was added when the cell growth reached a confluence of
70–80 % to reduce the effect of cell density on the
experiment.

Western blotting

The cells were digested with 0.25 % trypsin and collected.
Protease inhibitors (Roche) and phosphatase inhibitors
(Roche) were added to the cell lysates, which were incu-
bated on ice for 30 min. Then, the samples were centri-
fuged at 15,000×g and 4 °C for 15 min, after which the
supernatant was collected. The protein concentration was
detected with a BCA kit (Beyotime). Fifty micrograms of

each sample were separated on a 10 % SDS-PAGE gel,
transferred to a PVDFmembrane, blocked with 5 % non-fat
milk at room temperature for 2 h, incubated at 4 °C over-
night with primary antibody at room temperature for 1 h
with secondary antibody, and incubated with an enhanced
chemiluminescence kit (ECL) (YEASEN) for 1 min. A
ChemiDoc XRS+ System (BOLE/Bio-Rad) was used for
imaging.

Immunofluorescence

Paraformaldehyde-fixed KYSE150 cells cultured on cover-
slips were permeabilized with PBS containing 0.3 % Triton,
10 % FBS and 1 % BSA at RT for 1 h and then incubated with
the indicated primary antibody at 4 °C overnight. The cells
were then washed with PBS 3 times, incubated with sec-
ondary antibody for 2 h, and washed with PBS 3 times, fol-
lowed by the addition of the antifade reagent DAPI
(Invitrogen) to each coverslip. Images were acquired using a
Zeiss LSM 980 confocal laser scanning microscope.

For the Cyto-ID immunofluorescence staining proced-
ures, the CYTO-ID® Autophagy Detection Kit (Enzo Life
Sciences) manual was used.

Construction of the APEX2-MST1 plasmid

Forward primer (CGGAAGTGGAAGCGGCGTCGACATG-
GAGACGGTACAGCTGAGGAA) and reverse primer
(CTTTGTAGTCCATGGTACGCGTGAAGTTTTGTTGCCGTCTC-
TTCTTAGC) were used to amplify the CDS of human MST1
by PCR fromNE2 (normal esophageal cells) by PCR, and the
ERM-APEX2 plasmid (Addgene, 79,055) was also amplified
using PrimeSTAR HS high-fidelity PCR enzyme (TaKaRa).

The ClonExpress® Ultra One Step Cloning Kit (Vazyme
Biotech) was used to clone the PCR products between the SalI
and MluI cleavage sites on the ERM-APEX2 plasmid, and
Sangon verification was used to confirm the DNA sequence
of the constructed plasmid.

In situ labeling of MST1-interacting proteins

Lipofectamine™ 3,000 transfection reagent (Thermo Fisher)
was used to introduce the constructed APEX2-MST1 expres-
sion plasmid into ESCC cells, and cell lines with stable
expression of the APEX2-MST1 fusion protein were obtained
through puromycin selection. After drug treatment, the
cells stably expressing APEX2-MST1 were incubated with
500 µmol/L of biotinylated tyramide (MedChemExpress) at
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37 °C for 30 min, after which H2O2 at a final concentration of
1 mmol/L was added, and the cells were incubated for 1 min.
The reaction was quenched by adding a final concentration
of 5 mmol/L Trolox (MedChemExpress) and 10 mmol/L
sodium ascorbate (MedChemExpress). The cells were
washed 3 times with a quencher solution containing
5 mmol/L Trolox and 10mmol/L sodium ascorbate and fixed
with 4 % paraformaldehyde for immunofluorescence or
lysed with a Dynabeads MyOne streptomycin avidin C1
magnetic bead (Invitrogen) for affinity capture.

Affinity capture of biotinylated proteins

ESCC cells were washed twice with quencher solution and
lysed in 200 µL of ice-cold RIPA lysis buffer supplemented
with 25 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1 % Triton
X-100, 0.16 % sodium deoxycholate, 0.16 % SDS, 1.5 mmol/L
EDTA, 5 mmol/L Trolox, 10 mmol/L L-ascorbate and protease
inhibitors (cOmplete, Roche, Basel, Switzerland). The cell
suspensions were centrifuged for 15 min at 14,000×g and 4 °
C, after which the total protein concentration was quantified
with a Pierce 660 nm spectrophotometer (Thermo Scientific).
Streptavidin magnetic beads (Invitrogen) were equilibrated
with RIPA lysis buffer twice. Each lysate was incubated with
50 µL of bead slurry in microcentrifuge tubes with rotation
at 4 °C overnight. The beads underwent a series of washes:
twice with 1 mL of RIPA lysis buffer, followed by a single
wash with 1 mL of 1 mol/L KCl, another single wash with
1 mL of 100 mmol/L sodium carbonate, then twice with 1 mL
of 2 mol/L urea, and finally, two more washes with 1 mL of
RIPA lysis buffer.

Immunoprecipitation

IP beads were washed twice with NT-2 buffer and superna-
tant aspirated using a magnetic rack. Subsequently, 100 μL
of NT-2 buffer containing 50 mmol/L Tris-HCl (pH7.5),
150 mmol/L NaCl, 2 mmol/L EDTA, 1 % NP40 and 2 μg of
antibody (or manufacturer’s recommended amount) were
added, followed by 1-h incubation at 4 °C on a rotator. Cells
were digested, washed, and centrifuged into a 1.5 mL EP
tube. NP-40 lysis buffer with protease and phosphatase in-
hibitors was added, vigorously shaken, and incubated on ice
with intermittent shaking for 30 min. A low-temperature
high-speed centrifuge was preset to 4 °C. Centrifugation was
conducted at 12,000 g for 10 min at 4 °C, and the supernatant
was transferred to a fresh 1.5 mL EP tube. A 10 μL aliquot of

the supernatant was mixed with 40 μL of NP-40 lysis buffer
and 12.5 μL of loading buffer (input), boiled at 100 °C for
10 min, and stored at −20 °C. The supernatant was aspirated
from the EP tube using a magnetic rack, and the beads were
washed three timeswithNT-2 buffer. Protein lysis bufferwas
added to reach a volume of 250 μL, and the mixture was
incubated overnight at 4 °C on a rotator. After incubation,
the beads were washed five times with NT-2 buffer and
mixed with 30 μL of NP-40 lysis buffer and 7.5 μL of loading
buffer. The mixture was boiled at 100 °C for 10 min and
stored at −20 °C.

Trypsin digestion of resin-bound proteins

Three biologically independent labeling experiments were
conducted for each condition and three replicates were
merged.

Resuspend resins in 50 μL Elution buffer I which con-
tains 50 mmol/L Tris-HCl (pH=8.0), 2 mol/L urea, 10 μg/mL
Sequencing Grade Trypsin; 1 mmol/L DTT. Incubate in a
thermomixer at 30 °C at 400 rpm for 60min. Centrifuge at
2,500×g for 2 min at 4 °C. Transfer supernatant to a fresh vial
(label “digest I”, most target proteins and its binding proteins
are released from the beads to the supernatant). Resuspend
the pelleted beads in 25 μL Elution buffer II which contains
50 mM Tris-HCl (pH=8.0), 2 mol/L urea, and 5 mmol/L IAA.
Protect from light. Centrifuge at 2,500×g for 2 min at 4 °C,
collect the supernatant (more target proteins and its binding
proteins are washed in to the supernatant). The supernatant
was combined with the previous “digest I”. Protect from
light. This process was repeated once. All the above super-
natants were combined, and another 250 ng of sequencing
trypsin was added to the combined supernatant, which was
subsequently digested in a thermomixer at 32 °C at 600 rpm
overnight. Protect samples from light.

Preparation by digestion for mass spectrometry anal-
ysis: the reaction was stopped by adding 10 % formic acid to
the reaction mixture at a v:v ratio of 1:25.

The samples were desalted using a Pierce C18 spin col-
umn (Thermo Fisher) and subjected to MS.

Liquid chromatography-tandem mass
spectrometry

MS/MS was conducted on a Q-Exactive Orbitrap mass spec-
trometer (Thermo Finnigan, Bremen, Germany) for peptide
analysis. The elution of peptides was achieved using a
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240-min gradient, ranging from 2 % to 33 % (B). The transi-
tion of peptides into the gaseous phase was facilitated by
positive ion electrospray ionization at a voltage of 2.5 kV. In
each MS survey scan, the top 10 most abundant multiply
charged precursor ions, with m/z ratios between 300 and
2,200 and an intensity threshold of 500, were selected using
an FT mass resolution of 70,000. These ions were then
fragmented using HCD, and the resulting tandem mass
spectra were acquired with an FT resolution of 35,000. A
normalized collision energy of 33 was applied, and previ-
ously targeted precursors were dynamically excluded
from further isolation and activation for 30 s, with a mass
tolerance of 5 ppm.

MS data processing

Files were analyzed with the Proteome Discoverer 2.5 soft-
ware package (Thermo Finnigan, Thermo Fisher) using
the Sequest search engine and the UniProt human (Ho-
mo sapiens) database.

The search was conducted using cysteine carbamido-
methylation as a static modification and methionine
oxidation as a dynamic modification. We removed keratin
and some ribosomal proteins, which are usually regarded
as contaminated proteins. Two missed cleavage sites were
permitted, along with a precursormass tolerance of 10 ppm
and a fragment mass tolerance of 0.05 Da. False discovery
rate (FDR) validation was set to <0.01 and unique
peptides ≥1.

Gene Ontology analysis and visualization

Gene ontology (GO) ‘cellular component’ analysis were
performed using the WebGestalt 2019 gene set analysis
toolkit with an FDR <0.05 [49]. The H. sapiens genome
protein-coding database was used as a reference. The ele-
ments in summary of proteins and their associated molec-
ular functions binding to MST1 were from www.Figdraw.
com.

To visualize the nonredundant biological terms in a
functionally grouped network, the Cytoscape plugin ClueGo
3.10.1 was used [50]. The ClueGO network was created with
kappa statistics and reflects the relationships between the
terms based on the similarity of their associated geneswith a
kappa score of 0.4. The node color is switched between
functional groups and cluster distribution on the network.
Related terms that shared similar associated genes were
fused to reduce redundancy.

Results

Induction of apoptosis, autophagy, and
pyroptosis in ESCC cell lines

We hypothesized that MST1 plays a role in regulating
different forms of cell death by binding to different proteins.
Therefore, this study will test this hypothesis by analyzing
the protein interactomes in different cell death models. To
establish cell deathmodels, we determined the half-maximal
inhibitory concentration (IC50) values of four drugs known
to induce cell death in ESCC, selected based on their mech-
anisms of action and potential therapeutic relevance. We
assessed the expression and phosphorylation status of MST1
and its associated components within the Hippo pathway
(Figure 2a). Our results indicated decreased expression and
phosphorylation of MST1 following induction with the
selected drugs.

Induction of apoptosis in ESCC cells by cisplatin

Apoptosis is a highly regulated form of cell death that plays a
critical role in cancer development and treatment [12]. We
examined the induction of apoptosis in ESCC cells using
cisplatin (also called DDP), a commonly used chemothera-
peutic agent known to trigger apoptotic pathways [13, 14].
Caspases are a set of proteases in the cytoplasm called
aspartic acid with cysteine proteolytic enzymes [15]. In the
absence of upstream signals, the caspase family in the acti-
vation of the enzyme to the original form exists in the
cytoplasm. Only when self-cleaving activation occurs in
response to upstream signals can substrate recognition and
cutting be performed, and then apoptosis can be initiated.

Twenty-four hours post-treatment of KYSE150 cells
with 30 μmol/L DDP, we detected up-regulated protein
expression levels of caspase-3, caspase-7, caspase-9, and
their cleavage forms (Figure 2b), indicating activation of
the caspase family and promotion of apoptosis following
cisplatin induction.

Induction of pyroptosis in ESCC cells by TSA

Pyroptosis is an inflammatory form of programmed cell
death that is often associated with immune responses [16].
We investigated the induction of pyroptosis in ESCC cells
using trichostatin A (TSA), a histone deacetylase HDAC
inhibitor known to activate pyroptotic pathways [17].
Elevated HDAC1 expression in ESCC tissues correlates
significantly with higher lymph node metastasis and TNM
stage. HDAC inhibitors have demonstrated potent anti-ESCC
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effects in vivo, with moderate inhibition of angiogen-
esis [18, 19]. Gasdermin family members, particularly
GSDMD and GSDME, act as executors of pyroptosis, facili-
tating cell membrane perforation and pore formation [20].

Following induction with 1 μmol/L TSA for 24 h, we
observed increased expressionof cleavedGSDMDandGSDME
(Figure 2d–g), accompanied by distinctive morphological
changes in ESCC cells indicative of pyroptosis, including

Figure 2: Induction of cell death in ESCC cells. (a)MST1 expression and phosphorylation decreased after 24 h of treatmentwith DDP, rapamycin, or TSA in
KYSE150 cells. (b) Cleavage of Caspase-3, Caspase-7, and Caspase-9 in KYSE150 cells significantly increased after 24-h treatment with 35 μmol/L DDP.
(c) Morphological features indicative of pyroptosis, including cell swelling and plasma membrane bubbling, were observed in cells 24 h after treatment
with 1 μmol/L TSA. (d) Cleavage of GSDMD increased in cells following 24-h induction with 1 μmol/L TSA. (e) and (f) LC3 expression significantly increased
in KYSE150 cells following treatment with 10 μmol/L rapamycin for 24 h (*p<0.05). (g) Cleavage of GSDME increased in cells following 24-h induction with
1 μmol/L TSA. (h) Immunofluorescence-validated APEX2-MST1 labeling specificity in KYSE150 cells, biotin red, MST1 green; right: expression of the
APEX2-MST1 fusion protein. APEX2, ascorbate peroxidase 2. (i) Streptavidin-HRP Western blotting of induced protein biotinylation in lysates from cells
expressing APEX2-MST1. BP, biotin-phenol. (j) The IP efficiency was verified by Western blotting. IP, immunoprecipitation.
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cell swelling and extensive plasma membrane bubbling
(Figure 2c). These findings suggest a significant enhancement
of pyroptosis in ESCC cells following TSA treatment.

Induction of autophagy in ESCC cells by rapamycin

Autophagy is a cellular process involved in the degradation
and recycling of cellular components and has both pro-
survival and pro-death effects depending on the
context [21, 22]. Rapamycin, an inhibitor of the mTOR
pathway, serves as a positive control drug to induce and
promote autophagy. In nude mice models, rapamycin alone
or in combination with cisplatin inhibits the growth of
ESCC [6, 23].

Following induction with 10 μmol/L rapamycin for
24 h, we assessed the expression and subcellular localiza-
tion of LC3 using immunofluorescence in KYSE150 cells.
Our results revealed a significant increase in LC3 expres-
sion (Figure 2e and f) with cytoplasmic concentration,
indicating a substantial elevation in autophagy levels in
ESCC cells.

Construction of the APEX2-MST1 fusion
protein for proximity labeling

Proximity labeling is a method wherein a labeling enzyme
fused to the protein of interest marks the protein’s inter-
action network in vivo, facilitating subsequent ex vivo
analysis [24]. In this study, a second-generation highly
active ascorbate peroxidase (APEX2) was tethered to MST1
to enable proximity labeling. APEX2 utilizes hydrogen
peroxide (H2O2) to catalyze the oxidation of a cell-
permeable biotin-tyramide substrate, generating biotin
phenoxyl radicals that label aromatic amino acids within
approximately 20 nm of the enzyme. This technique
allowed for the labeling and identification of all proteins
proximal to MST1 under various inducing conditions via
mass spectrometry.

To assess the expression and subcellular distribution of
the APEX2-MST1 fusion protein, Western blotting and
immunocytochemistry using antibodies against MST1 were
performed (Figure 2h and i), confirming strong cytosolic
localization of the fusion protein.

While proximity labeling offers the advantage of being
performed in intact living cells, it is prone to high background
levels. Therefore, we employed immunoprecipitation-mass
spectrometry (IP-MS) tomitigate backgroundnoise (Figure 2j),
intersecting the proteins identified by both techniques
(Table S1–3).

Bioinformatic analysis of MST1 interactomes
in different cell death

Biological process analysis of MST1 interactomes

In this study, we employed the intersection of proteins
which were identified by APEX2 and IP-MS as the inter-
acting proteins of MST1 in different cell death to increase
the credibility of the results, which could effectively
exclude non-specific binding proteins and non-directly
binding proteins. Due to the sensitivity and accuracy of
protein quantification, we have adopted the Fold change
values detected by APEX2. Proteins that bind toMST1 across
cross athree cell death with insignificant variations (0.667 <
Fold change > 1.500) are designated as the commonmodule,
which serves to reflect the fundamental functions of MST1
and its interactomes. Regarding the proteins identified by
APEX2 and IP-MS, MST1 exhibited twice ormore interaction
partners during cell death compared to the common
module (Figure 3a). To visualize the functional networks
associated with different cell death, we conducted biolog-
ical process (BP) analysis using the ClueGo plugin in
Cytoscape. Figure 3b–e illustrates the GO biological
processes associated with MST1-interaction proteins in
apoptosis, autophagy, and pyroptosis and the common
module’, respectively.

Notably, mitotic regulation (mitotic cell cycle regulation,
mitotic DNA replication initiation and cytokinesis) was
enriched in the apoptosis model (Figure 3b), and biological
processes related to DNA repair and DNA morphological
remodeling (DNA topological change, Chromatin assembly
and Chromosome organization) were enriched in the
autophagy model (Figure 3c). DNA structure change and
cytoskeleton remodeling were observed in the pyroptosis
model (Figure 3d). Collectively, these observations revealed
that MST1 was likely involved in the chromosome remodel-
ing during cell death.

In the commonmodule, the biological processes of MST1
interactomes encompass not only well-established roles
such as cytoplasmic translation, nucleic acid transport, and
actin cytoskeletal organization, but also previously unre-
ported regulations associated with telomere maintenance.

According to the afore mentioned analysis, the quanti-
tative and functional distinctions among the proteomes ob-
tained under the four conditions indicate MST1-interacting
proteins demonstrate common molecular functionalities in
different cell death, including chromatin remodeling and
cytoskeletal reorganization. Nonetheless, they also possess
distinct and unique functionalities, potentially associated to
cellular responses to different death stimuli.
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Figure 3: Proteomic analysis of MST1-interacting proteins. (a) Venn diagram illustrating the overlap between APEX2 and IP-MS capture of
MST1-interacting proteins. Biological processes analysis of MST1-binding proteins in (b) apoptosis, (c) autophagy, (d) pyroptosis, and (e) the common
module. Top enriched GO terms are depicted as nodes, with node size indicating term enrichment significance (p<0.05 for each GO term).
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Proteins that significantly increase or decrease in
binding to MST1

We screened the significantly increased and decreased
proteins in the three death models based on their fold
change (fold change ≤1.500 or≥0.667) and p-value (p<0.05) as
depicted in Figure 4a–c, and identified several known
MST1-binding proteins, including STK3 and PTPN14
(apoptosis), ACTB andMYO5A (autophagy), YBX1 and RASSF1
(pyroptosis), along with several candidate proteins that
have not been directly shown to interact with MST1 and
analyzed interactions between these screened proteins
using STRING database (Figure 4d).

Proteins associated with mitosis and DNA replication,
such as INCENP, ANLN, SUPT16H, SHCBP1 and KIF23 were

significantly increased in the apoptosis model [25–29]. Pro-
teins related to EMT and cell junction, including JUP and
DSP, decreased [30, 31]. Notably, the binding of the pro-
apoptotic kinase STK3 and PTPN14, the negative regulator of
YAP to MST1 also decreased [32].

In the autophagy model, YTHDC1, an N6-methyladenosine
(m6A) reader, and CBX8, which is required for efficient DNA
repair and chromosome remodeling, were significantly
increased [33] together with the topoisomerases TOP3A and
TOP2B. Most of the proteins binding to MST1 that decreased
were cytoskeletal proteins, including MYO5A, MYO1B and
ACTB.

Notably, the levels of LRRFIP2 and FLII increased in the
pyroptosis model. The interaction between MST1 and
NPM3, a crucial factor in chromatin remodeling [34],

Figure 4: Identification of significantly increased and decreased interacting proteins of MST1 in different cell death. Identification of significantly
increased anddecreased interacting proteins ofMST1 in (a) apoptosis, (b) autophagy and (c) pyroptosis. (d) Protein interaction networks based on STRING
database in three death models (purple, autophagy; green, apoptosis and yellow, pyroptosis). (e) Summary of proteins and their associated molecular
functions binding to MST1 during various cell death processes. Blue indicates significantly decreased proteins, red indicates significantly increased
proteins, and gray represents the molecular functions of these proteins.
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significantly increased. While chromatin remodeling was
not enriched in the BP analysis in the pyroptosis model, the
notable elevation of NPM3 hints at a possible involvement
of MST1 in facilitating chromatin remodeling during
pyroptosis, echoing the biological processes associated
with MST1-interacting proteins in apoptosis and auto-
phagy. Additionally, the abundance of YBX1, a DNA- and
RNA-binding protein that can regulate MST1 upstream [35],
was significantly downregulated.

In the common module, MST1 interactomes are mainly
divided into the following parts, suggesting the basic func-
tions of MST1: proteins related to the Hippo pathway, such
as LATS1, SAV1, MOB1, and STK3; proteins related to cell
cycle regulation, such as YWHA family proteins and
PRKDC [36]; endocytosis-related proteins ARPC3/4, CAPZA1/2,
and AP2A1/AP2M1 [37]; and PABPC1/4, related to RNA
degradation [38]. Interestingly, the autophagy substrate
SQSTM1 is also among these proteins (Table S1).

Cell component analysis of MST1 interactomes in
different cell death

The subcellular localization of MST1-binding proteins in
different cell death models partially corresponds to the BP
analysis mentioned above. We utilized the WebGestalt
analysis toolkit to elucidate the subcellular localization of
the MST1-interacting proteome (Figure 5a–d). In the com-
mon module, MST1 partners were found distributed across
the cytoplasm, cell-substrate junctions, replication forks,
and chromosomal regions, with similar distributions
observed in both the apoptosis and pyroptosis models.
However, in the apoptosis model, MST1-binding proteins
were uniquely localized to the midbody and exoribonucle-
ase, while in the autophagy model, proteins were primarily
found in nuclear speckles, the small nuclear ribonucleo-
protein complex, and the methyltransferase complex. In
the pyroptosis model, some proteins exhibited unique

Figure 5: Subcellular localization of MST1-interacting proteins in different cell death. Subcellular localization of MST1-interacting proteins in (a) the
common module, (b) apoptosis, (c) autophagy, and (d) pyroptosis. The WebGestalt analysis software was employed to generate volcano plots for
visualization (p<0.05 for each GO term).
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localization to methyltransferase, contractile fibers, and
protein-DNA complexes.

Discussion

MST1, a crucial stress-regulated protein, engages in various
cellular processes through interactions influencing protein
homeostasis andmetabolic function. Despite its significance,
no prior study has comprehensively captured and analyzed
MST1’s interaction partners, particularly in distinct cell
death scenarios. Acknowledging the importance of subcel-
lular complexity and spatial context in protein function, we
employed the APEX2 labeling method and IP-MS to identify
all proximity partners of MST1 in ESCC cells under diverse
cell death conditions. There are twomajor limitations in this
study that could be addressed in future research. First, it is
imperative to acknowledge that this study primarily focuses
on a specific temporal snapshot during the occurrence of cell
death, thus not comprehensively representing the entirety
of the regulatory dynamics governing the process. Second,
the molecular pathway of the significantly differential
binding protein of MST1 has not been verified, and our
results provide the insights for future study on themolecular
mechanism of MST1 regulating different cell death.

Previous studies have classified MST1 as a pro-apoptotic
kinase [39]. Our research revealed that mitosis-related pro-
teins binding significantly increased in drug-induced
apoptosis, such as SHCBP1, KIF23 and ANLN which have
been reported to promote cell proliferation [40, 41]. This
suggested a potential yet unconfirmed role of MST1 in
regulating mitosis during drug-induced apoptosis. Addi-
tionally, the interaction between MST1 and MST2, another
pro-apoptotic kinase in the STE family diminished. It has
been observed that MST1 and MST2 can form heterodimers,
and the enzymatic activity of MST1/MST2 heterodimers is
notably reduced [42]. Due to the limited research in this
domain, further investigation is needed to elucidate the
impact of this change on cell death.

Autophagy has been reported to influence the activity of
the DNA repair machinery and positively regulates DNA
damage recognition by nucleotide excision repair [43, 44]. In
the autophagy model, the binding between CBX8 and
YTHDC1 with MST1 significantly increased. CBX8 is highly
expressed in ESCC tissue [45] and participates in DNA repair,
while YTHDC1 can promote autophagy by targeting the
autophagic adaptor SQSTM1 [46]. Cytoskeletal dynamics
regulate the condensation of p62 bodies containing
SQSTM1 [47], while our findings indicate that the decreased
binding proteins in autophagy are mainly associated with
cytoskeletal proteins. Thus, in rapamycin-induced auto-
phagy, MST1 primarily participates in DNA repair and

cytoskeleton regulation. Considering these findings, MST1 is
likely to further promote cellular autophagy in drug-induced
autophagy, contrary to its previously reported inhibitory
role in autophagy and we speculate that this discrepancy
might reflect cellular adaptation to drug stimuli.

Activation of NLRP3 promotes the cleavage of caspase-
1, thereby facilitating pyroptosis [45]. In the pyroptosis
model, the interaction between LRRFIP2 and FLII with
MST1was significantly enhanced, while LRRFIP2 negatively
regulates NLRP3 inflammasome activation by promoting
FLII-mediated caspase-1 inhibition [48]. This suggests a
potential mechanism: in TSA-induced pyroptosis, MST1
enhances the binding and activation of LRRFIP2 and FLII,
thus inhibiting pyroptosis.

These analytical findings suggest that patients with
elevated MST1 expression may be more prone to developing
cisplatin resistance due to its increased interaction with
mitotic-related proteins during cisplatin-induced apoptosis,
and they may also exhibit reduced sensitivity to pyroptosis-
inducing drugs. Moreover, MST1’s beneficial effect on DNA
repair may influence the well-established chemotherapy
resistancemediated by autophagy in cancer cells. Importantly,
MST1 interactomes consistently exhibit resistance to regulated
cell death, and their molecular functions are linked to chro-
matin remodeling in three drug-induced cell death models.

In conclusion, this study offers a preliminary under-
standing and abundant resources of MST1 interactomes
and potential mechanisms for regulating cell death. Sub-
sequent drug sensitivity and animal experiments will
validate the impact of MST1 interactions across different
cellular contexts.
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