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Abstract

Chemotherapy is a standard method in traditional treatment for gastric cancer. It is well known that
the anti-tumor effects of chemotherapy are achieved mainly through the direct killing of cancer cells
via apoptosis. However, chemotherapy often fails due to drug resistance. Therefore, non-apoptotic
cell death induction by ferroptosis has recently been proposed as a new therapeutic modality to
ablate cancer. In this study, we determined the role of MKL-1 in ferroptosis. In vitro and in vivo
experiments showed that inhibition of MKL-1 expression significantly enhanced cell sensitivity to
ferroptosis-inducing agents. It functions by targeting system Xc- to affect the synthesis of GSH in
cells. Therefore, we developed an exosome-based therapeutic approach targeting MKL-1, which
provides a novel insight into the treatment of gastric cancer.

1. Introduction

Gastric cancer is one of the most common
malignant tumors in the world. According to the
latest data collected by GLOBOL CANCER, gastric
cancer is the fifth most common cancer type and the
third most fatal cancer type [1]. Although the
incidence of gastric cancer has declined globally over
the past 50 years due to the prevention and treatment
of Helicobacter pylori infection and improved dietary
habits, mortality remains high among all cancers [2].
For patients with early gastric cancer, surgical
resection combined with chemotherapy has been
shown to significantly improve the prognosis of some
patients with gastric cancer [3]. Unfortunately, many
patients with gastric cancer are already in the
middle-advanced stage or have metastasized when
they are diagnosed, and cannot be treated by
traditional surgery. Traditional apoptosis-based
chemotherapy, targeted drugs or immunotherapy,

moderately improve the prognosis of gastric cancer
patients [4]. The above retrospective analysis found
that chemotherapy plays an important role in the
treatment of gastric cancer. However, due to the
existence of drug resistance mechanism of tumor cells,
the efficacy of chemotherapeutic drugs will also be
affected by drug resistance during the treatment of
gastric cancer patients [5]. Most studies have shown
that chemotherapeutic drugs kill tumor cells mainly
by inducing apoptosis [6]. Therefore, ferroptosis is a
novel non-apoptotic form of cell death induced by
iron-dependent lipid peroxidation. Ferroptosis-based
therapy holds promise as a new strategy for
antitumor and improving drug resistance of tumor
cells.

Ferroptosis is a form of programmed death
distinct from apoptosis. In the process of apoptosis,
Caspase is activated. At the same time, the cell

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

4458

membrane was intact. During ferroptosis, the
accumulation of reactive oxygen species (ROS)
disrupts cell membrane integrity [7]. It is also very
different from cellular necrosis. Although the
integrity of the cell membrane is lost during
ferroptosis, it does not cause cell swelling [8]. A
growing number of studies have demonstrated that
dysregulation of ferroptosis is highly correlated with
human tumors [9]. Therefore, the development of
therapeutic methods for tumor cell ferroptosis has
great application prospects. From the current research
progress, multiple mechanisms are involved in the
regulation of ferroptosis. According to its definition, it
is mainly divided into three main pathways,
including iron metabolism pathway, lipid peroxide
production  pathway and lipid  peroxide
decomposition pathway [10]. However, insufficient
progress has been made in the use of ferroptosis for
the treatment of tumors.

MKL-1 was initially identified as part of the
RBM15-MKL-1 fusion protein, produced in
conjunction with the translocated chromosome 22,
which is implicated in acute megakaryocytic leukemia
in infants and children [11]. Typically, MKL-1 resides
in the cytoplasm, where it binds to G-actin. However,
upon cellular stimulation, the RhoA pathway is
activated, leading to the polymerization of G-actin
into filamentous actin, F-actin. This process releases
MKL-1 from G-actin, allowing it to be transported
into the nucleus. Within the nucleus, MKL-1 forms a
complex with SRF, initiating the transcription of genes
primarily by recognizing the CArG box within the
promoter region of certain genes [12]. As research has
progressed, it has been discovered that MKL-1 plays a
role in the regulation of tumor cell proliferation,
migration, and apoptosis [13]. Notably, a recent study
demonstrated that oxidative stress amplifies the
mesenchymal transition of human microvascular
endothelial cells HMEC-1 via the MKL-1/RhoA/
TGF-B pathway [14]. Given that ferroptosis is
intimately linked with oxidative stress-related
diseases [15], these findings suggest a potential role
for MKL-1 in the regulation of ferroptosis.

Therefore, in this present study, ferroptosis, a
novel form of programmed death based on iron and
lipid peroxidation dependence, which we take as an
entry point. To clarify the regulation of MKL-1 on the
occurrence of ferroptosis in gastric cancer cells and
the effect of its expression on ferroptosis inducers. On
this basis, the upstream and downstream molecular
mechanisms of MKL-1 regulating ferroptosis were
further elucidated. And anti-tumor strategies based
on ferroptosis therapy targeting MKL-1 were
developed for gastric cancer. The results presented a
theoretical and experimental basis for the

development of novel antitumor drugs.

2. Materials and Methods

2.1 Cell culture

The gastric cell lines GES-1, MGC-803, MKN-45,
SGC-7901, HGC-27, AGS and embryonic kidney cell
line HEK-293T were obtained from the Cell Storage
Center of Wuhan University (Wuhan, China). Human
umbilical cord-derived adipose-derived mesenchy-
mal stem cells (hUC-MSCs) were derived from the
Shanghai Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in the
following media: GES-1 and HEK-293T in DMEM
supplemented with 10% FBS (Gibco, USA). MGC-803,
MKN-45, SGC-7901 and HGC-27 in RPMI-1640 with
10% FBS. AGS cells were cultured in DMEM/F12 with
10% FBS, hUC-MSCs were cultured in Human
umbilical cord blood mesenchymal stem cell complete
medium (Pricella, China), supplemented with 1%
penicillin/streptomycin (Meilunbio, China). Cell lines
were tested and verified to be mycoplasma negative
using MycoAlert™ PLUS (Lonza, Switzerland). All
cells were incubated at 37°C in a humidified
atmosphere of 5% CO2

2.2 Clinical pathological tissue collection

From 2019 to 2021, clinical pathology samples
were obtained from Tongji Hospital. According to the
Declaration of Helsinki, the collection of
clinicopathological samples has been approved by the
Ethics Committee of Tongji Hospital. Samples were
plunged into liquid nitrogen immediately after
surgery. Subsequently, the paraffin embedding of the
samples was entrusted to Wuhan Servicebio
Technology Co., Ltd.

2.3 Plasmid constructions

The plasmid vector pCDH-CMV, pLKO.1-puro,
pGL3-Promoter, pRL-CMV, VSVG and GAG-POL
were obtained from Addgene (Addgene, USA). The
coding sequence of MKL-1 was inserted into the
plasmid pCDH-CMYV and used to construct the stable
overexpression plasmid pCDH-MKL-1 of MKL-1.
Plasmid pLKO.1-puro was used to construct MKL-1
knockdown plasmids pLKO.1-sh-MKL-1-1, pLKO.1-
sh-MKL-1-2 and pLKO.1-sh-MKL-1 -3. Plasmid
pGL3-Promoter was used to construct luciferase
reporter plasmids for the SLC3A2 and SLC7A11
promoters. Plasmid pRL-CMV was used as an
internal control plasmid for dual-luciferase reporter
activity assays. Plasmids VSVG and GAG-POL were
used as lentiviral packaging plasmids. The primer
sequences and shRNA sequences were entrusted to
Shanghai Sangon Bioengineering Co., Ltd. (Sangong,
China) to synthesize.
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2.4 Lentivirus transduction

Overexpression, knockdown plasmids and
package plasmids were transfected into HEK-293T
cells using the transfection reagent Lipofectamine
2000 (Invitrogen, USA). The virus-containing
supernatants were harvested and filtered through the
0.45 pm filter after 48 h. Cells were plated in 6-well
plates at 30-40% confluency per well and transfected
with collected lentivirus. The transfected cells were
selected by puromycin for two weeks.

2.5 Western Blot

Cells were harvested and lysed with RIPA lysis
buffer (with PMSF added, Meilunbio, China). The
tissue samples were ground with a high-speed tissue
grinder (Servicebio, China) lysed with RIPA lysis
buffer. After lysis, the samples were disrupted with
an ultrasonic cell disruptor, and the supernatant was
collected by centrifugation for BCA (Meilunbio,
China) protein quantification. The PAGE Gel Rapid
Preparation Kit (Yeasen, China) was used to prepare
SDS-PAGE gels. The extracted proteins were
electrophoresed in SDS-PAGE gels and transferred to
polyvinylidene difluoride =~ membranes (PVDF,
Millipore, USA). The Blocking solution (Servicebio,
China) was used to block the PVDF membrane.
Subsequently, the PVDF membrane was immersed in
the primary antibody and incubated overnight at 4°C.
The next day, a secondary antibody was added for 2
hours at 37°C. After incubation, the membrane was
washed with TBST and placed in ECLMeilunbio®
Fector's Hypersensitive ECL Luminescent Solution
(Meilunbio, China) for 5-10 s. The ChemiDoc XRS gel
imaging system was used to collect images. The
antibodies used in the Western Blot assay were:
Anti-GAPDH (A19056, ABclonal, China), Anti-MKL-1
(77098, CST, USA), Anti-HRP Goat Anti-Rabbit IgG
(H+L) (AS014, ABclonal, China), Anti-y-GCS CST
(30068, CST, USA), Anti-GSS (A14535, ABclonal,
China), Anti-SLC3A2 (A3658, ABclonal, China),
Anti-SLC7A11 (A15604, ABclonal, China), Anti-CD9
(A19027, ABclonal, China), Anti-CD63 (EPR5702,
Abcam, Anti-Calnexin (A4846, ABclonal,

China).

2.6 qRT-PCR assay

QIAGEN RNeasy Mini Kit (QIAGEN, Germany)
was used to extract total RNA. The HiScript III 1st
Strand cDNA Synthesis Kit (Vazyme, China) was
used to reverse-transcribe cDNA. Taq Pro Universal
SYBR qPCR Master Mix (Vazyme) was used to
perform quantitative real-time RT-PCR analysis, with
three replicate wells per sample. The Bio-Rad C1000
Touch PCR instrument (Bio-Rad, USA) was used to
perform the qRT-PCR assay. The primer sequence

information used in the qRT-PCR assay, GAPDH, F,
CTCACCGGATGCACCAATGTT, R, CGCGTTGCT
CACAATGTTCAT; MKL-1, F, GGCCAGGACCGA
GGACTATT, R, CCACAATGATAGCCTCCTTCAG;
FLC, F, CAGCCTGGTCAATTTGTACCT, R, GCCA
ATTCGCGGAAGAAGTG; FHC, F, CGAGGTGGCC
GAATCITCC, R, GTTTGTGCAGTTCCAGTAGTGA;
NCOA4, F, GCTCAGCAGCTCTACTCGTITA, R,
GGCACACAGAGACTTGATTGG; ACSL4, F, ACTG
GCCGACCTAAGGGAG, R, GCCAAAGGCAAG
TAGCCAATA; LPCAT3, F, TTACCITCAAACCT
GGTGCATT, R, CGTGAGCCACAGGATTTCC;
ALOX15, F, CCGACCTCGCTATCAAAGACT, R,
CACCAGAAAATCCGGTTGAAGT; FSP1, F,
GATGAGCAACTTGGACAGCAA, R, CTGGGCTGC
TTATCTGGGAAG; DHODH, F, GGAAACCCTA
GACCCAGAGTC, R, ACCACTGAAAGCCCGTGACG;
GCH1, F, GTGAGCATCACTTGGTTCCAT, R,
GTAAGGCGCTCCTGAACTTGT,; GPX4, F, GAGGC
AAGACCGAAGTAAACTAC, R, CCGAACTGGTTA
CACGGGAA; y-GCS, F, GGAGACCAGAGTATG
GGAGTT, R, CCGGCGTTTTCGCATGTTG; GSS, F,
GGAACATCCATGTGATCCGAC, R, GCCATCCCG
GAAGTAAACCA; SLC3A2, F, GTIGCTGGGTCC
AATTCACAAG, R, CACCCCGGTAGTTGGGAGTA;
SLC7A11, F, GGTCCATTACCAGCTTTTGTACG, R,
AATGTAGCGTCCAAATGCCAG.

2.7 Cell viability assay

Briefly, 2x103 cells were plated in each well of a
96-well plate, and each group was set up with six
parallel sub-wells. Then, 10 pL of Cell Counting Kit-8
solution (CCK-8, Vazyme, China) was added to a
96-well plate. Next, the absorbance of the samples at
OD 450 nm was measured on the Thermo Varioskan
LUX multifunctional microplate reader (Thermo,
USA). Calculation formula of cell viability =
(experimental group-blank group)/ (control
group-blank group)x100%.

2.8 Transmission electron microscopy (TEM)
assay

The electron microscope fixative was added to
samples for fixation. Subsequently, the samples were
entrusted to Wuhan Servicebio Technology Co., Ltd.
(Servicebio, China) for the preparation of ultrathin
sections and staining. Samples were negatively
stained with 3% phosphotungstic acid solution at
room temperature for 5 min. The TEM HITACHI
HT7700 (HITACHI, Japan) was used to observe the
samples. The accelerating voltage was set at 80KV.

2.9 Lipid ROS assay

The C11 BODIPY 581/591 probe (Glpbio, USA)
was used to evaluate the lipid ROS production of
samples according to the manufacturer's instructions.
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The cells were digested with trypsin digestion
solution without EDTA or phenol red and were
collected into EP tubes. The tissue samples were
ground by a high-speed tissue grinder, and then
filtered through a 40um cell strainer to obtain a cell
suspension. The Lipid ROS detection working
solution was added to the samples and incubated at
37°C for 20 minutes. After centrifugation, PBS was
used to resuspend the cells. The BD FACSMelody
flow cytometer (BD, USA) was used to analyze the
samples for lipid ROS production.

2.10 GSH assay

The GSH detection kit (Beyotime, China) was
used to evaluate the relative GSH level of samples
according to the manufacturer's instructions. The
absorbance of the samples at OD 412 nm was
measured on the Thermo Varioskan LUX
multifunctional microplate reader. The standard
curve was drawn against the standard samples, and
the relative GSH level in the samples was calculated
by the protein concentration of the samples.

2.11 Malonyldialdehyde (MDA) assay

The MDA detection kit (Beyotime, China) was
used to evaluate the relative MDA content of samples
according to the manufacturer's instructions. The
absorbance of the samples at OD 532 nm was
measured on the Thermo Varioskan LUX
multifunctional microplate reader. The standard
curve was drawn against the standard samples, and
the relative MDA level in the samples was calculated
by the protein concentration of the samples.

2.12 Iron assay

The Iron Assay Kit (Abcam, UK) was used to
evaluate the relative Fe?* content of samples
according to the manufacturer's instructions. The
absorbance of the samples at OD 593 nm was
measured on the Thermo Varioskan LUX
multifunctional microplate reader. The standard
curve was drawn against the standard samples, and
the relative Fe?* level in the samples was calculated by
the protein concentration of the samples.

2.13 Glutamate, Glycine and Cysteine assay

The  glutamate glycine and  cysteine
measurement kit (Nanjing Jiancheng, China) was
used to evaluate the relative glutamate, glycine and
cysteine content of samples according to the
manufacturer's instructions. The absorbance of the
samples was measured on the Thermo Varioskan LUX
multifunctional microplate reader. The standard
curve was drawn against the standard samples, and
the relative glutamate, glycine, and cysteine level in
the samples was calculated by the protein

concentration of the samples.

2.14 NADPH assay

The NADPH oxidase activity reagent box
(Nanjing Jiancheng, China) was used to evaluate the
relative NADPH content of samples according to the
manufacturer's instructions. The absorbance of the
samples was measured on the Thermo Varioskan LUX
multifunctional microplate reader. The standard
curve was drawn against the standard samples, and
the relative glutamate, glycine and cysteine level in
the samples was calculated by the protein
concentration of the samples.

2.15 Small RNA-sequencing

Small RNA-seq was entrusted to Shanghai
Sangon Bioengineering Co., Ltd.

2.16 Dual-luciferase reporter gene assay

The Dual-Luciferase Reporter Assay System
(Promega, USA) was used to evaluate the relative
luciferase activity of samples according to the
manufacturer's instructions. Briefly, the dual-
luciferase reporter plasmid was transfected into the
cell line. After 48 hours, the absorbance of the samples
was measured on the Thermo Varioskan LUX
multifunctional microplate reader for luciferase
activity, and the Renilla luciferase was used as a
control. Meanwhile, two additional sub-wells were set
up in each group.

2.17 RNA immunoprecipitation (RIP) assay

RIP experiments were performed using a RIP kit
(Gisa  Biotechnology, China) following the
manufacturer's instructions. Anti-AGO2 and anti-IgG
were used for immunoprecipitation, and qRT-PCR
was used to analyze target RNA. The antibody
information used in RIP assay, Anti-AGO2 (A19709,
ABclonal, China), Anti-IgG (AC011, ABclonal, China).

2.18 Extraction and characterization of
exosomes

The VEX Exosome Isolation Reagent (Vazyme,
China) was used to extract exosomes from the cell
culture medium according to the manufacturer's
instructions. The TEM and Nanosight NS 300
(Nanosight, UK) were wused to analyze the
morphological features and size of exosomes and size.

2.19 Induction of differentiation of
mesenchymal stem cells (MSCs) assay

MSC osteogenic and adipogenic induction
differentiation assays were used to identify the
differentiation potential of MSCs. The culture
medium of the adherent hUC-MSCs was changed to
human umbilical cord mesenchymal stem cell
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osteogenic differentiation medium (Pricella, China) or
human umbilical cord mesenchymal stem cell
adipogenic differentiation medium (Pricella, China).
The fresh medium was changed every 2-3 days. Three
weeks after induction of differentiation, 4%
paraformaldehyde was used to fix hUC-MSCs.
Alizarin Red staining solution and Oil Red O staining
solution were used to stain it. The inverted
microscope was used to obtain images.

2.20 Exosome transformation protocol

HUC MSCs were used as parental cells to
prepare therapeutic exosomes that overexpressed
miR-149-5p and encapsulated MKL-1 siRNA by
lentivirus packaging and electroporation. The
electroporation protocol was set at 0.15 KV /100 pV.
The electroporation method and experimental
conditions were referred to in this document [16].

2.21 Exosome uptake assay

PKH26 kit (Sigma, USA) was used to label
exosomes. The PKH26 working solution was added to
the exosomes resuspended in Diluent C according to
the instructions. After incubation, ultracentrifugation
(100 000 rpm) was used to remove the free PKH26
working  solution. = Subsequently, = exosomes
resuspended in PBS were added to the cells for
co-culture. After the incubation period, all medium
was discarded. 4% paraformaldehyde was used for
fixation. DAPI staining solution was used to stain
nuclei. The OLYMPUS FV3000 Confocal Microscope
was used for fluorescence detection.

2.24 EdU assay

The EdU assay kit used was BeyoClick™ EdU
Cell Proliferation Detection Kit (Beyotime, China).
Briefly, the logarithmically growing target cells were
collected and seeded into 35mm glass bottom dishes
(Biosharp, China). After the termination of the
incubation, the EAU working solution was prepared
and labelled as described in the instructions. The
confocal microscope was used to photograph images,
and Image ] was used to count EdU-positive cells.

2.25 Colony formation assay

Logarithmically growing cells of interest were
collected and seeded into 6-well plates and cultured in
an incubator for 14 days. The 4% paraformaldehyde,
0.1% crystal violet staining solution and PBS were
used to fix, stain, and wash. Subsequently, the 6-well
plate was placed in a fume hood to dry. Colonies
larger than 50 cells were counted under a microscope.

2.26 Immunohistochemistry (IHC) assay

The samples were placed in the tissue fixative
(Meilunbio, China) for more than 24 hours. The

pathological tissue samples were dehydrated and
transparent, dipped in wax, and embedded in
sequence. Paraffin sections of 3 mm samples were
prepared on a paraffin microtome. The paraffin
sections were sequentially subjected to dewaxing and
hydration, antigen retrieval, endogenous peroxidase
inactivation, blocking, primary antibody incubation,
secondary antibody incubation, DAB  color
development, hematoxylin staining, hematoxylin
reverse blue, and dehydration operations. Added
5-10 pL  of neutral resin dropwise (Sinopharm
Chemical Reagent, China) to the stained area and
mounted the sections. The stained sections of
pathological tissue samples were placed under a slide
scanner for scanning, and quantitative statistical
analysis was performed. The IHC score was
calculated by combining the ratio score (percentage of
positively stained cells) with the staining intensity
score. The scale and staining intensity scores were
then multiplied to generate a score for each case. The
antibody information used in IHC assay, Anti-MKL-1
(77098, CST, USA) Anti-SLC3A2 (A3658, ABclonal,
China), Anti-SLC7A11 (A2413, ABclonal, China).

2.27 Nude mice xenograft model

The experimental animals BALB/C nude mice
were  purchased from Beijing Huafukang
Biotechnology Co., Ltd. (Huafukang, China) and
raised in the SRF environment on the 3rd floor of the
Animal Experiment Center of Wuhan University of
Science and Technology. The litter, feed and drinking
water of BALB/C nude mice were changed twice a
week. This animal experiment on BALB/C nude mice
has been reviewed and approved by the Ethics
Committee of the School of Life Science and Health of
Wuhan University of Science and Technology and the
Laboratory Animal Center of Wuhan University of
Science and Technology. For subcutaneous
inoculation, cells resuspended in PBS at 2x107
cells/1ImL (100pL) were injected into four weeks old
nude mice. The tumors were measured every three
days. The formula was (1/2xlengthxwidthxwidth).

2.28 Radiotracer Cell Uptake

Cells were initially cultured in cysteine-depleted
medium for three days in 6-well plates at an
appropriate density. At the start of the experiment,
isotopically labeled cysteine (200 pmol/L, [U-13Cé,
U-15N?] cystine, purchased from MCE, USA) was
added to the medium. After an incubation period of 1
hour at 37°C, the medium was removed, and the cells
were processed for analysis. The uptake of
isotopically labeled cysteine in the cells was measured
using liquid chromatography-mass spectrometry
(LC-MS).
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2.29 Data Analysis

Primer design was undertaken using Primer
Premier 5 software, whereas Image Lab software was
utilized for the analysis of Western Blot results.
Analysis of both Western Blot and IHC results was
conducted with Image ] software, and FCM results
were analyzed using FlowJo VX software. R software
was employed for processing bioinformatics results.
All experimental results are reported as mean =+
standard deviation (SD). In statistical evaluations, the
Student's t-test was applied when comparisons were
made between two groups. For comparisons among
multiple groups, one-way ANOVA test was used.
Post-hoc analyses were performed using either
Dunnett's or Tukey's test to ascertain significant
differences between groups. For the measurement of
tumor growth over time, statistical significance was
determined using two-way ANOVA or multiple
t-test. In the figures, statistical significance is denoted
as follows: * for p < 0.05, ** for p < 0.01, and *** for p <
0.001.

3. Results

3.1 MKL-1 was up-regulated in gastric cancer
tissues and cell lines

In previous studies by our group, it has been
confirmed that MKL-1 was closely related to the
occurrence and development of cancer [17].
Furthermore, we downloaded the expression profile
data of gastric cancer patients from the TCGA
database. It was found that the expression of MKL-1
in gastric cancer was up-regulated, and the overall
survival rate of gastric cancer patients in the
high-expression group was lower. Therefore, the
expression of MKL-1 in gastric cancer tissues and
adjacent tissues was detected by qRT-PCR and IHC
staining (Figure 1A-C). It was further confirmed that
MKL-1 was significantly up-regulated in gastric
cancer tumor tissues. At the same time, the same
phenomenon was found in different human gastric
cancer cells (Figure 1D-E). The relationship between
MKL-1 expression  and clinicopathological
characteristics of gastric cancer patients was further
analyzed through the TCGA database. It was found
that the expression of MKL-1 was not related to the
stage, gender and age of gastric cancer patients
(Figure 1F-I). Although there were significant
differences between grade 2 and grade 3, there was no
significant difference between grade 1 and grade 2 or
between grade 1 and grade 3. The above results
showed that the expression of MKL-1 was
up-regulated in gastric cancer patients, and its
increase had no significant correlation with their
clinical and pathological characteristics. This data

provided a theoretical basis for using MKL-1 as a
potential gastric cancer marker.

3.2 Knockdown of MKL1 enhanced
Erastin-induced ferroptosis in gastric cancer

To study the role of MKL-1 in the regulation of
cellular ferroptosis, we induced ferroptosis using
Erastin, a common ferroptosis promoter [15]. We
applied different concentrations of Erastin to adherent
MGC-803 and HGC-27 cell lines. The CCK-8 assay
results demonstrated that the cell viability of
MGC-803 and HGC-27 significantly decreased upon
Erastin application (Figure S1A-B). Additionally,
Erastin exerted a more potent inhibitory effect on the
growth of the HGC-27 cell line, which exhibits lower
MKL-1 expression, compared to MGC-803. To further
confirm Erastin's role in enhancing the ferroptosis
process in MGC-803 and HGC-27 cell lines, we used
Ferrostatin-1 (Fer-1), a specific ferroptosis inhibitor, to
counteract the effects of Erastin [15]. The
accumulation of lipid ROS in cells was detected using
a C11 BODIPY 581/591 probe, and membrane lipid
peroxidation products were identified using an MDA
assay kit. We observed that Fer-1 effectively reversed
the lipid ROS accumulation and MDA production
induced by Erastin (Figure S1C-D). Subsequently, we
analyzed the morphology of the mitochondria in cells,
another  characteristic = of ferroptosis, using
transmission electron microscopy (TEM) (Figure S1E).
Building upon these observations, we employed
lentiviral packaging technology to alter MKL-1
expression in a human gastric cancer model under
ferroptosis stress (Figure S2A-C). The results
indicated that the effect of Erastin in inducing
ferroptosis in gastric cancer cells was significantly
amplified in MKL-1 KD cells (Figure 2A-B). To further
solidify our findings, we knocked down the
expression of MKL-1 in MKN-45, SGC-7901, HGC-27,
and AGS human gastric cancer cell lines (Figure S2D).
We found that Erastin significantly reduced cell
viability and that MKL-1 knockdown further
amplified the anti-tumor effect of Erastin (Figure 2C).
This suggests that the regulation of ferroptosis by
MKL-1 is not restricted to specific gastric cancer cell
lines.

We also investigated the ferroptosis status of
gastric cancer cells under the influence of different
ferroptosis inducers. Interestingly, the same
phenomenon observed in Erastin-induced MGC-803
was also noted after sorafenib treatment. However,
the knockdown of MKL-1 expression did not
significantly impact cell viability following treatment
with either DPI7 or DPI10 (Figure 2D-F). Both Erastin
and Sorafenib induce ferroptosis by inhibiting system
Xc-, while DPI7 and DPI10 directly bind to GPX4
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covalently, causing its inactivation and thus inducing
ferroptosis. Concurrently, overexpression of MKL-1
significantly mitigated the ferritin deposition event

hypothesize that MKL-1 may
ferroptosis by participating in
system Xc-.

induced by Erastin (Figure 2G-I). Therefore, we
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Figure 1. MKL-1 was
up-regulated in gastric cancer
tissues and cell lines. A.
Typical images of IHC staining
of tumor tissues and adjacent

tissues of gastric cancer
patients. B. IHC staining score
of MKLI ( = 12

patients/group). The paired
t-test was used to determine
the statistical significance. C.
The expression of MKL-1 in
tumor tissues and adjacent
tissues detected by qRT-PCR
(n = 12 patients/group). The
paired t-test was used to
determine  the statistical
significance. D. Western blot
was used to detect the
expression of MKL-1 in cell
lines GESI, AGS, MKN-45,
HGC-27, SGC-7901 and
MGC-803. E. The expression
of MKL-1 mRNA in cell lines
GESI, AGS, MKN-45,
HGC-27, SGC-7901 and
MGC-803 was detected by
qRT PCR. F-l. Analysis of the
correlation between MKL-1
expression in STAD patients
in the TCGA database and
their corresponding stage,
grade, gender, and age. The
Western blot and qRT-PCR
results  represented the
average values obtained from
three independent
experiments. The results
shown are Mean + SD. * p <
0.05, ** p < 0.01, ¥* p <
0.001.
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. After the knockdown of MKL-1 expression, the Lipid ROS level of cells was detected

by C11 BODIPY 581/591 probe and FCM. B. After the knockdown of MKL-1 expression, the level of the membrane lipid peroxidation product MDA was detected by the MDA
lipid oxidation level detection kit. C. CCK-8 assay was used to detect cell viability of human gastric cancer cell lines after the addition of ferroptosis inducer Erastin. D-F. CCK-8
assay was used to detect cell viability of human gastric cancer cell lines after the addition of different ferroptosis inducers Sorafenib, DPI7 or DPI10. G. The protein expression
of MKL-1 in cells was detected by Western Blot. H-I. After overexpressed MKL-1 expression in HGC-27, the Lipid ROS and MDA assays. The t-test was used to determine the
statistical significance for Lipid ROS, MDA and CCK-8. The Western blot, Lipid ROS assay, MDA assay and CCK-8 assay results represented the average values obtained from
three independent experiments. The results shown are Mean + SD. * p < 0.05, ** p < 0.01, *** p <0.001, ns = p > 0.05.

3.3 Suppression of MKL-1 enhanced the anti-
tumor effect of ferroptosis inducers in vivo

All of the above experimental results showed
that the knockdown of MKL-1 expression at the
cellular level enhanced the anti-tumor effect of
Erastin. Next, its function was explored in vivo by a
nude mouse xenograft tumor model. MGC-803 cells
and MKL-1 knockdown MGC-803 cells were
inoculated into the hind limbs and dorsal
subcutaneous areas of nude mice, respectively. After
the 7th day of inoculation, tumor volumes of 70-100
mm3 were selected for follow-up experiments. The
experimental group was injected with a total volume
of 100 pl of 20 mg/kg Erastin intratumorally every
two days, and the control group was injected with an
equal volume of PBS. Body weights of nude mice did
not show significant differences between all groups
during the treatment (Figure 3A). However, after
treatment with Erastin, tumor growth was slower in
nude mice in the Erastin-treated group compared to
the untreated group (Figure 3B). Meanwhile, the
MKL-1 knockdown group significantly enhanced the

therapeutic effect of Erastin (Figure 3C-E). Moreover,
subcutaneous tumor tissues were isolated. We found
that the lipid ROS and MDA were also significantly
increased in the knockdown MKL-1 expression group
after treatment (Figure 3F-G). Thus, our data suggest
that the knockdown of MKL-1 expression enhances
the anti-tumor effect of Erastin in vivo. It showed that
MKL-1 expression plays a key role in the process of
ferroptosis in vivo.

3.4 MKL-1 regulated GSH synthesis via System
Xc-

As a new form of iron-dependent programmed
cell death, ferroptosis was mainly involved in the
regulation of programmed cell death through the
following pathways. These pathways were the iron
metabolism pathway, lipid peroxide production
pathway and lipid peroxide decomposition pathway
[10]. Meanwhile, MKL-1 formed a complex with SRF
and participated in the regulation of gene
transcription [18]. Therefore, the level of Fe?* in cells
was detected by the iron content detection kit, and the
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mRNA expressions of ferritin light chain (FLC), from that in the control group, whether in the
ferritin heavy chain (FHC) and NCOA4 in cells were  Erastin-treated group or the untreated group (Figure
detected by qRT-PCR. The Fe?* level in the cells was  4A). Likewise, qRT-PCR also showed the same results
significantly increased after the addition of the Erastin ~ (Figure 4B). The above results showed that MKL-1
ferroptosis inducer compared to the non-added group  does not directly regulate the occurrence of
(Figure 4A). However, the Fe?* level in the MKL-1  ferroptosis through the iron metabolism pathway.
knockdown group was not significantly different
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Figure 3. Suppression of MKL-1 enhanced the anti-tumor effect of ferroptosis inducers in vivo. A. The growth curve of the body weight of nude mice after Erastin treatment (n
= 4-8 tumors /group). B. The growth curve of the subcutaneous tumor volume of nude mice measured in vitro after Erastin treatment. Two-way ANOVA (Sidak’s multiple
comparisons test) was used to determine the statistical significance for body weight and tumor volume. C. Typical images of the subcutaneous tumor tissue of nude mice after
Erastin treatment. D. The mass of subcutaneous tumor tissue in nude mice after Erastin treatment. E. The volume of subcutaneous tumor tissue in nude mice after Erastin
treatment. F. The level of Lipid ROS in subcutaneous tumor tissue of nude mice was detected by C11 BODIPY 581/591 probe and FCM. G. The level of the membrane lipid
peroxidation product MDA in subcutaneous tumor tissue of nude mice was detected by the MDA lipid oxidation level detection kit. The t-test was used to determine the
statistical significance for Lipid ROS, MDA, tumor mass and volume. The t-test was used to determine the statistical significance for both groups of analysis. The Western blot,
Lipid ROS assay, MDA assay and CCK-8 assay results represented the average values obtained from three independent experiments. The results shown are Mean + SD. * p <
0.05, ** p < 0.01, ** p < 0.001, ns = p > 0.05.
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Figure 4. MKL-1 regulated GSH synthesis via System Xc-. A. The level of Fe2* ion in cells was detected by ferrous ion detection kit. B. The mRNA expression of FLC, FHC and
NCOAA4 were detected by qRT-PCR. C. The mRNA expression of ACSL4, LPCAT and ALOX-15 were detected by qRT-PCR. D. The mRNA expression of GPX4 was detected
by qRT-PCR. E. The level of GSH in cells was detected by the GSH detection kit. F. The level of Lipid ROS in cells was detected by C11 BODIPY 581/591 probe and FCM. G. The
protein expression of y-GCS and GSS in cells was detected by Western Blot. H. The mRNA expression of y-GCS and GSS in cells was detected by qRT-PCR. |. The level of Glu,
Gly and L-CYS in cells was detected by the detection kit. J. The level of NADPH in cells was detected by NADPH oxidase activity reagent box. K. The protein expression of
SLC3A2 and SLC7AI11 in cells was detected by Western Blot. L. The mRNA expression of SLC3A2 and SLC7AI1 1 in cells was detected by qRT-PCR. M. The protein expression
of MKL-1 in cells was detected by Western Blot after transfection of pcDNA 3.1-MKL-1 plasmid and pcDNA 3.1 plasmids in cells. N. Schematic diagram of the promoter binding
sites of MKL-1 and SLC3A2 or SLC7AI 1. O. After transfection of different luciferase reporter plasmids, the luciferase activity in the cells was detected by a microplate reader.
P. The promoter binding of MKL to SLC3A2 and SLC7AI11 was detected by ChIP experiments. The t-test was used to determine the statistical significance for both groups of
analysis. The Fe2* ion, Western blot, Lipid ROS assay, GSH assay NADPH assay, Glu, Gly, L-CYS assay, Luciferase assay and ChlP assay results represented the average values
obtained from three independent experiments. The results presented were Mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = p > 0.05.
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Another characteristic feature of ferroptosis was
an increase in lipid peroxides. ACSL4, LPCAT and
ALOX played important roles in the production of
lipid peroxides [19]. Surprisingly. After the addition
of the Erastin ferroptosis inducer, the knockdown of
MKL-1 did not affect the mRNA expression of ACSL4,
LPCAT and ALOX-15 (Figure 4C). It implied that
MKL-1 does not directly regulate the occurrence of
ferroptosis through the production of lipid peroxides.

The occurrence of ferroptosis is closely related to
the accumulation of lipid peroxides. Therefore, the
antioxidant-reduction system was also widely
involved in the regulation of ferroptosis [10]. GPX4
was a selenozyme that utilizes two GSHs as electron
donors to reduce lipid peroxides to the corresponding
alcohols and generate GSSG, thereby reducing lipid
peroxidation and preventing ferroptosis in cells [20].
Therefore, in the ferroptosis stress model established
using Erastin ferroptosis inducer, the effect of
knocking down the expression of MKL-1 on the
expression of GPX4 mRNA was detected by
qRT-PCR. Compared with the control group, the
expression of GPX4 mRNA did not change in the
MKL-1 knockdown group (Figure 4D). Next, the
effect of changes in MKL-1 expression in cells on the
level of GSH was detected by the GSH detection kit.
GSH level was significantly lower in Erastin-treated
groups compared to untreated groups. Meanwhile,
the knockdown of MKL-1 expression further reduced
the level of GSH in cells, from 0.61+0.07 in the control
group to 0.31£0.06. This result also verified the results
of (Figure 4E) from the side in figure 2D-F. The
knockdown of MKL-1 expression did not alter its
inhibitory effect after using GPX4 inhibitors, DPI7 and
DPI10. However, it affected the effect of system Xc-
inhibitors Erastin and Sorafenib (Figure 2D-F).
Furthermore, exogenous GSH supplementation also
abolished the knockdown effect of MKL-1 expression
(Figure 4F). It indicated that the knockdown of MKL-1
expression regulated the occurrence of ferroptosis in
ferroptosis stress model by affecting the synthesis of
GSH.

GSH in cells is synthesized from glutamate,
cysteine, and glycine by y-GCS enzymes, GSS
enzymes, and ATP [21]. We found that knocking
down the expression of MKL-1 did not affect the
levels of y-GCS enzymes and GSS enzymes in vitro
(Figure 4G-H). Likewise, the levels of glutamate or
glycine in cells were not affected (Figure 4I).
However, the knockdown of MKL-1 significantly
reduced the cysteine level and the depletion of
NADPH in the cells (Figure 4I-]). Because cysteine in
cells was mainly imported into cells by the system Xc-
[22], it was rapidly converted to cysteine by depleting
NADPH. Moreover, findings from our isotopic

tracing experiments revealed that overexpression of
MKL-1 significantly enhanced the uptake of cystine in
cells under the stress of Erastin-induced ferroptosis
(Figure S3A-B). Therefore, we hypothesized that the
knockdown of the MKL-1 interferes with cysteine
uptake pathway in cells.

As we speculated, the knockdown of MKL-1
significantly reduced the expression of two key
retrotransporters SLC3A2 and SLC7A11 in system Xc-
(Figure 4K-L). Bioinformatics analysis combined with
dual luciferase analysis and ChIP also confirmed that
MKL-1 promotes their transcription through the
direct binding of CArG box binding sites to SLC3A2
and SLC7A11 promoters (Figure 4 M-P, Figure S4B).
Our preliminary investigations, as depicted in Figure
2G, evaluated the role of MKL-1 overexpression in
attenuating Erastin-induced ferroptosis in gastric
cancer cells. Furthering this line of enquiry, we
explored whether overexpressing MKL-1 could
mediate the synthesis of glutathione (GSH) in cells,
thereby resisting the occurrence of ferroptosis. Our
results revealed that the overexpression of MKL-1
significantly diminished the decrease in GSH levels
induced by Erastin (Figure S4A). This suggests that
the modulation of GSH levels through MKL-1 might
be an integral mechanism in regulating ferroptosis in
response to Erastin. Confirmatory in vivo experiments
further demonstrated that the overexpression of
MKL-1 in gastric cancer cells indeed resisted the onset
of Erastin-induced ferroptosis (Figure S4C-F).
Overexpression of MKL-1 helped gastric cancer cells
synthesize more GSH (Figure 54G). Additionally, we
performed correlation analyses that displayed a
significant positive correlation between the mRNA
expression levels of MKL-1 and SLC3A2, and
SLC7A11. This implies a potential relationship
between MKL-1 and SLC3A2 or SLC7A11, further
elucidating the functional context of MKL-1 in
regulating ferroptosis. Taken together, these findings
suggest that MKL-1 increases cystine uptake in cells
by promoting System Xc-. This increased GSH in cells
and decreased ferroptosis in tumor cells.

3.5 miR-149-5p triggered ferroptosis in gastric
cancer via MKL-1 in the presence of ferroptosis
inducers

ncRNAs are RNAs that cannot encode proteins.
However, many studies have found that ncRNAs are
involved in regulating tumor ferroptosis [23]. To
screen potential miRNAs that regulate MKL-1.
According to the expression of MKL-1, it was divided
into two groups: high and low expression. A total of
54 miRNAs that were changed between the two
groups were screened, of which 19 were up-regulated
and 35 were down-regulated in tumors (Figure 5A-B).
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Combined with the prediction results of miRNA
bioinformatics prediction website Target Scan,
DIANA tools and RNA22 (Figure 5C). Two miRNAs
that potentially bind to MKL-1 were screened. They
were miR-185-3p and miR-149-5p. However, the

5G). The above prediction results were further
verified by RIP experiments (Figure 5H). Further
experiments also showed that in the model
constructed by Erastin ferroptosis inducer. Compared
with the control group, the levels of Lipid ROS and

MDA were up-regulated and the level of GSH was
decreased in the miR-149-5p OE group (Figure 5I-]).

expression of MKL-1 did not change after transfection
of the miR-185-3p mimic in the MGC-803 cell line.

Nevertheless, the expression of MKL-1 was Moreover, the TCGA database showed that the
significantly reduced after overexpression of  expression of miR-149-5p was significantly reduced in
miR-149-5p (Figure 5D-F). The dual-luciferase  gastric cancer patients (Figure 5K). The above results

showed that restoring the expression of miR-149-5p in
cells could significantly enhance the ferroptosis
induced by erastin.

analysis also revealed that only mutating the
miR-149-5p binding site on the 3'UTR of MKL-1. The
activity of luciferase was no longer reduced (Figure

B
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Figure 5. miR-149-5p triggered ferroptosis in gastric cancer via MKL-1 in the presence of ferroptosis inducers. A. The heat map of miRNA micro matrix expression, the miRNA
expression was indicated by the colour scale of the heat map as upregulated (red color) and downregulated (green color). Twelve samples were divided into two groups
according to whether expression of MKL-1 was high or low. B. The volcano plot of the screened 54 differentially expressed miRNAs. Red represents the 19 miRNAs whose
expression was up-regulated. Green represents 35 miRNAs whose expression was down-regulated. C. Venn diagram of miRNAs potentially binding to MKL-1. D. After
transfection of mimic NC or miRNA mimic, the miRNA expression in cells were detected by gqRT-PCR. E. The mRNA expression of MKL-1 in cells was detected by qRT-PCR.
F. The protein expression of MKL-1 in cells was detected by Western Blot. G. After co-transfection of miRNA and luciferase reporter plasmids, luciferase activity in cells was
detected by the microplate reader. H. RIP and qRT-PCR were used to verify the binding of AGO2 and miR149-5p. I. After overexpression of miR-149-5p, the Lipid ROS level of
cells was detected by CI11 BODIPY 581/591 probe and FCM. J. The level of the membrane lipid peroxidation product MDA was detected by the MDA lipid oxidation level
detection kit. K. The level of GSH in cells was detected by GSH detection kit. The t-test was used to determine the statistical significance for both groups of analysis. The Fe2*
ion, Western blot, Lipid ROS assay, GSH assay NADPH assay, Glu, Gly, L-CYS assay, Luciferase assay and ChlIP assay results represented the average values obtained from three
independent experiments. The results presented were Mean  SD. * p < 0.05, ** p < 0.01, ** p < 0.001, ns = p > 0.05.
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Figure 6. MSCs Exo treatment effect in vitro. A. Typical immunofluorescence images of MGC-803 cells after MSCs Exo and MGC-803 cells were co-cultured for 24 hours. DAPI
(blue) labelled nuclei and PKH26 (red) labelled exosomes. B. After addition of MSCs-miR-149-5p Exo and MSCs Exo-siRNA treatment, CCK-8 assay was used to detect cell
viability after 24, 48 and 72 hours of treatment. C. After 72 hours of MSCs Exo treatment, typical images of EdU-labeled positive cells. D. Clone formation ability of cell line after
MSCs Exo treatment. E. After addition of MSCs-miR-149-5p Exo and MSCs Exo-siRNA to cell lines, the mRNA expression of MKL-1 was detected by qRT-PCR. F. After 72 hours
of MSCs Exo treatment, the protein expression of MKL-1 in cells was detected by Western Blot. G. The Lipid ROS level of cells was detected by C11 BODIPY 581/591 probe
and FCM. H. The level of GSH in cells was detected by GSH detection kit. The t-test was used to determine the statistical significance for both groups of analysis. The CCK-8
assay, EdU assay, clone formation assay, Western blot, qRT-PCR, Lipid ROS assay and GSH assay results represented the average values obtained from three independent
experiments. The results presented were Mean * SD. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = p > 0.05.

3.6 Mesenchymal stem cell-derived exosomes
reduce the expression of MKL-1 and enhance
the anti-tumor effect of ferroptosis inducers

In view of the above research results, we intend
to explore a ferroptosis-based anti-tumor therapy.
Furthermore, that was using hUC-MSCs as parent
cells.  Therapeutic = exosomes  overexpressing
miR-149-5p and encapsulating MKL-1 siRNA were
prepared by lentiviral packaging and electroporation
combined with the ferroptosis inducer Erastin for
combined therapy. First, the characterization of MSCs
and exosomes was performed. The results showed no
significant difference from the characteristics of MSCs
and exosomes reported in the literature [24] (Figure
S5, S6). Second, PKH26, a lipophilic dye, was used to
stain exosomes. To explore whether MGC-803 cells
can take up the extracted exosomes. Red fluorescence
appeared in MGC-803 cells as shown by confocal
electron microscopy (Figure 6A). This indicates that
MGC-803 uptakes exosomes secreted by MSCs. On
this basis, exosomes with therapeutic function
overexpressing miR-149-5p and encapsulating MKL-1

siRNA were successfully prepared by lentivirus and
electroporation (Figure S5).

Next, the therapeutic effects of MSCs Exo were
evaluated in vitro. The results of the CCK-8 assay, EAU
assay and clone formation showed that treatment
with MSCs Exo significantly reduced the proliferative
capacity of tumor cells (Figure 6B-D) Moreover, it
significantly reduced the expression of MKL-1 (Figure
6E-F). Furthermore, in the model constructed with
Erastin ferroptosis inducer, the accumulation of Lipid
ROS in the treatment group was significantly higher
than that in the control group, while less GSH was
detected (Figure 6 G-H).

The therapeutic potential of MSC-derived
exosomes (MSCs Exo) was assessed in vivo using a
xenograft tumor model in nude mice. Preliminary
results indicated a reduction in mean tumor cell count
in the group treated with MSC-derived exosomes
compared to the PBS group. However, this difference
was not statistically significant (Figure S8). Moreover,
exosome treatment did not enhance survival in the
nude mouse xenograft tumor model until tumors
reached the ethical cutoff (Figure S8). Subsequent
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results from the main experiments demonstrated that
the treatment group exhibited a significant restoration
of miR-149-5p expression within the tumor, coupled
with a decrease in MKL-1 expression. This change
was accompanied by an enhanced anti-tumor
response to Erastin, as evidenced by reduced tumor
growth (Figure 7A-H). Notably, the expression of
SLC3A2 and SLC7A1l were also significantly
diminished in the treatment group (Figure 7I). The

expression of MKL-1 was found to -correlate
negatively with miR-149-5p and positively with
SLC7A11 (Figure 7I). Collectively, our findings
suggest that downregulation of MKL-1 notably
augments the anti-tumor efficacy of the ferroptosis
inducer Erastin in gastric cancer cells, thereby
implying a role for MKL-1 in the regulation of
ferroptosis in gastric cancer.
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Figure 7. MSCs Exo treatment effect in vivo. A. Growth curve of body weight of nude mice after MSCs Exo treatment (n = 4-8 tumors/group). B. Growth curve of subcutaneous
tumor volume of nude mice measured in vitro after MSCs Exo treatment (n = 4-8 tumors/group). Multiple t-tests (followed by post-hoc test Holm-Sidak) was used to determine
the statistical significance against control group. C. Typical images of subcutaneous tumor tissue in nude mice after MSCs Exo treatment. D. Mass and volume of subcutaneous
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tissue of nude mice was detected by qRT-PCR. G The mRNA expression of MKL-1 in the subcutaneous tumor tissue of the mouse was detected by qRT-PCR. H. The level of
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miR-149-5p, which also contributed to the process of ferroptosis in gastric cancer cells via this pathway. A further enhancement in the therapeutic effect of ferroptosis inducers
on gastric cancer cells was achieved by constructing exosomes that overexpressed miR-149-5p and simultaneously transfected MKL-1 siRNA.

4. Discussion

Although there has been success in the early
clinical diagnosis and treatment of gastric cancer, the
overall survival of gastric cancer patients has not been
dramatically improved. However, due to drug
resistance, the treatment effect of some patients was
not very satisfactory. As a new way of programmed
cell death, ferroptosis was expected to be a new
method of treatment. GPX4 was lower in gastric
cancer compared with other cancers, so gastric cancer
cells were more prone to ferroptosis than other cells
[25]. In gastric cancer, some genes are directly
involved in regulating ferroptosis. For example, MYB
acted as a transcription factor that regulated the
expression of GPX4 [26]. SCD1 promoted gastric
cancer tumor growth, migration and ferroptosis
resistance [27]. The expression of ELOVLS5 and FADS1
is up-regulated in mesenchymal gastric cancer cells,
and participated in the regulation of ferroptosis by
affecting the biosynthesis of PUFA [28]. Recent
studies have shown that MKL-1 was involved in the
regulation of cellular oxidative stress [14], but it was

unclear whether MKL-1 was involved in the
regulation of cellular ferroptosis. Here, we
demonstrate for the first time that MKL-1 is a protein
that negatively regulates ferroptosis in gastric cancer
cells. Specifically, in the Erastin-induced ferroptosis
stress model, the knockdown of MKL-1 significantly
increased the production of Lipid ROS and MDA in
cells. Furthermore, this phenomenon was not
significantly cell-specific. Further research on the
molecular mechanism of MKL-1 negatively regulating
ferroptosis in gastric cancer cells found that MKL-1
does not directly regulate ferroptosis by affecting the
iron metabolism pathway and the production
pathway of lipid peroxides. Instead, it promoted its
transcription by binding to the CArG Box-specific
binding site in the promoters of SLC3A2 and
SLC7A11, increasing the level of GSH in cells, thereby
preventing cells from ferroptosis by enhancing the
ability of cells to decompose lipid peroxides. It is
worth mentioning that MKL-1 is widely expressed in
a variety of tissues [29]. And often its overexpression
was closely related to the poor prognosis of patients
[30]. However, MKL-1 knockout mice resulted in
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embryonic death in some mice [18]. Therefore, the
MKL-1 knockout model was not used in this study. In
addition, research by others in our group found that
overexpression of  MKL-1  increased  the
transcriptional activity of the transcription factor
NRF2 through the formation of the MKL-1/SRF
complex [31]. Numerous studies have shown that
NRF2, a transcription factor, was considered to be a
key regulator of cellular antioxidant responses.
Because many of its downstream target genes were
involved in preventing or correcting redox imbalance
in cells [32]. In the present study, we only found that
MKL-1 regulates ferroptosis by affecting the system
Xc-, exogenous cystine supplementation completely
blocked the effect of knockdown of MKL-1. However,
the mechanism by which MKL-1 affects ferroptosis
through NRF2 has not been elucidated. According to
our experience, a life activity is affected by multiple
regulatory mechanisms. Therefore, elucidating the
underlying mechanism will be the focus of future
research.

In recent years, miR-149 has received extensive
attention from researchers around the world. miR-149
has been shown to play different roles in different
cancers. For example, Feng et al. [33] showed that
miR-149 inhibited liver cancer progression by
targeting TRADD. In lung cancer, miR-149 reduces
the proliferation and invasive ability of lung cancer
cells by directly targeting the 3'UTR region of
B3GNT3 [34]. In ovarian cancer, miR-149 inhibits
ovarian cancer cell proliferation and migration by
regulating the expression of MSI2 [35]. To date,
reports on miR-149 have shown that its expression is
reduced in most cancers and functions as a tumor
suppressor. Hence, the expression profiles of miRNAs
of STAD in the TCGA database were downloaded,
and MiR-149-5p was found to be down-regulated in
gastric cancer. This is basically consistent with the
report by Li et al. [36] that miR-149 is down-regulated
in gastric cancer cells. However, there is no report that
miR-149-5p is involved in the regulation of
ferroptosis. Therefore, gastric cancer cell line
MGC-803 with stable overexpression of miR-149-5p
was constructed by lentiviral packaging technology. It
was found that overexpression of miR-149-5p
significantly reduced the expression of MKL-1 and
enhanced the occurrence of ferroptosis induced by
Erastin. It provided key experimental evidence for
promoting the anti-tumor effect of ferroptosis
inducers by interfering with the expression of MKL-1.

Mesenchymal stem cells were a type of
pluripotent stem cells. They were isolated from fetal
or adult tissues, including adipose tissue, bone
marrow, and umbilical cord blood [37]. MSCs have
been widely used in the treatment of various human

diseases [38]. Such as limb ischemia, skin wounds and
cartilage defects [39]. However, there were problems
in carcinogenicity and tissue rejection due to the
urgent treatment of MSCs, which greatly limited the
clinical application of MSCs [40]. Therefore, we
focused our attention on the exosomes secreted by
MSCs. Exosomes secreted by MSCs acted as a vehicle
for cell-to-cell delivery, affecting their proliferation,
metastasis, and angiogenesis by transporting intra-
vesicular biomolecules to target cells [41]. However,
exosomes sometimes played a tumor-promoting role
in tumors [42], and sometimes played an anti-tumor
role in tumors [43]. Notably, exosomes secreted by
MSCs derived from different tissues had different
effects on tumors. A meta-analysis showed that only
26% and 46% of studies on bone marrow-derived
mesenchymal stem cells and adipose-derived
mesenchymal stem cells were associated with tumor
suppression, while 88% of studies on umbilical cord
mesenchymal stem cells showed that they have ability
to suppress tumors [44]. Therefore, in our study,
umbilical cord mesenchymal stem cells were selected
as MSCs for producing exosomes with therapeutic
functions. Because the MSCs used were not isolated
and cultured by our laboratory. Before starting to
prepare exosomes with therapeutic function, the
expression of MSCs markers CD90 and CD105 was
analyzed by FCM, and the differentiation experiment
was induced to determine the purity of MSCs. The
results showed that the MSCs used in our study
comply with the criteria of the International Society
for Cell Therapy for identifying MSCs [45].

Next, two methods were used to generate
therapeutic exosomes overexpressing miR-149-5p and
encapsulating MKL-1 siRNA. O’'Brien et al. [46] used a
lentiviral ~ system to  successfully  generate
miR-379-enriched exosomes. Mendt et al. [47] also
successfully used electroporation to deliver KRAS
G12D siRNA into exosomes produced by MSCs.
Then, miR-149-5p was overexpressed in MSCs by
lentiviral packaging system to generate the desired
exosomes. The siRNA of MKL-1 was introduced into
exosomes by electroporation. Finally, exosomes with
therapeutic function were prepared.

In order to verify the therapeutic effect of the
prepared exosomes, we performed validation in vitro
and in vivo, respectively. In vitro experiments showed
that the proliferative capacity of the cells in the
treatment group was significantly inhibited. And
significantly enhanced the anti-tumor effect of
Erastin. Further, it has been reported in the literature
that the delivery of intravesicular substances via
exosomes was plagued by misplaced accumulation.
The major retention of exosomes occured mainly in
the liver and spleen, which contain large numbers of
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macrophages due to endocytosis [48]. Therefore,
injection of exosomes into tumors was chosen. The
results showed that the expression of miR-149-5p was
up-regulated in the exosome-treated group, while the
expression of MKL-1 was inhibited, enhancing the
anti-tumor effect of Erastin.

However, research on ferroptosis is currently
quite limited. There are still many unanswered
questions. It has been found through literature reports
that these cell deaths share some common upstream
mechanisms, such as p53. Furthermore, the redox
function of cellular iron in ferroptosis has not been
completely ruled out. At the same time, this study
only explored the role of MKL-1 in regulating
ferroptosis in the gastric cancer ferroptosis stress
model established by the ferroptosis inducer Erastin.
Whether  this  regulatory = phenomenon  is
cancer-specific or is affected by the level of ferroptosis
remains to be further explored. Meanwhile, like
ferroptosis, the expression of MKL-1 is also regulated
in multiple ways. It is now known that a gene may be
regulated by multiple miRNAs, and our study only
found an effect of miR-149-5p on the expression of
MKL-1. It is certain that there are other miRNAs,
IncRNAs or other epigenetic modifications that affect
the expression of MKL-1. Otherwise, the anti-tumor
effect of exosomes with therapeutic function was
isolated and prepared by using the exosome isolation
kit, and its anti-tumor effect was investigated by
intratumoral injection. This method of evaluating its
therapeutic effect is still very single. In the real
process of tumor treatment, multiple methods are
often used in combination therapy. However, whether
the use of exosome therapy will produce antagonism
with other treatments and the appropriate way of
administration, dosage are still unclear. These
discussions still require extensive experiments to
further explore. We have reason to believe that, with
the deepening of research and the advancement of
science and technology, the above problems will be
solved in the near future.

In conclusion, as shown in the figure (Figure 8),
this study identified MKL-1 as a negative regulator of
ferroptosis. MKL-1 affected the synthesis of GSH
through System Xc-, and ultimately reduced the level
of lipid peroxidation in cells and reduced the
occurrence of cellular ferroptosis. A novel anti-tumor
idea combining MSCs-secreted exosomes with
ferroptosis  inducers was developed. These
observations provided new insights into the clinical
treatment of gastric cancer.
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