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ARTICLE INFO ABSTRACT

Keywords: Aims: Exosomal transfer of miRNAs affects recipient cell proliferation and chemoresistance. Here, we aimed to
Exosome, cisplatin resistance investigate the role of exosomal miRNAs in controlling cisplatin resistance in non-small cell lung carcinoma
NSCLC

(NSCLQ).

Main methods: Paired tumor and normal tissue-derived exosomes were collected from NSCLC patients with low or
high responsiveness to cisplatin treatment. The results showed that the microRNA-4443 (miR-4443) level was
upregulated in cisplatin-resistant NSCLC tumor tissue-derived exosomes compared with cisplatin-sensitive tissue-
derived exosomes. Cisplatin-resistant cells (A549-R) were generated from the parental cells (A549-S). Resistant
exosomes conferred cisplatin resistance by transferring miR-4443 to sensitive cells. Moreover, overexpression of
miR-4443 inhibited FSP1-mediated ferroptosis induced by cisplatin treatment in vitro and enhanced tumor
growth in vivo.

Key findings: Through bioinformatics analysis and luciferase assays, METTL3 was confirmed as a direct target
gene of miR-4443. Further mechanistic analysis showed that miR-4443 regulated the expression of FSP1 in an
m6A manner via METLL3.

Significance: Our findings provide more in-depth insight into the chemoresistance of NSCLC and support the

FSP1, ferroptosis
m6A modification

therapeutic potential of targeting ferroptosis.

1. Introduction

Lung cancer is a leading cause of cancer-related death worldwide.
Non-small cell lung cancer (NSCLC), which includes lung adenocarci-
noma, lung squamous cell cancer, and large cell carcinoma, is the major
type of lung cancer [1]. Important advancements in NSCLC treatment
have shown compelling clinical benefits, achieving early detection and
improved care [2]. However, the overall survival rate is limited, spe-
cifically for patients with metastasis. Currently, platinum-based
chemotherapy, including cisplatin and carboplatin, is still the first-line
treatment for NSCLC [3]. Cisplatin covalently binds to DNA, forming
DNA adducts, and consequently activates various signal transduction
pathways involved in cell cycle arrest, DNA damage recognition and
repair, and programmed cell death. Cisplatin can induce several forms of
cell death, including pyroptosis, apoptosis, ferroptosis, and autophagy.
Recently, cisplatin was proven to induce ferroptosis and apoptosis in
NSCLC [4]. Treating NSCLC patients with cisplatin showed benefits;
however, this treatment could not sustainably prolong overall survival
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in elderly patients due to severe side effects, and the effects could be
suppressed by resistance associated with relapse and poor quality of life
[5-7]. Therefore, further elucidation of the underlying mechanisms and
identification of novel strategies are required to improve cisplatin
sensitivity and outcomes in NSCLC.

Exosomes are small vesicles approximately 50-150 nm in diameter.
They are released by almost all cell types and play a key role in cell-cell
communication by transferring abundant molecular components, such
as proteins, RNAs, and even lipids [8,9]. Recently, emerging evidence
revealed that cancer cells release exosomes into the tumor microenvi-
ronment, altering the chemotherapy resistance of recipients [10]. To
date, exosomal miRNAs have been reported as crucial indicators for
multiple cancer types, including NSCLC [11,12]. For instance, Liu et al.
discovered that exosomes derived from gemcitabine-resistant tumor
cells could be internalized by recipient cells and reduced the sensitivity
of these cells to gemcitabine treatment by transferring miR-222-3p [13].
Similarly, Shen et al. reported that a high level of exosomal miR-425-3p
was associated with chemoresistance, which might facilitate malignant
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characteristics in sensitive tumor cells [14]. Interestingly, miR-4443 has
been identified as a key regulator of tumorigenesis and metastasis
[15-18]. A previous study reported that miR-4443 expression was
dramatically upregulated in NSCLC patients with resistance to epi-
rubicin chemotherapy, and this molecule reduced cell apoptosis and cell
cycle arrest by activating the JAK2/STAT3 pathway [19]. Moreover, Qin
et al. profiled the miRNA expression levels between cisplatin-resistant
cells and their parental cells using the NSCLC cell line A549. In their
study, a total of 11 upregulated miRNAs and 31 downregulated miRNAs
were significantly different between cisplatin-resistant A549 cells and
parental cells, as well as between cisplatin-resistant A549 cell-derived
exosomes and A549 cell-derived exosomes. Among these miRNAs,
miR-4443 was the top upregulated miRNA in cisplatin-resistant A549
cell-derived exosomes [20], yet little is known about the role of miR-
4443 in NSCLC resistance to cisplatin treatment.

In this study, we explored the exosomal miR-4443 expression pattern
in clinical NSCLC samples and NSCLC cell lines. Moreover, we discussed
the relationship between miR-4443 and the chemoresistance of NSCLC
to cisplatin. We found that miR-4443 was enriched in exosomes derived
from both cisplatin-resistant clinical NSCLC samples and cisplatin-
resistant NSCLC cell lines. Moreover, functional studies showed that
exosomal miR-4443 could promote cell resistance to cisplatin in NSCLC
via FSP1 m6A-mediated ferroptosis. Our findings revealed the function
of miR-4443 in the chemotherapy response and provided a novel
biomarker to predict the efficacy of cisplatin treatment for patients with
NSCLC.

2. Materials and methods
2.1. Clinical samples

Fresh NSCLC tumor tissue and normal lung tissue samples from pa-
tients were obtained from the People’s Hospital of Zhengzhou Univer-
sity. All patients were diagnosed with NSCLC and previously treated
with cisplatin-based chemotherapy. This experiment was approved by
the People’s Hospital of Zhengzhou University, and written informed
consent was obtained from all patients.

2.2. Exosome isolation and identification

Exosomes derived from tumor and normal lung tissues were isolated
as described previously [21]. Briefly, small pieces of these tissues were
homogenized gently using 75 U/mL collagenase at 37 °C for 1 h. The
tissues were then centrifuged at 300 xg for 5 min at 4 °C. The super-
natants were collected and centrifuged at 2000 xg for 15 min, 10,000 xg
for 30 min, and 100,000 xg for 4 h at 4 °C, followed by purification
using a sucrose cushion. Subsequently, the exosomes were washed with
PBS and resuspended in 200 pL of PBS for further study. For cell-derived
exosome isolation, A549-S (the parental A549 cells) or A549-R cells
were cultured in culture medium containing 10% exosome-free FBS
(Thermo, USA) for 48 h. The conditioned medium was collected and
subjected to series centrifugation as described above.

Exosomes were embedded, cut and observed under a transmission
electron microscope (TEM) (JEM-2100F, Japan) as described in a pre-
vious study [22]. In addition, the size distribution of exosomes was
measured using a NanoSight NS300 system (NTA, Malvern Instruments,
China) following the manufacturer’s instructions. Furthermore, bio-
markers of exosomes, including CD63 (1:1000, Abcam, USA), CD81
(1:1000, Abcam, USA), CD9 (1:1000, Abcam, USA) and Alix (1:1000,
Abcam, USA), were detected by western blots. For determination of
whether exosomes could be taken up by recipients, the pellets were dyed
with PKH67 dye (Beyotime, China) for 1 h at room temperature. After
incubation with A549-S cells for 6 h, labeled exosomes were visualized
under a confocal microscope (FV1000, Olympus, Japan) using a 488 nm
laser. For exosome treatment, A549-S cells were incubated with 20 ng/
mL exosomes (in 100 pL of PBS) derived from cisplatin-resistant tumor
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tissues for 48 h.
2.3. Cell culture

The HEK293T, 16HBE, PGCL3, H460, H1299, and A549 cell lines
were obtained from ATCC (Manassas, USA) and cultured with DMEM
culture medium (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin and streptomycin (Thermo, USA).
For generation of cisplatin-resistant A549 cells (A549-R), parental A549
cells (A549-S) were treated with cisplatin at 10% of the ICso dose and
gradually increasing doses in subsequent passages. The A549-R cells
were maintained in medium containing 1 pg/mL cisplatin (Sigma, USA).

2.4. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

According to the manufacturer’s instructions, total RNA was
extracted from the cells and exosomes using TRIzol reagent (Thermo,
USA). Next, 1 pg of total RNA was reverse-transcribed to cDNA using the
TagMan Reverse Transcription Kit or TagMan microRNA Reverse
Transcription Kit (Applied Biosystems, USA). Subsequently, qRT-PCR
was performed to detect the expression of genes and miRNAs using
SYBR Green (Toyobo, Japan). The results were obtained using the
2722CT method and normalized with U6 or GAPDH. The primers used in
this study were as follows: miR-4443 (human): forward 5'-
GCGCGTTGGAGGCGTG-3/, reverse 5'-AGTGCAGGGTCCGAGGTATT-3;
METTL3 (human): forward 5-GTCCGCGTGAGAATTGGCTA-3', reverse
5'-CGTCCGTCCGGTAAAAGTGA-3’; FSP1 (human): forward 5'-
CGTCTACGCCATTGGTGACT-3’, reverse 5-TGGGATAGCCCAAAA
AGGCT-3'; GAPDH (human): forward 5'-AAGGGCCCTGACAACTCTTTT-
3, reverse 5'-CTGGTGGTCCAGGGGTCTTA-3'; U6 (human): forward 5'-
GAAGCGCGGCCACGAG-3, reverse 5'-AGTGCAGGGTCCGAGGTATT-3'.

2.5. Cell transfection

The miR-4443 inhibitor, mimic and related controls (mimic-NC,
inhibitor-NC), METTL3 overexpression and knockdown vectors
(METTL3-OE, METTL3-KD), FSP1 overexpression and knockdown vec-
tors (FSP1-OE, FSP1-KD) and the empty vector were obtained from
GenePharma (Shanghai, China). For in vitro transfection, the cells were
plated on 6-well plates at a density of 10° cells per well. Next, the cells
were transfected with these reagents (5 pg of all) using Lipofectamine
2000 following the manufacturer’s instructions. After 48 h, the cells
were used for further studies.

2.6. CCK-8 assay and colony formation assay

Cells were plated on 96-well plates (5000 cells/well). After treatment
with 5 pg/mL cisplatin (Sigma, USA) for 0 h-96 h, 10 pL of CCK-8
(Dojindo, Japan) solution was added per well and incubated at 37 °C
for 2 h. The optical density was detected by a microplate reader at 450
nm. For the colony formation assays, 1000 cells were seeded into 6-well
plates and treated with 5 pg/mL cisplatin for 24 h. Subsequently, the
cells were maintained in fresh medium for 7 days. The colonies were
fixed with methanol, stained with hematoxylin and observed using a
light microscope.

2.7. Cell treatment

A549-S cells were exposed to multiple reagents to evaluate
ferroptosis-induced cell death. The dose and conditions of these reagents
were as follows: cisplatin was dissolved in PBS at a final working con-
centration of 5 pg/mlL; erastin (Selleck, China) was diluted using DMSO
and added to cells at a dose of 10 pmol/L; 0.5 pmol/L ferrostatin-1 (in
DMSO, Sigma, USA) or 50 pmol/L deferoxamine (in DMSO, Sigma, USA)
was used; Z-VAD-FMK (20 pmol/L in DMSO, Beyotime, China),
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necrostatin-1 (30 pmol/L in DMSO, Santa, USA) and chloroquine (5 pg/
mL in DMSO, Meilunbio, China) were used to treat cells. After 24 h of
incubation with these reagents, the cells were subjected to CCK-8 assays
to detect cell viability.

2.8. Iron assay

Cells were collected to determine the intracellular ferrous iron level
using an iron assay kit (Abcam, USA). Briefly, after the samples were
washed with PBS several times, they were homogenized and incubated
with an iron reducer on ice for 30 min, followed by incubation with the
iron probe for 1 h. The output was measured by a microplate reader (Bio-
Tek, USA) at 593 nm.

2.9. Reactive oxygen species (ROS) detection

For lipid ROS detection, the cells were seeded on 6-well plates (10°
cells/well) and subjected to different treatments. After the cells were
washed with PBS, they were stained using CellRox Green reagent (5 pM,
Thermo, USA) for 30 min. Nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI). The images were observed under a fluorescence
microscope (Zeiss, Germany).

2.10. Intracellular superoxide detection

After different treatments, the cells (10° cells/well) were incubated
with 5 pM MitoSOX-Red (Invitrogen, USA) for 20 min at 37 °C and
stained for DAPI as described above. The images were observed under a
fluorescence microscope (Zeiss, Germany).

2.11. Western blot

Cells were harvested after different treatments and homogenized
using RIPA buffer. Equal total proteins (30 pg/lane) were loaded and
separated by SDS-PAGE (Bio-Rad, USA). The proteins were transferred
onto PVDF membranes and blocked with 5% BSA for 2 h at room tem-
perature. Next, the membranes were incubated with primary antibodies
against FSP1 (1:1000, Abcam, USA), METTL3 (1:1000, Abcam, USA)
and GAPDH (1:5000, Abcam, USA) at 4 °C overnight, followed by in-
cubation with HRP-conjugated secondary antibodies (1:5000, Abcam,
USA) for 2 h at room temperature. The bands were then developed using
enhanced chemiluminescence chromogenic substrate (GE Healthcare,
UK) and analyzed by ImageJ software. GAPDH was used as a control in
this study.

2.12. Luciferase assay

The 3'-UTR of METTL3 was cloned into the pmiR-RB-REPORT vector
(RiboBio, China). The binding sites were mutated using a site-directed
mutagenesis kit (NEB E0554, USA). HEK293T cells were maintained
in 6-well plates (10° cells/well) and cotransfected with vectors con-
taining the wild-type or mutant 3'-UTR of METTL3 and miR-4443
mimic, inhibitor and related controls using Lipofectamine 2000 re-
agent. After 48 h, luciferase activity was detected using a Dual-
Luciferase Assay System (Promega, USA) according to the manufac-
turer’s instructions.

2.13. m6A RNA methylation quantification

The content of m6A in total RNA was assessed using m6A RNA
Methylation Quantification Kit (Abcam, USA) following the manufac-
turer’s instructions. Briefly, total RNA was mixed with RNA high binding
solution and incubated with the specific capture antibody and detection
antibody. Finally, the m6A signal was developed using the enhancer and
color developing solutions, followed by detection using a microplate
reader at 450 nm.
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2.14. MeRIP-qPCR assay

MeRIP-qPCR was performed according to previous studies [23,24].
The purified total mRNA (100 pg) was isolated and incubated with 2 pg
m6A antibody (Abcam, USA) or normal rabbit IgG (Abcam, USA) and 20
pL of SureBeads protein A/G mixed magnetic beads (Bio-Rad, USA) at
4 °C overnight. The RNAs were then eluted with 200 pL of 0.5 mg/mL
NO-methyladenosine 5-monophosphate sodium salt for 1 h at 4 °C, fol-
lowed by qRT-PCR analysis.

2.15. Animal experiment

The animal experiments were approved by the Ethics Committee of
People’s Hospital of Zhengzhou University. BALB/c nude mice (male, 4
weeks old) were purchased from the Animal Center of Nanjing Univer-
sity with free access to water and food. A549 cells (108 cells per mouse)
transfected with miR-4443 mimic or mimic-NC were injected subcuta-
neously to generate subcutaneous tumors. Tumor volume was recorded
and measured according to the formula as follows: tumor volume =
(length x width?) / 2. Once the volume reached 100 mm?, the mice were
treated with cisplatin (5 mg/kg in PBS) or PBS via intraperitoneal in-
jection. Tumor volume was measured every five days after cisplatin
treatment. Finally, the tumor tissues were removed for weighing and
further studies when the mice were sacrificed.

2.16. H&E staining and immunohistochemistry (IHC) assay

Tumor tissues were collected and fixed with a 10% formaldehyde
solution. The tissues were then embedded in paraffin and cut into 5 pm
sections. The sections were stained with an H&E staining kit (Beyotime,
China) according to the manufacturer’s instructions. For the IHC assay,
the sections of tumor tissues or normal lung tissues were deparaffinized,
rehydrated and heated in a water bath for antigen retrieval. After the
sections were blocked with 1% bovine serum albumin for 2 h at room
temperature, they were incubated with antibodies against METTL3
(1:400, Abcam, USA), FSP1 (1:400, Abcam, USA) and Ki-67 (1:400,
Abcam, USA) overnight at 4 °C, followed by visualization using the Dako
Real EnVision Inspection System (Dako, Denmark). The images were
observed under a light microscope (Nikon, Japan).

2.17. Statistical analysis

Data were analyzed using Prism 8.0 software and are shown as the
mean + SD. Two-tailed Student’s t-test was used to compare two groups.
One-way ANOVA was used for comparisons among multiple groups. p <
0.05 was considered statistically significant.

3. Results

3.1. miR-4443 is enriched in exosomes of cisplatin-resistant NSCLC
tumors

Tumor-derived exosomal miRNAs can be used as specific biomarkers
of prognosis and diagnosis. In this study, we first examined the expres-
sion levels of tumor tissue-derived exosomal microRNAs from NSCLC
patients with low or high responsiveness to cisplatin treatment. Based on
the progression-free survival time, the samples were divided into
cisplatin-resistant (PFS < 6 months) and cisplatin-sensitive (PFS > 6
months) NSCLC. Exosomes were isolated from tumor tissues and normal
tissues and characterized by transmission electron microscopy and NTA
analysis. As shown in Fig. 1A and B, tissue-derived vesicles displayed a
round structure approximately 100 nm in diameter, and all four positive
protein markers of exosomes, CD63, CD81, CD9, and Alix, were
expressed in these vesicles, indicating that we successfully obtained
exosomes (Fig. 1C). Next, the expression levels of miR-4443 in normal
tissue and cisplatin-sensitive (Cis—S) and cisplatin-resistant (Cis-R)
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tumor tissues were monitored using qRT-PCR. Compared with that of
the control, the mean expression level of miR-4443 was approximately
3-fold lower in the Cis-S samples and approximately 1.5-fold higher in
the Cis-R samples (Fig. 1D). In addition, we profiled the expression
levels of miR-4443 in a panel of NSCLC cell lines, such as A549 (denoted
as A549-S in this article), NCL—H1299, NCL-H460 and PGCL3, as well
as cisplatin-resistant A549 (A549-R) and H460 (H460-R) cells. The re-
sults showed that miR-4443 was significantly upregulated in A549-R
cells and H460-R cells compared with normal bronchial epithelial cells
(16HBE) (Figs. 1E, S1). miR-4443 expression was approximately 15
times higher in exosomes derived from A549-R cells than in exosomes
derived from A549-S cells (Fig. 1F), similar to the results in clinical
samples (Fig. 1D). Therefore, we used the A549 cell line for further
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study.

3.2. Exosomal miR-4443 induces cisplatin resistance in A549 cells

To explore the effect of miR-4443 in tumor exosomes on the
responsiveness to cisplatin treatment, we cocultured A549-S cells with
exosomes released by fresh NSCLC tumor tissues from patients of similar
ages. All these patients were diagnosed with NSCLC and previously
treated with cisplatin-based chemotherapy. Exosomes from those who
were sensitive or resistant to cisplatin treatment were labeled Cis-S and
Cis-R, respectively. As shown in Fig. 2A, we observed that these exo-
somes could be taken up by A549-S cells, as evidenced by a clear green
signal (PKH67) inside the recipient cells. In addition, Cis-R-derived

m
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o i

Fig. 1. miR-4443 expression is increased in cisplatin-resistant tissues and cell-derived exosomes. A. A representative image of the transmission electron micrograph is
presented for the tumor tissue-derived exosomes. Bar = 100 nm. B. The size of tumor tissue-derived exosomes was determined using NanoSight particle tracking
analysis (NTA). C. Representative blots were performed to determine the expression of CD63, CD81, CD9, and Alix in normal tissue and tumor tissue-derived
exosomes. D. The expression of exosomal miR-4443 from cisplatin-sensitive tumor (Cis-S), cisplatin-resistant tumor (Cis-R) and normal lung tissues was detected
by qRT-PCR. **p < 0.01, ***p < 0.001 vs. the normal tissue group. E. The expression of miR-4443 in NSCLC cells (PGCL3, H460, H1299, A549-S, and A549-R) and
normal cells (16HBE) was detected by qRT-PCR. ***p < 0.001 vs. the 16HBE cell group. F. The abundance of exosomal miR-4443 derived from A549-S and A549-R

cells was evaluated by qRT-PCR. ***p < 0.001 vs. the A549-S cell group. Data are presented as the mean =+ SD of three independent experiments.
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Fig. 2. Exosomal miR-4443 induces cisplatin resistance in recipient cells. A. Representative confocal microscopy images showing exosome internalization in A549-S
cells after coincubation with PKH67-labeled exosomes derived from cisplatin-resistant or cisplatin-sensitive tumor tissues. The nuclei were stained by DAPI. Bar = 25
pm. B and C. After coincubation with exosomes from Cis-R for 48 h and then cisplatin treatment for 0-96 h, the level of miR-4443 in the A549-S cells and the cell
viability were assessed by qRT-PCR and CCK-8 assays, respectively. The control cells were treated with an equal volume of PBS. **p < 0.01 vs. the control group; #p
< 0.05, ##p < 0.01 vs. the cisplatin-treated group. D. After incubation with miR-4443 mimic, inhibitor and related controls (mimic-NC, inhibitor-NC), the levels of
miR-4443 in A549-S and A549-R cells were detected by qRT-PCR. The control group was untreated. **p < 0.01 vs. the mimic-NC or inhibitor-NC group. E. The
viability of A549-S and A549-R cells was assessed by CCK-8 assays after different transfections and treatment with 5 pg/mL cisplatin for 0-96 h. ***p < 0.001 vs. the
related control group (cis + mimic-NGC, cis + inhibitor-NC). F. Cell proliferation of A549-S or A549-R cells after different treatments was analyzed by colony assays.
Data are presented as the mean + SD of three independent experiments.
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exosomes significantly increased the miR-4443 expression level and
significantly reversed the reduction in cell viability induced by cisplatin
treatment (Fig. 2B and C). Moreover, gain- and loss-of-function experi-
ments of miR-4443 expression in A549 cells were performed. The results
showed that miR-4443 expression was upregulated significantly in the
miR-4443 mimic-transfected A549-S cells, whereas expression of this
microRNA was dramatically downregulated in the A549-R cells trans-
fected with miR-4443 inhibitor (Fig. 2D). Ectopic expression of miR-
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4443 dramatically decreased the sensitivity of A549-S cells, while
silencing of miR-4443 expression using an inhibitor significantly sensi-
tized A549-R cells to cisplatin compared with the related control group
(cis + inhibitor-NC, Fig. 2E). A similar trend was also observed in the
colony assay upon the same treatments (Fig. 2F). These findings indi-
cated that miR-4443 in exosomes could alter the cisplatin resistance of
recipient cells.
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Fig. 3. Cisplatin induces ferroptosis of A549-S cells. A. A549-S cells received different treatments for 24 h. Cell viability was determined by CCK-8 assays. **p < 0.01
ys. the DMSO group; #p < 0.05, ##p < 0.01 vs. the cisplatin-treated group; $$p < 0.01 vs. the erastin- or RSL-3-treated group. B. A549-S cells received cisplatin,
erastin, Fer-1, cisplatin + Fer-1 or erastin + Fer-1 treatments for 24 h. Iron accumulation was determined by iron assays. ***p < 0.001 vs. the DMSO group; ##p <
0.01 vs. the cisplatin-treated group; $$p < 0.01 vs. the erastin-treated group. C and D. The lipid ROS and MitoSOX levels in the A549-S cells after different treatments
were analyzed. Bar = 20 pm. E. Representative blots showing the expression of FSP1 in A549-S cells after different treatments. Data are presented as the mean + SD

of three independent experiments.
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3.3. Cisplatin inhibits tumor proliferation by inducing cell ferroptosis

As a potent antitumor agent in the clinic, cisplatin works mainly by
inducing DNA lesions and programmed cell death in tumor cells. In this
study, 24 h of cisplatin treatment markedly induced cell death in A549-S
cells compared with that of the DMSO group (Fig. 3A). Cisplatin can
cause several forms of cell death, including pyroptosis, apoptosis, fer-
roptosis, and autophagy [25-27]. To determine which is the major
mechanism of cell death during cisplatin treatment, we used different
inhibitors, such as Z-VAD-FMK (apoptosis inhibitor), necrostatin-1 (ne-
crosis inhibitor), chloroquine (autophagy inhibitor), ferrostatin-1 and
deferoxamine (Fer-1, DFO, two ferroptosis inhibitors), to treat A549-S
cells. The results showed that although cisplatin-induced cell death
could be reversed by both the apoptosis inhibitor Z-VAD-FMK and the
ferroptosis inhibitors Fer-1 and DFO, the latter showed a stronger effect
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(Figs. 3A, S2). To verify whether ferroptosis is a major mechanism of cell
death caused by cisplatin-treated A549-S cells, we added the ferroptosis
inducers erastin and RSL-3 to the culture medium. These inducers
significantly reduced cell viability compared with that of the DMSO
group, and this reduction was abolished with the addition of Fer-1, a
ferroptosis inhibitor (Fig. 3A). Furthermore, both cisplatin and erastin
effectively increased the ferrous iron content, intracellular superoxide
level and ROS accumulation in A549-S cells, and these effects were
significantly reversed by Fer-1 (Fig. 3B, C and D). Consistently, western
blot analysis indicated that cisplatin inhibited the expression of FSP1,
which is an essential ferroptosis suppressor. A combination of cisplatin
and Fer-1 re-increased FSP1 expression. A similar trend was observed
when cells were cotreated with erastin and Fer-1 (Fig. 3E). These find-
ings confirmed that ferroptosis was the main form of cell death induced
by cisplatin; therefore, we investigated whether miR-4443 plays a role in

C
Cis Cis

miR-4443 mimic mimic-NC miR-4443 mimic

mito
SOX

DAP

Fig. 4. miR-4443 alters cisplatin resistance of A549-S cells by suppressing ferroptosis. A. After transfection with mimic-NC or miR-4443 mimic, A549-S cells were
exposed to cisplatin (5 pg/mL) and erastin (10 pmol/L) or Fer-1 (0.5 pmol/L) for 48 h. Cell viability was determined by CCK-8 assays. **p < 0.01 vs. the mimic-NC
group. B, C and D. Lipid ROS levels, MitoSOX levels and iron accumulation in A549-S cells after different treatments were analyzed. Bar = 20 pm. **p < 0.01 vs. the
cis + mimic-NC group. E. Representative blots showing the expression of FSP1 in A549-S cells transfected with mimic-NC or miR-4443 mimic upon cisplatin
treatment are shown. Data are presented as the mean + SD of three independent experiments.



Z. Song et al.

this cisplatin-induced ferroptotic process.
3.4. miR-4443 promotes cisplatin resistance by suppressing ferroptosis

Next, to confirm the role of miR-4443 in cisplatin-induced ferrop-
tosis, we transferred a miR-4443 mimic into A549-S cells subjected to
the combination of cisplatin and erastin. CCK-8 assays revealed that the
overexpression of miR-4443 increased A549-S cell viability compared
with transfection with the mimic-NC (Fig. 4A). Interestingly, after
treatment with both cisplatin and Fer-1, the cell viability of the miR-
4443-enriched cells was still higher than that of the mimic-NC group,
indicating that ferroptosis might not be the only pathway through which
miR-4443 affects A549 resistance to cisplatin (Fig. 4A). We then
analyzed lipid peroxidation and iron accumulation. As shown in Fig. 4B
and C, the increased lipid ROS level and intracellular superoxide level
induced by cisplatin treatment were suppressed by the overexpression of
miR-4443. In addition, the upregulation of miRNA expression signifi-
cantly reduced iron accumulation in A549-S cells upon cisplatin treat-
ment (Fig. 4D). Furthermore, FSP1 expression was increased in the miR-
4443-overexpressing cells compared with the mimic-NC-transfected
cells (Fig. 4E).

3.5. miR-4443 regulates FSP1 m6A methylation

Methyltransferase-like 3 (METTL3), known as a methyltransferase
that is responsible for N°-methyladenosine (m®A) methylation, was
proven to participate in tumor resistance to cisplatin and NSCLC cell
proliferation [28,29]. Based on bioinformatics analysis (www.targe
tscan.org), we found that METTL3 was a target gene of miR-4443
(Fig. 5A). For determination of whether METTL3 interacted with miR-
4443 in cells, luciferase reporter vectors containing the wild-type
(WT) or mutant (MUT) 3'-UTR of METTL3 were generated and trans-
fected into HEK293T cells with upregulation or downregulation of miR-
4443 expression. As shown in Fig. 5B, overexpression of miR-4443
markedly inhibited the luciferase activities of METTL3-WT, while inhi-
bition of miR-4443 expression led to an increase in the luciferase ac-
tivities of METTL3-WT but not those of the mutant, suggesting that
METTL3 was a direct target of miR-4443. Next, we transfected miR-4443
into A549-S cells and miR-4443 inhibitor into A549-R cells to test the
effect of miR-4443 on METTL3 expression. The results of western blot-
ting demonstrated that METTL3 expression was decreased by miR-4443
transfection in A549-S cells and was increased when miR-4443 expres-
sion was inhibited in A549-R cells (Fig. 5C). However, the METTL3
mRNA levels were not affected by miR-4443 in these cells (Fig. 5D). In
addition, we confirmed that METTL3 expression affected cell resistance
to cisplatin using a CCK-8 assay. The transfection efficiencies of the
METTL3-OE and METTL3-KD vectors were measured by qRT-PCR in
these cells (Fig. 5E). Inhibition of METTL3 dramatically decreased the
sensitivity of A549-S cells, whereas overexpression of METTL3 signifi-
cantly sensitized A549-R cells to cisplatin (Fig. 5F).

Since METTL3 is a methyltransferase that carries out m6A methyl-
ation, we further explored whether m6A modification is involved in
cisplatin-induced ferroptosis. The results showed that there was a 2-fold
reduction in total m6A content in the miR-4443-overexpressing A549-S
cells, while there was almost 2-fold enrichment in the miR-4443-
silenced A549-R cells compared with the controls (Fig. 6A). FSP1 is a
glutathione-independent ferroptosis suppressor [30]. Through bioin-
formatics analysis (http://m6avar.renlab.org/), we found five m6A sites
with very high confidence at positions 2270, 2413, 4241, 4245 and
16,006 in FSP1 mRNA, suggesting that the expression of FSP1 tended to
be controlled by m6A modification (Fig. 6B). Subsequently, our data
showed that decreased m6A enrichment of FSP1 and upregulated mRNA
levels of FSP1 could be observed in the miR-4443 mimic-transfected
A549-S cells. In contrast, m6A enrichment of FSP1 was increased and
FSP1 mRNA expression was decreased in A549-R cells after treatment
with the miR-4443 inhibitor (Fig. 6C). Consistently, overexpression of
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miR-4443 in A549-S cells inhibited METTL3 and enhanced FSP1
expression at the protein level, while silencing of miR-4443 suppressed
FSP1 protein levels and upregulated METTL3 expression in A549-R cells
(Fig. 6D). Additionally, transfection of the METTL3-KD vector enhanced
both FSP1 mRNA and protein expression in A549-S cells compared with
that of the control. Consistently, METTL3 overexpression markedly
suppressed FSP1 expression at the mRNA and protein levels. Cotrans-
fection with the FSP1-OE vector reversed the inhibitory effect of
METTL3 in A549-R cells (Fig. 6E and F).

3.6. miR-4443 regulated cisplatin resistance through the METTL3/FSP1
pathway in vivo

To assess whether miR-4443 was an essential contributor to cisplatin
resistance, we sought to determine whether overexpression of miR-4443
could reduce sensitivity to cisplatin in vivo. The mice injected with A549-
S cells developed tumors resembling human NSCLC and were subjected
to cisplatin treatment. Overexpression of miR-4443 abolished the
inhibitory effect of cisplatin, resulting in a larger tumor size and weight
than that of the mimic-NC-transfected tumors (Fig. 7A, B, and C).
Consistently, in these tumor tissues from mice, a high level of miR-4443
inhibited tumor death caused by cisplatin by reducing the expression
level of METTL3 and increasing the level of FSP1, which resulted in a
higher expression level of the proliferation marker Ki-67 (Fig. 7D).
Furthermore, we assessed the expression of FSP1 and METTL3 in clinical
samples. As shown in Fig. 7E, a low METTL3 level and high FSP1 level
were observed in the cisplatin-resistant tumor samples from patients,
suggesting that miR-4443 played important roles in NSCLC resistance to
cisplatin treatment via the METTL3/FSP1-mediated ferroptosis
pathway.

4. Discussion

Resistance to cisplatin is still a major challenge in the treatment of
NSCLC. As noted earlier, abundant evidence has shown that exosomes
are a key mediator of resistance by transferring their contents. In this
study, we compared the expression level of miR-4443 between exosomes
derived from cisplatin-resistant and cisplatin-sensitive tumor tissues and
cell lines. Further, we revealed the effect of miR-4443 on cisplatin
resistance. Our findings indicated that the miR-4443 level was signifi-
cantly upregulated in cisplatin-resistant tumor-released exosomes.
Based on functional studies, we found that miR-4443 could be trans-
ferred to sensitive cells by exosomes and conferred chemoresistance in
recipient cells. In addition, we confirmed that overexpression of miR-
4443 in the sensitive cells reversed cisplatin-induced inhibition of
viability, but knockdown of this miRNA in the resistant cells enhanced
this effect. These data suggested that the expression of miR-4443 could
regulate cellular sensitivity to cisplatin. Through bioinformatics analysis
and luciferase assays, we found that METTL3 was a target gene of miR-
4443. Further mechanistic analysis showed that miR-4443 regulated cell
resistance to the expression of FSP1 in an m6A-dependent manner via
METLL3.

Cisplatin is known to induce DNA lesions and activate programmed
cell death, such as pyroptosis, apoptosis, and autophagy. Ferroptosis is a
kind of iron- and oxidation-dependent death characterized by increased
reactive oxygen species (ROS) and lipid peroxidation [31]. To date,
ferroptosis is considered a novel process involved in the regulation of
cell survival and death induced by cisplatin [32]. For example, re-
searchers found that cisplatin treatment could also increase ROS levels
and disrupt oxidative stress to induce cell death [33]. During this pro-
cess, nuclear factor erythroid 2-related factor 2 and glutathione perox-
idase 4 expression was inhibited in response to cisplatin [34,35]. In this
study, we revealed that cisplatin led to low cell viability of A549-S cells,
similar to erastin or RSL-3 treatment. Moreover, the inhibited cell
viability caused by cisplatin could be partially reversed by apoptosis
inhibitors and, more obviously, by ferroptosis inhibitors, indicating that
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Fig. 5. METTLS3 is a direct target of miR-4443. A. Putative targeting sequences of METTL3 and miR-4443 were predicted by the TargetScan database. B. Analysis of
luciferase activity was performed in HEK293T cells cotransfected with miR-4443 mimic, inhibitor or related controls and METTL3-WT or METTL3-MUT vector. **p
< 0.01 vs. the mimic-NC or inhibitor-NC group. C. Representative blots and analyses were performed for the expression of METTL3 in A549-S cells transfected with
mimic-NC or miR-4443 mimic or in A549-R cells transfected with inhibitor-NC or miR-4443 inhibitor. **p < 0.01 vs. the mimic-NC or inhibitor-NC group. D. The
mRNA expression of METTL3 in these cells after different transfections. E. After transfection with METTL3-OE, METTL3-KD or empty vector for 48 h, the level of
METTL3 in the A549-S or A549-R cells was determined by qRT-PCR. F. After different transfections, the cells were subjected to cisplatin treatment for 0-48 h, and cell
viability was assessed by CCK-8 assays. *p < 0.05, **p < 0.01 vs. the vector group. Data are presented as the mean + SD of three independent experiments.
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ferroptosis is the main form of cell death caused by this chemical
treatment. Cisplatin also induced ferrous iron and lipid ROS accumu-
lation to activate the intracellular superoxide response in A549-S cells.
The inhibition of ferroptosis via cotreatment with Fer-1 significantly
abolished these effects. In addition, through western blot analysis, we
found that cisplatin initiated ferroptosis by suppressing FSP1 [36]. To
determine whether miR-4443 improves cancer cell drug resistance by
inhibiting ferroptosis, we transferred miR-4443 to A549-S cells, fol-
lowed by exposure to cisplatin combined with erastin or Fer-1. Over-
expression of miR-4443 partially inhibited the potentiation of erastin in
A549-S cells, while it enhanced the effect of Fer-1. In addition, miR-4443
inhibited key processes and markers of ferroptosis, including intracel-
lular superoxide, ROS levels and ferrous iron production, and enhanced
FSP1 expression in the cisplatin-exposed A549-S cells, indicating that
the antiferroptotic effect of miR-4443 might be the reason for failure of
cisplatin treatment.

Subsequently, we investigated the possible mechanism by which
miR-4443 is involved in cisplatin-induced ferroptosis. Based on the
bioinformatic analysis, we identified many miR-4443 target genes.
Genes related to DNA repair, cell apoptosis, and cell ferroptosis ranked
at the top of our list for further study. Since METTL3 is known to
participate in cell resistance to cisplatin and NSCLC cell proliferation,
we experimentally confirmed the interaction between miR-4443 and
this gene using a luciferase assay. Moreover, METLL3 was proven to
affect chemoresistance to cisplatin in A549 cells, which was consistent
with previous studies [37,38]. METTL3, an essential N6-
methyladenosine (m6A) methyltransferase, is involved in several bio-
logical processes, including chemoresistance [39,40], by facilitating
mRNA biogenesis, decay and translation [41,42]. Jiang et al. revealed
that m6A methylation regulated cell cycle functions to affect afatinib
resistance in NSCLC [43]. In vivo data also found that FTO-dependent
mRNA m6A hypomethylation was associated with enhanced tyrosine
kinase inhibitor tolerance and led to a higher growth rate of tumors
[44]. In the study of Dash et al., inhibition of m6A modification had a
key role in cisplatin treatment failure in oral squamous cell carcinoma
[45]. Here, we found that the high expression of miR-4443 decreased the
m6A methylation level of FSP1 in A549-S cells, while silencing the
expression of this microRNA increased the methylation of FSP1 in A549-
R cells, suggesting that miR-4443 might confer cisplatin resistance by
regulating METTL3-mediated m6A modification. Further, based on the
bioinformatics analysis, five m6A sites with very high confidence were
predicted in the mRNA of SFP1. Overexpression of miR-4443 in A549-S
cells inhibited METTL3-induced m6A methylation and enhanced FSP1
expression at the mRNA and protein levels, whereas silencing of this
microRNA had the opposite effect in A549-R cells. Gain- and loss-of-
function analyses also confirmed that METTL3 negatively regulated
FSP1 expression. Moreover, a similar trend of METTL3/FSP1 pathway
expression was observed in our in vivo study using clinical samples. In
summary, our present study found that high expression of miR-4443
negatively regulated METTL3-induced FSP1 m6A modification to
inhibit cisplatin-induced ferroptosis and thus conferred cisplatin resis-
tance in NSCLC.

MicroRNAs mainly regulate gene expression and are implicated in
processes related to cisplatin resistance or sensitivity, such as cell cycle
control, apoptosis, and DNA damage repair [46-48]. Therefore, miRNAs
are not only used as chemoresistant markers but also as promising
therapeutic agents to enhance lung cancer cell sensitivity. Deviations in
the regulation of certain miRNAs may influence many mechanisms and
hence contribute to chemo/radioresistance or chemo/radiosensitivity
[49]. In this work, we showed that a high level of exosomal miR-4443
conferred cisplatin resistance in NSCLC via METTL3/FSP1-mediated
ferroptosis. Our findings provide more in-depth insight into the che-
moresistance of NSCLC and support a novel anticancer strategy by
restoring METTL3/FSP1-mediated ferroptosis in tumor cells.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.1fs.2021.119399.
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