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Original Article

Inhibition of miR-9-3p facilitates ferroptosis by activating SAT1/
p53 pathway in lung adenocarcinoma
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Background: Lung adenocarcinoma (LUAD) is the most common subtype of non-small cell lung cancer 
(NSCLC) and accounts for about 40% of all lung cancer cases. This research aims to investigate the effects of 
miR-9-3p on ferroptosis in LUAD cells and to elucidate its regulatory mechanisms. Studies have shown that 
LUAD is related to ferroptosis, and specific microRNAs (miRNA) are also related to ferroptosis. However, 
further research is needed to elucidate the mechanisms by which miR-9-3p induces ferroptosis in LUAD.
Methods: Our study comprehensively analyzed multiple databases to investigate miR-9-3p expression 
in LUAD tissues. Quantitative polymerase chain reaction (qPCR) was utilized to detect miR-9-3p levels 
in LUAD cells and tissues, examining its prognostic significance. Reactive oxygen species (ROS) and 
superoxide dismutase (SOD) assays assessed the impact of miR-9-3p on lipid peroxidation in LUAD cells. 
Dual-luciferase reporter assays were conducted to evaluate the binding affinity between miR-9-3p and target 
genes, while Western blotting and immunofluorescence were used to examine the regulation of miR-9-3p on 
downstream signaling pathways.
Results: We observed that miR-9-3p was upregulated in LUAD cells by qPCR, and the ferroptosis of 
LUAD cells increased upon treatment with erastin following the transfection of miR-9-3p inhibitor. Cell 
Counting Kit-8 (CCK-8), ROS, and SOD activity assays confirmed that inhibiting miR-9-3p enhanced lipid 
peroxidation in LUAD cells, contributing to higher rates of ferroptosis. Subsequent dual-luciferase reporter 
assays validated spermidine/spermine N1-acetyltransferase 1 (SAT1) as a target gene of miR-9-3p. Further 
Western blot confirmed that miR-9-3p regulated the expression of SAT1 and p53 proteins in p53 wild-type 
(WT) LUAD cells. Rescue experiments demonstrated that SAT1 was necessary for miR-9-3p to promote 
cell proliferation and suppress ferroptosis in p53 WT LUAD cells. Additionally, the effect of miR-9-3p on 
ferroptosis in LUAD cells was regulated by p53 signaling pathway.
Conclusions: Overall, these findings demonstrate that miR-9-3p negatively regulates ferroptosis in 
LUAD cells through SAT1 and p53 signaling pathway, suggesting that miR-9-3p plays a crucial role in 
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Introduction

Lung cancer is characterized by high mortality rates (1), 
and can be classified into small cell lung cancer (SCLC) and 
non-SCLC (NSCLC) (2). Among the NSCLC histological 
types,  lung adenocarcinoma (LUAD) is  the most  
prevalent (3). Of note, the majority of patients with LUAD 
are diagnosed at advanced stages of the disease. Despite 
advancements in treatment, including immunotherapy, over 
recent decades, a significant proportion of patients with 
LUAD have shown limited response, and the prognosis of 
LUAD remains grim, with a 5-year survival of 8% (4-6). 

Thus, it is vital to identify new biological targets that can 
aid in the treatment of LUAD (7,8).

Several studies have demonstrated the link between 
LUAD and ferroptosis (9,10). Ferroptotic cell death, 
in i t ia l ly  d i scovered in  2012,  i s  funct ional ly  and 
morphologically different from necrosis or apoptosis (11).  
This iron-dependent process is characterized by elevated 
reactive oxygen species (ROS) and extensive lipid 
peroxidation within cells (12), resulting in alterations in 
mitochondrial function and morphology, as well as an 
increase in mitochondrial membrane density (13). In this 
context, Fe2+ within cells can catalyze the peroxidation of 
unsaturated fatty acids in the cell membrane, ultimately 
promoting cell death (14). Enhanced ferroptotic activity can 
be detected, in part, through key antioxidant factors like 
glutathione (GSH) and GSH peroxidase 4 (GPX4) (15,16). 
However, more research on LUAD and ferroptosis needs to 
be explored further.

MicroRNAs (miRNAs) are short, highly conserved 
noncoding transcripts consisting of approximately 22 
nucleotides. They primarily affect cellular behaviors such as 
proliferation, autophagy, and survival by regulating specific 
target genes posttranscriptionally (17-19). Recent work has 
also linked specific miRNAs to ferroptotic activity (20,21). 
For example, miR-424-5p targets acyl-CoA synthetase 
long-chain family member 4 (ACSL4) to inhibit ferroptosis 
in ovarian cancer cells (22); miR-190a-5p controls 
cardiomyocyte ferroptosis (23); and miR-19a suppresses 
recombinant iron responsive element binding protein 2 
(IREB2) expression to prevent ferroptosis induction in 
colorectal cancer cells (24). MiR-9-3p, a mature form of 
miR-9, has been extensively studied and has been found to 
be involved in tumor development across various cancer 
types (25,26). While many studies have explored the roles of 
miRNAs in LUAD (27-30), the specific connection between 
miR-9-3p and ferroptosis, as well as its role in LUAD, has 
not been documented thus far.

In this study, the impact of miR-9-3p on ferroptosis was 
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investigated in LUAD cells. To explore its role, LUAD 
cells were treated with a widely studied ferroptosis inducer, 
erastin (31,32). Additionally, the regulatory mechanism 
underlying miR-9-3p’s involvement in ferroptotic cell in 
LUAD was examined by transfecting immortalized LUAD 
cells with either miR-9-3p mimic or inhibitor. We present 
this article in accordance with the ARRIVE and MDAR 
reporting checklists (available at https://tlcr.amegroups.
com/article/view/10.21037/tlcr-24-762/rc).

Methods

Patient tissue specimens

Fresh tumor tissues and adjacent non-tumor tissues 
were obtained from the Affiliated Hospital of Nantong 
University. All patients included in the study were diagnosed 
with LUAD based on clinical and pathological assessments. 
Following excision, the tissues were promptly stored in 
liquid nitrogen and subsequently preserved in a freezer set 
at −80 ℃ for subsequent RNA or protein extraction. For 
human experiments, the study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). 
The study was approved by the Ethics Committee of the 
Affiliated Hospital of Nantong University (ethical review 
report number: 2022-L165) and informed consent was 
obtained from all individual participants.

Cell culture and cell transfection

The human NCI-H1299, PC9, A549, NCI-H1975, 
HCC827, NCI-H23, and NCI-H1650 NSCLC cell lines 
(mycoplasma-free cells) were obtained from the National 
Collection of Authenticated Cell Cultures, Chinese 
Academy of Sciences (Shanghai, China). All cells were 
cultured in RPMI-1640 medium (Corning, Corning, NY, 
USA) containing 1% penicillin-streptomycin-amphotericin 
B (Beyotime, Shanghai, China) and 10% fetal bovine 
serum (FBS) in a 37 ℃, 5% CO2 incubator. Lipofectamine 
3000 (Invitrogen, Waltham, MA, USA) was used to 
transfect cells based on the provided instructions. For 
the relevant experiments, cells were treated with specific 
compounds, including erastin, ferrostatin-1, Z-VAD-FMK, 
or necrostatin-1 (MedChemExpress, Shanghai, China). 
The final concentration of miR-mimics and inhibitors is  
50 nM. The sequences of the miR-9-3p mimic and inhibitor 
used in the study are provided as follows: miR-9-3p mimic 
negative control (NC) sequence: UUUGUACUACAC 

A A A A G U A C U G ;  m i R - 9 - 3 p  m i m i c  s e q u e n c e : 
A U A A A G C U A G A U A A C C G A A A G U ;  m i R - 9 -
3p inhibitor NC sequence: CAGUACUUUUGUG 
U A G U A C A A A ;  m i R - 9 - 3 p  i n h i b i t o r  s e q u e n c e : 
ACUUUCGGUUAUCUAGCUUUAU. The spermidine/
spermine N1-acetyltransferase 1 (SAT1) knockdown 
plasmid sequence included the sh1-SAT1 sequence 
GAGGGTTGGAGACTGTTCA and the sh2-SAT1 
sequence GCACATGCACTTCTTGGT. TP53 status of 
these cell lines was displayed in Table S1.

Quantitative polymerase chain reaction (qPCR)

TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) 
was used to extract RNA from tissues or cells, followed 
by the preparation of cDNA with a PrimeScript RT kit 
(Thermo Fisher Scientific). The qPCR analyses were 
conducted on a Roche Lightcycler 480 (Roche, Basel, 
Switzerland) with the following thermocycler settings: 
95 ℃ for 10 min; 45 cycles of 90 ℃ for 15 s, 42 ℃ for 
30 s, and 70 ℃ for 30 s. A melt curve analysis was then 
conducted to confirm the specificity of the amplification. 
Relative expression was assessed using the 2−ΔΔCt method, 
and 18S served as a normalization control. The primers 
for qPCR used were listed below: SAT1 forward, 5'- 
ACCCGTGGATTGGCAAGTTAT-3'; SAT1 reverse, 5'- 
TGCAACCTGGCTTAGATTCTTC-3'; 18S forward, 
5'-CGGCTACCACATCCAAGGAA-3'; 18S reverse, 
5'-GCTGGAATTACCGCGGCT-3'.

Luciferase reporter assays

Cells in 24-well plates were co-transfected with miR-9-3p 
mimic and wild-type (WT) SAT1 or mutant SAT1 reporter 
plasmids using Lipofectamine 3000 (Invitrogen). At 48 hours 
after transfection, luciferase activity in the cell lysates was 
measured using a dual luciferase kit (Vazyme, Nanjing, 
China). The experiments were repeated in triplicate.

Viability assay

A Cell Counting Kit-8 (CCK-8; MedChemExpress) was 
utilized according to the manufacturer’s instructions. After 
plating cells in 96-well plates (3,000/well) for 24 hours, 
medium supplemented with 10 μL of CCK-8 reagent was 
added to each well. The plates were further incubated for 
2 hours at 37 ℃, and then the absorbance was measured at 
450 nm.

https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-762/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-762/rc
https://cdn.amegroups.cn/static/public/TLCR-24-762-Supplementary.pdf
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5-ethynyl-2'-deoxyuridine (EdU) uptake assay

Cell proliferation was assessed with a EdU kit (RiboBio, 
Guangzhou, China). After transfection, cells were added 
to 24-well plates (3×104/well) and incubated for 24 hours, 
followed by the addition of EdU solution (50 mM) to each 
well. Following a 2-hour incubation, the cells were fixed 
with precooled 4% paraformaldehyde for half an hour. After 
5 min of decolorization with glycine, the cells were washed 
with phosphate-buffered saline (PBS). Cells were incubated 
in a shaker with penetrant (PBS of TritonX-100) for  
10 min. The cells were stained with Apollo and Hoechst 
33342 solution, and a fluorescence microscope was used to 
assess the rate of cell EdU positivity.

Transwell assays

For migration and invasion assays, 7×104 and 5×104 cells 
in 500 µL of serum-free medium were added to the upper 
chamber of uncoated and Matrigel-coated Transwell inserts, 
respectively, with 600 µL of RPMI-1640 supplemented with 
20% FBS added to the lower chamber in both cases. After 
incubation for 24–48 hours incubation, cells in the upper 
chamber were brushed away using a cotton swab, while 
those in the lower chamber were fixed for 30 min using 4% 
paraformaldehyde, stained for 15 min with crystal violet, 
and subsequently counted under a microscope.

Colony formation assays

After plating in 6-well plates (1,000/well) and incubation for 
2 weeks, cells were subjected to fixation for 30 min using 4% 
paraformaldehyde (Biosharp, Shanghai, China), and staining 
for 15 min with 0.1% crystal violet (Biosharp). Then the 
visible colonies were counted.

Western blotting

Lysis buffer containing phenylmethylsulfonyl fluoride 
(PMSF; SolarBio, Beijing, China) was used to extract 
proteins from samples, and a bicinchoninic acid (BCA) 
protein detection kit (P0009, Beyotime) was used 
to calculate protein concentrations prior to protein 
separation via sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). The proteins were then 
transferred to polyvinylidene fluoride (PVDF) membranes, 
and blots were blocked for a 2-hour interval using 5% 
skim milk at room temperature, incubated overnight 

with primary antibodies (1:1,000) at 4 ℃, and probed 
at room temperature for 2 hours with secondary anti-
rabbit immunoglobulin G (IgG; 1:10,000; Proteintech, 
Wuhan, China) after three washes with Tris-buffered 
saline with Tween 20 (TBST). After being washed more 
than three times, the protein bands were detected with a 
high-sensitivity enhanced chemiluminescence (ECL) kit 
(Vazyme), and ImageJ was used for densitometric analyses. 
Primary antibodies targeting the following proteins 
were used: SAT1 (1:1,000; Proteintech), p53 (1:1,000; 
Proteintech), solute carrier family 7 member 11 (SLC7A11; 
1:1,000; Proteintech), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH; 1:1,000; Proteintech).

Intracellular ROS analyses

ROS levels in cells were measured with 2,7-dichlorofluorescein 
diacetate (DCFH-DA; Beyotime) based on the provided 
instructions. Initially, cells in 6-well plates were rinsed with 
PBS, and then, 1 μL of DCFH-DA was combined with  
1 mL of serum-free medium in each well, followed by a 30 min 
incubation at 37 ℃ under protection from light. Following 
three consecutive washes with PBS, the cells were subjected to 
flow cytometry analysis.

Measurement of malondialdehyde (MDA) levels

An MDA kit (Beyotime) was employed to assess the extent 
of lipid peroxidation within cells and measure ferroptotic 
cell death. Samples were combined with an MDA detection 
working solution based on the provided instructions, 
followed by boiling for 15 min at 100 ℃. After subsequent 
centrifugation at room temperature, the absorbance of the 
samples was assessed at 532 nm.

Intracellular reduced GSH/oxidized GSH (GSH/GSSG) 
content measurements

Reduced and GSSG levels in treated cells were measured 
with a commercial kit (Beyotime) based on the provided 
instructions. Briefly, cells were collected in a detection 
buffer, frozen in liquid nitrogen, thawed three times, and 
centrifuged for 10 min, the supernatants were collected 
for analysis. GSH/GSSG reagent was then added to 
the supernatants, mixed and rested for 2 min at room 
temperature. The absorbance at 412 nm was then assessed, 
with blank and positive control samples being analyzed in 
parallel. GSH/GSGG content levels were quantified using 
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an appropriate formula.

Superoxide dismutase (SOD) activity analysis

Cellular SOD activity was used as a gauge for intracellular 
ferroptosis and was measured with an SOD kit (Beyotime). 
Initially, cells were lysed, and the lysates were centrifuged to 
collect supernatants for analysis based on recommendation 
by the provider. Then, a WST-8/enzyme working solution 
and a reaction working solution were added and further 
incubated with samples at 37 ℃ for 30 min. Absorbance at 
450 nm was then quantified, and SOD activity in individual 
samples was quantified according to instructions.

In vivo experiments

For animal experiments, experiments were performed 
under a project license (Tab of Animal Experimental 
Ethical Inspection number: S20230420-005) granted by 
the Laboratory Animal Center of Nantong University, in 
compliance with the national or institutional guidelines for 
the care and use of animals. A protocol was prepared before 
the study without registration. Twelve female 5-week-old 
nude mice weighing about 12 g were purchased from the 
Animal Research Center of Nantong University School of 
Medicine and randomized into four treatment groups, with 
three mice in each group. These four groups were treated 
with the following interventions: NC antagomir, miR-9-3p  
antagomir, a combination of NC antagomir and erastin, 
and a combination of miR-9-3p antagomir and erastin. All 
mice were subcutaneously implanted with 1×107 LUAD 
cells. When tumors were ~60 mm3 in size, the animals 
were injected with either a miR-9-3p antagomir plasmid, 
a NC antagomir plasmid, or a combination of either of 
these two plasmids together with erastin (15 mg/kg). The 
tumor volume was monitored with a caliper while injections 
were given every other day for 30 days, and the injection 
concentration was 2 nmol per animal. Finally, the mice were 
euthanized, and tumors were harvested, weighed, and fixed 
with 4% paraformaldehyde after 30 days.

Immunohistochemical (IHC) and histological staining

After paraformaldehyde fixation, the tumors from mice were 
embedded in paraffin, sections were produced, and stained 
by hematoxylin-eosin (HE) for histological examination. 
IHC staining was performed with antibodies for Ki67 (1:400; 
Proteintech) and SAT1 (1:100; Proteintech) and incubation 

overnight, followed by secondary horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG (1:500; Proteintech) 
for 1 h. Diaminobenzidine was used for visualization, after 
which the slides were examined via microscopy.

Statistical analysis

Experiments were repeated three times, and the results were 
reported as the means ± standard deviations. GraphPad 
Prism v7.0 was used to analyze the data, with P<0.05 as the 
significance threshold. *, P<0.05; **, P<0.01; and ***, P<0.001.

Results

Erastin promotes the ferroptotic death of LUAD cells

Initially, the impact of erastin on the survival of H1299 
and A549 cells was assessed using CCK-8 assays, which 
revealed a significant decrease in the viability of LUAD cell 
lines. Remarkably, treatment with the ferroptosis inhibitor, 
ferrostatin-1, was able to inhibit erastin-induced lethality, 
which was unaffected by the apoptosis inhibitor, Z-VAD-
FMK, and necrosis inhibitor, necrosulfanilamide (Figure S1A). 
Analysis of ROS and MDA levels revealed an increase in 
both lipid peroxidation-related factors rose after erastin 
treatment in these cell lines, whereas ferrostatin-1 reversed 
this effect (Figure S1B-S1D). These findings confirmed the 
sensitivity of LUAD cells to erastin-induced ferroptosis.

LUAD cells exhibit upregulation of miR-9-3p, and 
inhibiting miR-9-3p attenuates the proliferation of 
erastin-treated LUAD cells

To find a miRNA that can serve as a good biomarker for 
LUAD, we selected miRNAs with significantly increased 
expression levels for further study because their log2fold 
changes were more than 2 and the P values were less than 
0.05, as shown in the sequencing results (Figure S2A,S2B). 
An initial screening of the TCGA database revealed elevated 
expression levels of miR-9-3p in lung cancer patient tissue 
samples (Figure S2C). Therefore, miR-9-3p was chosen 
for further research. Subsequent qPCR analyses validated 
these findings by demonstrating significantly increased 
expression of this miRNA in 60 LUAD tumors compared to 
healthy control tissues (Figure S3A). Based on the analysis 
of pathological information of patients, the expression 
value of miR-9-3p was correlated with tumor size (P=0.002;  
Table S2). Moreover, the expression of miR-9-3p was 

https://cdn.amegroups.cn/static/public/TLCR-24-762-Supplementary.pdf
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evaluated via qPCR in various cell types including BEAS-2B,  
H1650, H1975, A549, H23, PC9, HCC827, and H1299. 
The results revealed higher expression of miR-9-3p in 
LUAD cells compared to BEAS2B cells used as the control 
group (Figure S3B). We selected two cell lines (A549 and 
H23) with low expression levels for overexpression and 
two (H1299549 and H1975) with high expression levels 
for knockdown (Figure S3C). qPCR results confirmed 
that A549 transfected with miR-9-3p mimic and H1299 
transfected with miR-9-3p inhibitor had greater statistical 
significance in miR-9-3p expression (Figure S3C). 
Therefore, A549 and H1299 cells were chosen for further 
analysis. Subsequently, cells were simultaneously treated 
with these constructs and erastin. CCK-8 assays revealed 
that the inhibition of miR-9-3p resulted in impaired LUAD 
cell survival and enhanced cell death upon erastin treatment 
(Figure S3D). Similarly, EdU uptake assays validated the 
ability of miR-9-3p inhibition to suppress the proliferation 
of erastin-treated LUAD cells (Figure S3E,S3F).

The inhibition of miR-9-3p facilitates robust ferroptotic 
death in erastin-treated LUAD cells

Then, A549 and H1299 cells were transfected with  
miR-9-3p mimic or inhibitor or corresponding NCs, 
followed by treatment with erastin for 24 h. When the cells 
were assessed via transmission electron microscopy, control 
cells exhibited morphologically normal mitochondria with 
intact cristae. In contrast, the mitochondria of miR-9-3p  
inhibitor-transfected cells were shrunken, with visible 
damage to the cristae (Figure 1A). MiR-9-3p mimic and 
inhibitor resulted in reductions and increases, respectively, 
in intracellular levels of the lipid peroxidation marker MDA 
following erastin treatment in these cells (Figure 1B). To 
further investigate these results, DCFH-DA was employed 
to quantify ROS levels in these LUAD cells. The results 
revealed that miR-9-3p mimic group suppressed the ROS 
levels, while miR-9-3p inhibitor enhanced the ROS levels 
in both H1299 and A549 cells following erastin treatment 
(Figure 1C,1D). Consistently, transfection of these LUAD 
cells with miR-9-3p mimic or inhibitor resulted in increased 
and decreased SOD activity, respectively (Figure 1E).  
The overexpression of miR-9-3p also led to increased 
intracellular GSH levels and reduced intracellular GSSG 
levels, which are negatively and positively correlated with 
ferroptosis, respectively, in these cells. This resulted in 
a net increase in the GSH/GSSG ratio. In contrast, the 
GSH/GSSG ratio declined when miR-9-3p was inhibited  

(Figure 1F). Thus, treatment with miR-9-3p inhibitor can 
enhance erastin-induced ferroptosis in LUAD cells, whereas 
transfection with miR-9-3p mimic can protect these cancer 
cells from ferroptotic death upon erastin treatment.

MiR-9-3p binds SAT1 to regulate p53

Next, candidate miR-9-3p target genes were analyzed using 
online databases, and six genes were identified through 
the cross-referencing of these targets with genes known 
to be associated with the ferroptosis pathway (Figure 2A). 
In the analysis of correlations between these identified  
6 genes and the expression of miR-9-3p in LUAD tumor 
tissue samples, SAT1 expression exhibited the most striking 
inverse relationship with miR-9-3p levels (Figure S4A). A 
study has revealed that the activation of SAT1 promotes 
lipid peroxidation, thereby facilitating ferroptotic activity 
by inducing ROS-related damage (33). Additionally, SAT1 
is regulated by the master tumor suppressor p53, which 
can control ferroptotic activity at the transcriptional and 
posttranslational levels. Accordingly, SAT1 was selected 
as a target gene for further validation. Subsequent qPCR 
analyses revealed that the overexpression of miR-9-3p 
resulted in a significant downregulation of SAT1 expression, 
whereas the inhibition of miR-9-3p had the opposite effect 
(Figure 2B). Further luciferase reporter assays confirmed 
that the activity of a WT SAT1 3'-untranslated region  
(3'-UTR) reporter construct was enhanced by transfection 
with miR-9-3p mimic, but not with mimic NC. Conversely, 
the activity of the mutant SAT1 3'-UTR reporter remained 
unaltered in both cases (Figure 2C). These data showed 
that miR-9-3p directly targets SAT1. A previous report 
has indicated that SAT1 promotes ferroptosis as a novel 
molecular mechanism in LUAD (34). However, it remains 
unclear whether this mechanism is associated with the 
upregulation of miR-9-3p. To validate this, 40 tumor 
and para-cancerous tissue samples from LUAD patients 
were collected. Consistently, qPCR analysis confirmed 
significantly reduced expression of SAT1 in cancer tissues 
compared to normal tissues (P<0.01). Similarly, Western 
blotting showed that SAT1 protein level in 14 tumor tissue 
samples were lower than that in paired para-cancerous 
normal tissues. The expression of SAT1 was also found to 
be low in LUAD cells (Figure 2D,2E), and qPCR analyses 
confirmed an inverse relationship between the expression of 
miR-9-3p and SAT1 in LUAD tissue samples (Figure 2F).  
Furthermore, LUAD cells were transfected with SAT1-
specific short hairpin RNAs (shRNAs; sh1-SAT1 or 
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Figure 1 The impact of miR-9-3p on erastin-induced ferroptotic LUAD cell death. (A) The morphology of LUAD cell mitochondria 
was assessed via TEM. (B) The impact of miR-9-3p on MDA content within LUAD cells following erastin treatment was assessed with 
a commercial kit. (C,D) Flow cytometry was employed to gauge the impact of miR-9-3p on ROS levels within erastin-treated LUAD 
cells. (E) SOD activity in the indicated LUAD cells was measured with an appropriate kit. (F) GSH and GSSG levels were analyzed in 
LUAD cells using a commercial kit. *, P<0.05; **, P<0.01; ***, P<0.001 vs. corresponding NC group. Data are representative findings for 
three independent experimental replicates and are given as the mean ± SD. NC, negative control; MDA, malondialdehyde; LUAD, lung 
adenocarcinoma; TEM, transmission electron microscopy; ROS, reactive oxygen species; SOD, superoxide dismutase; GSH, glutathione; 
GSSG, oxidized glutathione; SD, standard deviation.

sh2-SAT1), miR-9-3p inhibitor, miR-9-3p mimic and a 
SAT1 overexpression construct. qPCR and western blot 
were used to validate the function of these knockdown 
and overexpression constructs in H1299 and A549 cells 
respectively (Figure S4B-S4F).

To further investigate the impact of miR-9-3p on 

p53 and SAT1 protein expression, Western blotting 
was conducted. The results revealed that in p53 WT 
LUAD cells, transfection with miR-9-3p mimic led 
to a decrease in the expression of both p53 and SAT1 
proteins, while transfection with miR-9-3p inhibitor 
resulted in an increase in the expression of both proteins 
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Figure 2 SAT1 is a direct miR-9-3p target. (A) A Venn diagram highlighting the overlap between miR-9-3p targets predicted by various 
databases. (B) SAT1 levels following miR-9-3p overexpression or silencing were assessed via qRT-PCR. (C) Cells were cotransfected with 
miR-9-3p mimic and WT or mutant SAT1 3'-UTR reporter plasmids, and luciferase activity was measured using a dual-luciferase reporter 
assay. (D,E) SAT1 levels were analyzed in LUAD tissue and cell samples via Western blotting and qPCR. (F) A negative correlation between 
miR-9-3p and SAT1 expression was observed in samples of LUAD patient tumor tissues. P=0.002. *, P<0.05; **, P<0.01; ***, P<0.001 vs. 
corresponding NC group. Data are representative findings for three independent experimental replicates and are given as the mean ± SD. 
mRNA, messenger RNA; SAT1, spermidine/spermine N1-acetyltransferase 1; NC, negative control; WT, wild-type; MUT, mutant; NS, 
not significant; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; T, tumor; N, normal; qRT-PCR, quantitative real-time PCR; PCR, 
polymerase chain reaction; 3'-UTR, 3'-untranslated region; qPCR, quantitative PCR; LUAD, lung adenocarcinoma; SD, standard deviation.

(Figure S5A,S5B). These findings were further confirmed 
through cell immunofluorescence experiments, which 
also demonstrated a consistent decrease in p53 and SAT1 
protein expression upon miR-9-3p mimic transfection, 
and an increase upon miR-9-3p inhibitor transfection  
(Figure S5C-S5F). However, miR-9-3p had no significant 
effect on p53 and SAT1 protein expression levels in 
p53 mutant LUAD cells (Figure S6A). To further verify 
the interaction between miR-9-3p and SAT1, we co-
transfected miR-9-3p-mimics or miR-9-3p-inhibitor and 
SAT1 plasmids into A549 and H1299 cells. It was observed 
that SAT1 overexpression and knockdown were able to 
reverse the inhibitory and promoting effects, respectively, 
on the SAT1 and p53 pathways, suggesting that miR-9-3p 
may regulate ferroptotic activity through targeting these 
pathways (Figure S6B-S6E). In summary, miR-9-3p binds 
to SAT1 to regulate p53 expression and promote tumor 

growth in p53 WT LUAD cells.

Overexpression of miR-9-3p reverses the inhibitory impact 
of SAT1 on proliferation, migration and invasive in p53 
WT LUAD cells

In CCK-8 assays, overexpression of SAT1 resulted in a 
significant reduction in the viability of LUAD cells, whereas 
the transfection of miR-9-3p mimic led to a significant 
enhancement of cell viability in the context of SAT1 
overexpression. Similarly, knockdown of SAT1 improved 
LUAD cell viability, whereas the inhibition of miR-9-3p  
in the context of SAT1 silencing caused a decreased in 
cell viability (Figure 3A,3B). EdU uptake and colony 
formation assays confirmed the ability of miR-9-3p mimic 
to reverse the inhibitory effect on LUAD cell proliferation 
caused by SAT1 overexpression, while inhibition of 
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miR-9-3p reversed the enhanced proliferation observed 
with SAT1 knockdown in LUAD cells (Figure 3C-3F).  
Transwell assays also demonstrated that overexpression 
of SAT1 resulted in a notable inhibition of LUAD cell 
migration and invasion However, when miR-9-3p mimic 
was transfected, this effect was reversed. Conversely, when 
SAT1 was silenced, LUAD cell migration and invasion 
were significantly enhanced. Interestingly, this effect was 
reversed following co-transfection with miR-9-3p inhibitor 
(Figure 3G,3H).

Overexpression of miR-9-3p reverses the ability of SAT1 
to promote lipid peroxidation and ferroptosis in p53 WT 
LUAD cells

Using a flow cytometry-based approach, the overexpression 
of SAT1 was found to enhance ROS accumulation within 
LUAD cells, whereas transfection with miR-9-3p mimic 
reversed this effect. In contrast, the knockdown of SAT1 
decreased the ROS levels in these cancer cells, while 
transfection of miR-9-3p inhibitor led to an increase in 
ROS levels in the context of SAT1 knockdown (Figure 
4A,4B). An MDA kit was further employed to detect 
the levels of this byproduct of lipid peroxidation. The 
results revealed that transfection of cells with a miR-9-3p  
mimic reversed the ability of SAT1 overexpression to 
enhance MDA levels. Conversely, inhibition of miR-9-3p  
reversed the reduction in MDA levels observed in cells 
with SAT1 knockdown (Figure 4C). Consistent with these 
results, measurements of the key antioxidant enzyme SOD 
revealed that transfection with miR-9-3p mimic rescued 
SAT1 overexpression-induced decreases in SOD activity, 
while the inhibition of miR-9-3p reversed the increased 
SOD activity (Figure 4D). In addition, transmission 
electron microscopy observed that compared with the 
control group, LUAD cells in the SAT1 knockdown group 
exhibited normal mitochondrial morphology with intact 
and uniform mitochondrial cristae. However, after co-
transfection of miR-9-3p mimics, mitochondrial shrinkage 
and damage to the mitochondrial cristae were observed in 
LUAD cells (Figure 4E).

MiR-9-3p regulates ferroptosis through p53 signaling 
pathway

To verify whether miR-9-3p affects ferroptosis through the 
p53 signaling pathway, we performed rescue experiments 
using the p53 pathway inhibitor pifithrin-α. ROS assay 

was used to detect the content of ROS in LUAD cells. 
The results showed that pifithrin-α could restore the 
effect of miR-9-3p inhibitor on ferroptosis (Figure 5A). In 
addition, the results of CCK-8 experiments revealed that 
pifithrin-α can rescue the effect of miR-9-3p inhibitor on 
cell viability (Figure 5B). After LUAD cells transfected with 
inhibitor-NC or miR-9-3p-Inhibitor were treated with 
or without pifithrin-α, the expression levels of p53 and 
SLC7A11 expression were detected by Western blotting  
(Figure 5C-5E). These results suggest that the p53 signaling 
pathway is necessary for miR-9-3p-mediated ferroptosis.

Inhibiting miR-9-3p enhances erastin-induced ferroptotic 
death in xenograft tumors in vivo

To further validate the inhibitory role of miR-9-3p in 
erastin-driven ferroptotic LUAD cell death in vivo, a 
murine xenograft model system was established. Nude 
mice were subcutaneously implanted with 1×107 LUAD 
cells. After 1 week, when tumors were visible, the animals 
were separated into four groups that were treated with 
antagomir-9-3p or a corresponding control with or without 
erastin (Figure 6A). Following treatment for 1 month, it 
was observed that the tumor growth rate was significantly 
slower in the antagomir-9-3p treatment group compared 
to control group. Furthermore, the tumor growth rate was 
even further reduced in the group treated with antagomir-
9-3p and erastin (Figure 6B,6C). Both qPCR and Western 
blotting analyses revealed that inhibition of miR-9-3p led to 
an upregulation of SAT1 expression these xenograft tumors 
(Figure 6D). HE and IHC staining demonstrated a reduce 
in tumor cell proliferation upon antagomir-9-3p treatment, 
which was further decreased under the combination of 
antagomir-9-3p and erastin. Moreover, the expression 
levels of SAT1 rose in the antagomir-9-3p group compared 
to the control group, and these levels were even higher in 
the combination group. Together, these findings suggest 
that the combination of miR-9-3p inhibition and erastin 
treatment can effectively interfere with LUAD tumor 
growth in vivo (Figure 6E).

Discussion

The three biochemical processes involved in ferroptosis are 
iron metabolism, amino acid and GSH metabolism, and 
lipid metabolism. This research elaborates on the changes 
in ROS levels during the occurrence of ferroptosis, as well 
as the main regulatory mechanisms of GSH metabolism and 
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Figure 3 The miR-9-3p-mediated suppression of SAT1 expression influences p53 WT LUAD cell proliferation, migration, and invasion activities. 
(A,B) LUAD cell viability was assessed via CCK-8 assays. (C-F) The impact of miR-9-3p-mediated SAT1 targeting on LUAD cell proliferation was 
examined through EdU uptake and colony formation assays. For EdU staining, the cells were stained with apollo and the nucleus was labeled with 
DAPI. Scale bar, 100 µm. The staining method of colony assay was crystal violet staining. Scale bar, 100 µm. (G,H) Transwell assays were used to 
examine the effects of miR-9-3p-mediated SAT1 targeting on LUAD cell migration and invasion activities. The staining method was crystal violet 
staining. Scale bar, 100 µm. *, P<0.05; **, P<0.01; ***, P<0.001 vs. corresponding NC group. Data are representative findings for three independent 
experimental replicates and are given as the mean ± SD. NC, negative control; oe, overexpression; SAT1, spermidine/spermine N1-acetyltransferase 
1; sh, short hairpin; DAPI, 4',6-diamidino-2-phenylindole; EdU, 5-ethynyl-2'-deoxyuridine; WT, wild-type; LUAD, lung adenocarcinoma; CCK-8, 
Cell Counting Kit-8; SD, standard deviation.
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Figure 5 P53 signaling pathway mediates miR-9-3p to regulate ferroptosis. (A) ROS levels were detected by flow cytometry. (B) Cell 
viability was detected by CCK-8 assay. (C-E) The expression of p53 and SLC7A11 was detected by Western blot. *, P<0.05; **, P<0.01, ***, 
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their roles in the development and progression of LUAD. 
Specifically, we found that inhibition of miR-9-3p enhances 
the susceptibility of LUAD cells to erastin-induced 
ferroptosis. Importantly, the investigation also unveiled 
the crucial involvement of the p53 signaling pathway in 
mediating the regulatory effects of miR-9-3p/SAT1 on 
ferroptosis in LUAD, providing valuable insights into the 

pathogenesis of LUAD (Figure S7).
Several milestones have been achieved in identifying 

driver mutations that allow the use of targeted inhibitors 
for LUAD (35). Furthermore, our current knowledge 
of lung cancer has been significantly enhanced through 
advancements in immunotherapy and the exploration of the 
tumor microenvironment (TME). However, the pathogenic, 

https://cdn.amegroups.cn/static/public/TLCR-24-762-Supplementary.pdf
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Figure 6 Inhibiting miR-9-3p enhances ferroptotic activity in xenograft LUAD tumors in vivo. (A) Schematic overview of the tumor implantation 

and treatment approach for this experiment using nude mice. (B) Tumor growth was inhibited by miR-9-3p inhibitor and erastin treatment. (C) 

Tumor volume and weight measurements. (D) Western blotting was used to assess miR-9-3p and SAT1 expression in xenograft tumors. (E) HE 

staining was used to detect necrosis in tumor tissues, while Ki67 and SAT1 expression levels were analyzed via IHC. *, P<0.05; **, P<0.01; ***, 

P<0.001 vs. corresponding NC group. Data are representative findings for three independent experimental replicates and are given as the mean ± SD. 

PBS, phosphate-buffered saline; LUAD, lung adenocarcinoma; NC, negative control; SAT1, spermidine/spermine N1-acetyltransferase 1; GAPDH, 

glyceraldehyde 3-phosphate dehydrogenase; HE, hematoxylin-eosin staining; IHC, immunohistochemical; SD, standard deviation.
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cell-autonomous mechanisms of LUAD are still not fully 
elucidated, and further research is needed to optimize 
the therapeutic options available to patients. Ferroptosis 
is a unique form of cell death characterized by distinct 
mechanisms and morphological features, resulting from 
the accumulation of lipid peroxidation within cells in an 
iron-dependent manner (36-38). Studies have reported the 
involvement of ferroptosis in the initiation and progression 
of LUAD. For instance, the activation of ferroptosis by the 
downregulation of GINS4 inhibits LUAD progression (39), 
while the ferroptosis desensitized by IGF2BP3 promotes 
the progression of LUAD (40). Erastin was identified as a 
small molecule inducer of ferroptosis in 2003. It induces 
ferroptosis by suppressing cysteine-dependent GSH 
synthesis, ultimately contributing to the accumulation 
of ROS, MDA, and other markers of lipid peroxidation 
in cells (41-43). Importantly, erastin-induced ferroptotic 
death has been found to have significant implications in the 
pathogenesis of various cancer types, such as breast and liver 
cancer (44-46). Therefore, we leveraged the responsiveness 
of lung cancer cell lines to erastin treatment, specifically 
through the induction of ferroptosis, to better explore the 
regulation of ferroptosis in LUAD in this study.

Research on miRNAs in LUAD has shown that they play 
a critical role in the initiation, progression, and metastasis 
of the disease by regulating the expression of oncogenes and 
tumor suppressor genes. Previous studies have highlighted 
the diverse role of miR-9-3p in different cancer types. 
For example, miR-9-3p was identified as a regulator of 
apoptosis and proliferative activity in glioma cells (47), 
whereas it has been reported to inhibit carcinogenic activity 
in liver cancer (48). However, there have been no reports 
on the association between miR-9-3p and ferroptosis so far. 
Therefore, we innovatively studied the regulatory role of 
miR-9-3p in ferroptosis specifically in LUAD. Interestingly, 
when LUAD cells were treated with miR-9-3p inhibitor, we 
observed increased levels of ROS and MDA accumulation 
following erastin treatment, indicating an enhancement 
of erastin-induced ferroptosis. Moreover, while erastin 
treatment resulted in elevated iron levels within LUAD 
cells, the addition of ferrostatin-1 effectively reduced these 
iron levels. In contrast, treatment with either miR-9-3p 
mimic or inhibitor had minimal impact on the iron load 
in the analyzed LUAD cells. Thus, miR-9-3p is likely to 
influence ferroptotic activity through the regulation of lipid 
peroxides rather than by influencing iron accumulation. 
Furthermore, our research has found that the combination 
of miR-9-3p inhibitor and erastin treatment effectively 

disrupts tumor growth in vivo in LUAD, suggesting the 
potential therapeutic role of miR-9-3p inhibitors in LUAD 
treatment.

Further, this research suggests that SAT1, a direct target 
of miR-9-3p, could be mechanistically involved. Previous 
research has demonstrated that upregulation of SAT1 
enhances lipid peroxidation and promotes ferroptotic death, 
ultimately suppressing tumor growth (49). Downregulation 
of SAT1 has also been observed in LUAD. In this study, 
we identified SAT1 as an important mediator of erastin-
induced ferroptotic activity following the inhibition of 
miR-9-3p in analyzed LUAD cells. Decreased expression 
of SAT1 partially suppresses p53-induced ferroptosis, 
while the upregulation of p53 contributes to higher 
expression levels of SAT1 (33). Additionally, p53 is capable 
of inhibiting the cystine/glutamate antiporter SLC7A11 to 
influence ferroptotic cell death (50). In the current study, 
further analyses on the p53 pathway showed that in treating 
p53 WT LUAD cells with miR-9-3p inhibitor treatment 
enhanced the expression levels of both p53 and SAT1. We 
also observed that downregulation of SAT1 rescued these 
miR-9-3p inhibition-related changes in p53 and SAT1 
expression. Treatment with miR-9-3p mimic blocked p53 
and SAT1 expression, while the introduction of exogenous 
SAT1 reversed this effect and rescued p53 and SAT1 
expression. Notably, in p53-mutant LUAD cells, neither 
the miR-9-3p inhibitors nor mimics had any effect on the 
expression levels of p53 and SAT1.

Conclusions

In conclusion, our study revealed that miR-9-3p exerts a 
negative regulatory role in ferroptosis through SAT1 and 
p53 signaling pathway in LUAD cells, highlight the promise 
of targeting miR-9-3p as a novel therapeutic approach for 
treating LUAD, particularly in combination with erastin 
to induce ferroptotic cell death. Additionally, miR-9-3p 
serves as promising prognostic biomarkers, providing more 
accurate assessments of disease progression and patient 
outcomes. This deepened understanding offers new avenues 
for improving the efficacy of LUAD treatments and 
optimizing clinical decision-making.
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