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Abstract

Lung cancer is one of the leading causes of cancer-related deaths worldwide,
with non-small cell lung cancer (NSCLC) being the most prevalent type. This
study investigates the role of TRIM11 gene in NSCLC and its underlying mech-
anism. NSCLC patients were recruited from our hospital and showed upregu-
lated TRIM11 mRNA and protein expressions. Patients with high TRIM11
expression had lower survival rates. TRIM11 gene was found to promote cell
proliferation and reduce ROS-induced ferroptosis in NSCLC. Additionally,
TRIM11 gene induced AMPK expression and its regulation affected TRIM11’s
effects on cell proliferation and ferroptosis in NSCLC. IP analysis revealed that
TRIM11 protein interacted with AMPK protein in NSCLC. These data con-
firmed that TRIM11 promotes cell proliferation and reduces ROS-induced fer-
roptosis in NSCLC through AMPK. Hence, TRIM11 is a potential target for the
treatment of NSCLC and other cancers.
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1 | INTRODUCTION

Lung cancer is the second most common cancer in terms
of incidence and the leading cause of cancer-related
deaths worldwide." According to the 2020 GLOBOCAN
report on global cancer statistics, there were 2.207 million
new cases of lung cancer worldwide, ranking second only
to breast cancer.” The number of deaths due to lung can-
cer was 1.796 million, making it the most deadly cancer
type.” In China, lung cancer is not only the most com-
mon cancer in terms of incidence but also mortality.® In
2020, the estimated number of new cases of lung cancer
in China was 816 000, accounting for 17.9% of all new
cancer cases, and the number of deaths was 715 000,
accounting for 23.8% of all cancer deaths.* Based on
age-standardized rates (ASR), the incidence rate of lung
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cancer in Chinese men and women was 47.8 per 100 000
and 22.8 per 100 000, respectively, and the mortality
rate was 41.8 per 100000 and 19.7 per 100 000,
respectively.’

The occurrence of cancer is related to many factors,
such as smoking and passive smoking, silica, asbestos,
tin, coal tar, diet, oil fume, air pollution, etc.® Both smok-
ing and passive smoking exposure are important risk fac-
tors for lung cancer, and smoking can increase the risk of
lung cancer by more than three times.” In our country,
72.4% of non-smokers are exposed to passive smoking,
which is extensive, and the impact on non-smokers’ lung
cancer cannot be ignored.® Lung cancer ranks first in the
death and incidence of malignant tumors in China.?
Lung cancer is closely related to smoking and passive
smoking exposure.® In recent years, China has taken a
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series of measures to control smoking and prevent lung
cancer, but the burden of lung cancer is still serious, the
smoking rate of men is still high, and non-smokers are
very widely exposed to passive smoking.’

Ferroptosis is a recently discovered programmed cell
death mode that is distinct from apoptosis, necrosis, and
autophagy.'® Its primary mechanism involves the cataly-
sis of lipid peroxidation of highly expressed unsaturated
fatty acids in cells under the influence of divalent iron or
lipoxygenase, leading to cell death.* Ferroptosis is impli-
cated in the development of many diseases, including
tumors, neurodegenerative diseases, rheumatoid arthritis,
ischemia-reperfusion, and cardiovascular-related dis-
eases.'' Lung cancer is the most deadly malignant tumor
globally, and its treatment strategy is continuously evolv-
ing.'’ In recent years, an increasing number of research
findings indicate a close connection between ferroptosis
and non-small cell lung cancer (NSCLC)."* Some mole-
cules that play a significant regulatory role in the devel-
opment, treatment, and onset of NSCLC, such as KRAS,
TP53, and EGFR, are also implicated in ferroptosis."
Additionally, ferroptosis in NSCLC is closely tied to che-
motherapy, radiotherapy, and immunotherapy. Some
preclinical studies have shown that ferroptosis can serve
as a “catalyst,” and combining ferroptosis with the afore-
mentioned treatment methods can significantly enhance
treatment effectiveness, opening up a new research ave-
nue for NSCLC treatment."”

AMPK is an energy sensor in the body that enhances
energy utilization, regulates autophagy and mitochon-
drial fusion and fission, and participates in various patho-
physiological ~ activities.'* Recent studies have
demonstrated that AMPK activation can alleviate brain
I/R injury by regulating energy metabolism, oxidative
stress, and mitochondrial function.'>'® Furthermore, the
use of AMPK activators in tumor cells has been reported
to regulate lipid synthesis and metabolism, thus reducing
the incidence of cell ferroptosis.'” Additionally, it has
been reported that upregulating the expression of
p-AMPX can reduce lipid peroxide levels after I/R and
subsequent nerve injury in rats."®

The TRIM11 protein, a member of the TRIM family,
is involved in regulating cell apoptosis, proliferation, and
cell cycle.'”” As a tumor promoting factor, TRIM11 can
enhance tumor cell proliferation and invasion through
various mechanisms.”® High expression of TRIM11 was
observed in advanced stage gliomas, while low expression
was associated with poor differentiation and favorable
prognosis.”* Additionally, TRIM11 can activate MAPK or
PI3K/AKT signaling pathways to promote tumor cell pro-
liferation, invasion, and migration.”” Shang et al. identi-
fied that TRIM11 suppresses ferritinophagy in pancreatic
ductal adenocarcinoma.?® So, this study elucidates the
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role and potential mechanism of TRIM11 in ferroptosis
of NSCLC.

2 | MATERIALS AND METHODS

2.1 | Patients with NSCLC

This study was approved by the ethics committee of our
hospital. All the serum samples (number = 40) were
immediately snap frozen in liquid nitrogen and stored at
—80°C. Pathological evaluation was performed according
to the WHO classification by two experienced clinical
pathologists. All methods were carried out in accordance
with relevant guidelines and regulations. Informed con-
sent was obtained from all participants.

2.2 | Cell culture and transfection
BEAS-2B, NCI-H1437, NCI-H1299, NCI-H322, and A549
cells were performed in compliance with ATCC protocols
and incubated in a 5% CO, atmosphere at 37°C. Plasmids
were transfected into NSCLC cell lines using
Lipofectamine 2000.

2.3 | Microarray experiments

Microarray experiments were performed at the Genminix
Informatics (China). Gene expression profiles were ana-

lyzed with the Human Exon 1.0 ST GeneChip
(Affymetrix).
2.4 | Quantitative polymerase chain

reaction (qPCR)

Total RNAs were isolated with RNA isolator total RNA
extraction reagent (Takara), and cDNA was synthesized
using PrimeScipt RT Master Mix (Takara). qPCR was
performed with the ABI Prism 7500 sequence detection
system according to the Prime-ScriptTM RT detection kit.
Relative levels of the sample mRNA expression were cal-
culated and expressed as 2-AACT. Primer sequence:
TRIM11: forward: 5-GTGCCTATGGAGCTGAGGAC-3;
reverse: 5-CAGGATCAGCTCAGGGTTG-3; p-actin:
forward: 5-TACCTCATGAAGATCCTCACC-3'; reverse:
5-TTTCGTGGATGCCACAGGAC-3. High TRIM11
expression of NSCLC patients >3 fold of TRIM11 expres-
sion of normal patients, and low TRIM11 expression of
NSCLC patients <3-fold of TRIM11 expression of normal
patients.
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2.5 | Immunofluorescent staining

Cells were fixed with 4% paraformaldehyde for 15 min
and incubated with using 0.15% Triton X-100 for
15 min at room temperature. Cells were incubated
with TRIM11 (ab191217, 1:500, abcam) and p-AMPK
(3934, 1:500, Cell Signaling Technology, Inc.) at 4°C
overnight after blocking with 5% BSA for 1h. Cells
was incubated with goat anti-rabbit IgG-cFL 488 or
anti-rabbit IgG-cFL 555 antibody (1:100) for 2h at
room temperature and stained with DAPI for 15 min
and washed with PBS for 15 min. The images of
cells were obtained using a Zeiss Axioplan 2 fluo-

rescent microscope (carl Zeiss AG, Oberkochen,
Germany).

2.6 | Proliferation assay and EDU
staining

For cell counting kit-8 (CCK-8), after 48 h of transfection,
a total of approximately 2 x 10° cells/well was seeded in
96-well plate. After culturing at indicated time (0, 1, 2, 3,
and 4 day), the cellular proliferation was detected using
CellTiter-GloR Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) according to manufac-
turer’s instructions.

For ethynyl deoxyuridine (EdU) incorporation assay,
EdU (10 mM) was added to each well, and cells were
fixed with 4% formaldehyde for 30 min. After washing,
EdU was detected with Click-iTR EdU Kit, and
images were visualized using fluorescent microscope

(Olympus).

2.7 | Western blot

Tissue or cells samples were lysed with ice-cold RIPA
buffer with complete protease and phosphatase inhibi-
tors. The protein concentrations were measured using
BCA protein assay kit. Total proteins were separated by
SDS-PAGE and transferred onto polyvinylidene difluor-
ide (PVDF) membranes. The membranes were incubated
with primary antibodies: AMPK (1:1000, ab169197,
abcam) and p-AMPK (1:1000, 3934, Cell Signaling Tech-
nology, Inc.), TRIM11 (1:1000, ab191217, abcam), GPX4
(1:1000, ab267373, abcam), and p-Actin (1:5000, Santa
Cruz Biotechnology) after blocking with 5% BSA in TBS,
followed by incubation with peroxidase-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology). The sig-
nals were detected with the ECL system and exposed by
the ChemiDoc XRS system with Image Labsoftware
(Bio-rad).

2.8 | Statistical analyses

Survival analysis was performed using the Kaplan-Meier
method and log-rank test for survival curves. GraphPad
Prism 6 was used for the statistical analysis. p < 0.05 was
considered statistically significant. Comparisons of data
between groups were followed using Student’s t test or
one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test.

3 | RESULTS
3.1 | TRIMI11 expression level in patients
with NSCLC

We first evaluated the expression of TRIM11 in patients
with NSCLC. The results showed that TRIM11 mRNA
and protein expressions were upregulated in patients
with NSCLC, compared with normal (Figure 1A,B). Fur-
thermore, TRIM11 mRNA expressions in NSCLC cell
lines were higher compared to normal lung cells
(Figure 1C). Kaplan-Meier survival analysis revealed that
NSCLC patients with high TRIM11 expression had a
lower survival rate (Figure 1E,F). These findings suggest
that TRIM11 plays an activating role in NSCLC.

3.2 | TRIM11 gene promoted cell
proliferation of NSCLC

We conducted experiments to determine the effect of
TRIM11 on cell proliferation in NSCLC. The results
showed that TRIM11 gene facilitated cell proliferation, as
evidenced by increased EDU cells and cell metastasis in
NSCLC, compared with negative (Figure 2A-C). On the
other hand, si-TRIM11 inhibited cell proliferation, as
demonstrated by reduced EDU cells and cell metastasis
in NSCLC, compared with si-nc (Figure 2A-C). Further-
more, TRIM11 gene upregulation decreased the activity
levels of caspase-3/9 and Bax protein expression and
induced Bcl-2 protein expression in NSCLC, compared
with negative (Figure 2D-F), while si-TRIM11 promoted
caspase-3/9 activity levels and Bax protein expression and
suppressed Bcl-2 protein expression in NSCLC, compared
with si-nc (Figure 2D-F).

3.3 | TRIM11 gene reduced ROS-induced
ferroptosis of NSCLC

We then investigated the impact of TRIM11 on the ferrop-
tosis induced by ROS in NSCLC. We found that
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FIGURE 2 TRIM11 gene promoted cell proliferation of NSCLC. Cell growth (A), migration rate (B), EDU assay (C), and caspase-3/9
activity level (D and E). **p < 0.01 compared with negative group or si-nc group.

upregulation of TRIM11 gene activity increased mitochon-
drial damage as evidenced by JC-1 disaggregation and
increased MPT as observed in the calcein AM/CoCl2
assay. Additionally, we observed a reduction in LDH activ-
ity levels and a decrease in the proportion of PI-positive
cells. Furthermore, TRIM11 gene upregulation inhibited
iron concentration levels and expanded GSH and GPX4
protein expressions in NSCLC, compared with negative

(Figure 3). On the other hand, silencing of the TRIM11
gene reduced mitochondrial damage and MPT, increased
LDH activity levels and the proportion of PI-positive cells,
promoted iron concentration levels, and suppressed GSH
and GPX4 protein expressions in NSCLC, compared with
negative (Figure 3). Overall, our findings suggest that
TRIM11 gene activity reduces ROS-induced ferroptosis in
NSCLC by inhibiting mitochondrial damage.
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3.4 | TRIM11 gene induced AMPK upregulated TRIM11 gene expression (as shown in

expression in NSCLC

The study delved into the mechanism behind TRIM11’s
role in ferroptosis in NSCLC through microarray experi-
ments. The results indicated that AMPK could potentially
be a target of TRIM11 in ferroptosis of NSCLC
(as depicted in Figure 4A). Upregulation of TRIM11 led
to an increase in p-AMPK protein expression, whereas si-
TRIM11 decreased p-AMPK protein expression in
NSCLC (as seen in Figure 4B). These findings shed light
on the potential involvement of AMPK in
TRIM11-mediated ferroptosis in NSCLC.

3.5 | The regulation of AMPK affected
the effects of TRIM11 on cell proliferation
of NSCLC

The study investigated the potential mechanism by which
TRIM11 affects the progression of gastric NSCLC through
AMPK expression. The use of an AMPK inhibitor
(100 nM of AMPK-IN-3) resulted in reduced cell prolifer-
ation and EDU cells, inhibited cell metastasis, and
increased caspase-3/9 activity levels in NSCLC with

(A)

o
]

-~ Negative 80

Figure 5A-E). On the other hand, an AMPK agonist
(20 nM of Ampkinone) reduced cell proliferation and
EDU cells, increased cell metastasis, and decreased
caspase-3/9 activity levels in NSCLC with downregulated
TRIM11 gene expression (as depicted in Figure 5F-7).
These findings suggest a potential role of AMPK in the
regulation of TRIM11-mediated cell progression in gastric
NSCLC.

3.6 | The regulation of AMPK affected
the effects of TRIM11 on ferroptosis
of NSCLC

In addition, we observed that the AMPK inhibitor
reduced mitochondrial damage and mitochondrial per-
meability transition (MPT), increased lactate dehydroge-
nase (LDH) activity levels and the proportion of
propidium iodide (PI)-positive cells, promoted iron con-
centration levels, and suppressed glutathione (GSH) and
glutathione peroxidase 4 (GPX4) protein expressions in
NSCLC with wupregulated TRIM11 gene expression
(as shown in Figure 6A-G). Conversely, the AMPK ago-
nist increased mitochondrial damage and MPT, reduced
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LDH activity levels and the proportion of PI-positive
cells, inhibited iron concentration levels, and expanded
GSH and GPX4 protein expressions in NSCLC with
downregulated TRIM11 gene expression (as depicted in
Figure 6H-N). These results suggest that AMPK may play
a crucial role in the regulation of TRIM11-mediated cell
progression in gastric NSCLC by modulating cellular
metabolism and redox homeostasis.

3.7 | TRIM11 protein interlinked AMPK

protein

We investigated whether ferroptosis is functionally
involved in TRIM11/AMPK-mediated treatment for
NSCLC. Confocal microscopy revealed that TRIM11
upregulation increased p-AMPK expression in NSCLC
(as shown in Figure 7A). Immunoprecipitation
(IP) analysis demonstrated that TRIMI11 protein

interacted with AMPK protein in NSCLC (as depicted in
Figure 7B). Furthermore, the AMPK inhibitor suppressed
p-AMPK expression in NSCLC (as demonstrated in
Figure 7C), while the AMPK agonist induced p-AMPK
expression in NSCLC (as illustrated in Figure 7D). These
findings suggest that TRIM11 promotes cell proliferation
in NSCLC by inhibiting ferroptosis through AMPK
expression.

4 | DISCUSSION

Lung cancer is a prevalent and deadly malignancy world-
wide, with non-small cell lung cancer (NSCLC) is the
most common histological type of lung cancer, account-
ing for 85%.>**° In China, lung cancer is the most com-
mon cancer and the leading cause of cancer-related
deaths.** Unfortunately, NSCLC is often diagnosed in
advanced stages, leading to poor prognosis.”® TRIM11,
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which has been linked to the migration and invasion of
nasopharyngeal carcinoma, was found to be upregulated
in NSCLC patients at both the mRNA and protein levels.
Patients with high TRIM11 expression had lower survival
rates.”” Therefore, inhibiting TRIM11 may offer protec-
tion against NSCLC. Our study demonstrated that
TRIM11 mRNA and protein expressions were upregu-
lated in NSCLC patients. Furthermore, patients with high
TRIM11 expression had lower survival rates. Previous
research by Zhao et al. also showed that TRIM11 facili-
tated the migration and invasion of nasopharyngeal car-
cinoma cells.”® These results suggest that TRIMI11 is
upregulated in NSCLC and that inhibiting TRIM11 may
offer protection against this disease. In this study, we
only analyzed the serum expression of TRIM11, which
was one insufficient for this experiment. We will analyze
TRIM11 expression in tissue of patients with NSCLC.
Lung cancer is a prevalent and deadly malignancy
worldwide, with non-small cell lung cancer (NSCLC)
accounting for about 85% of all newly diagnosed cases,

making it the main pathological type of lung cancer.”
Small cell lung cancer is the other main type. In China,
lung cancer is the most common cancer and the leading
cause of cancer-related deaths. Unfortunately, NSCLC is
often diagnosed in advanced stages, leading to poor prog-
nosis.*® In 2012, we first discovered and proposed “fer-
roptosis”—a cell death mode different from apoptosis,
necrosis, and autophagy, which is characterized by
abnormal lipid peroxidation and accumulation of reactive
oxygen species (ROS).*" In ferroptosis cells, mitochondria
usually show a decrease in volume, an increase in mem-
brane density, and a reduction or disappearance of cris-
tae. Although ferroptosis may play a dual regulatory role
in promoting or inhibiting the occurrence of tumors,
small molecular drugs induced ferroptosis may be a
potential anti-tumor treatment strategy.>* Ferroptosis is
a newly discovered iron dependent programmed death.*
More and more studies have shown that ferroptosis plays
an important role in the progress of tumors, especially
NSCLC, and targeting ferroptosis is a potential
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therapeutic strategy for lung cancer.® To provide new
research directions for the treatment of NSCLC, it is
important to understand the mechanism and regulatory
network of ferroptosis, the role of NSCLC-related regula-
tory genes (such as KRAS, TP53, EGFR, etc.) in ferropto-
sis, and the relationship between ferroptosis and
chemotherapy, radiotherapy, and immunotherapy. We
have revealed that the TRIM11 gene promotes cell prolif-
eration and reduces ROS-induced ferroptosis of NSCLC.
Shang et al have identified that TRIM11 suppresses ferri-
tinophagy of pancreatic ductal adenocarcinoma.*®

GPX4 is produced on the cell membrane and can
directly reduce the level of phospholipid peroxide.**
When the activity of GPX4 decreases, it cannot inhibit
the production of ROS in the cell, resulting in the accu-
mulation of lipid peroxide and the production of lethal
ROS, thus inducing cell ferroptosis.>> Cystine can be oxi-
dized to cysteine after entering the cell, which can then
be combined with glycine to generate glutathione (GSH)
under the action of glutamate-cysteine ligase and gluta-
thione synthetase. There are two forms of glutathione:
oxidized and reduced,’® which can participate in the reg-
ulation of intracellular oxidation balance.’” Glutathione
reductase can catalyze their mutual transformation. This
study revealed that the regulation of AMPK affected the
effects of TRIM11 on ferroptosis of NSCLC. Therefore,
TRIM11 might contribute to the inhibition of ferroptosis
in NSCLC.

AMPK is an important energy regulator. Under low
energy conditions, AMPK phosphorylates specific
enzymes and growth control nodes to enhance the effi-
ciency of ATP utilization and maintain the energy supply
of the body.*® AMPK plays a crucial role in cell physiol-
ogy and the pathological development of chronic dis-
eases, including cancer.”” AMPK phosphorylation can
inhibit the expression of SCD1, reduce lipid peroxidation,
and inhibit the occurrence of ferroptosis.*’ Ferroptotic
cells will produce ROS, and ROS production may also
lead to activation of AMPK phosphorylation, and nega-
tive feedback can inhibit cell ferroptosis.*' This study
showed that TRIM11 protein interlinks with AMPK pro-
tein, and TRIM11 gene induces AMPK expression in
NSCLC. Liu et al. showed that TRIM11 binds to and ubi-
quitinates AMPK subunit.** Therefore, our results
revealed that the inhibition of TRIM11 protects NSCLC
via the inhibition of AMPK.

In conclusion, our study demonstrated that TRIM11
promotes cell proliferation and reduces ROS-induced fer-
roptosis in NSCLC by activating AMPK. These findings
provide a new understanding of the role of TRIM11 in
NSCLC and suggest a novel target for NSCLC treatment.
Inhibition of TRIM11 may be a potential strategy for the
treatment of early-stage NSCLC and other cancers.

Further studies are needed to explore the therapeutic
potential of targeting TRIM11 in cancer treatment.
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