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USP2 reversed cisplatin resistance through 2
p53-mediated ferroptosis in NSCLC
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Abstract

Background It has demonstrated the indispensable role of ferroptosis in conferring cisplatin resistance in non-small
cell lung cancer (NSCLC), as well as the involvement of ubiquitin-specific protease (USP) in regulating ferroptosis. This
paper aspired to the mechanism of USP2 and ferroptosis on NSCLC cisplatin resistance.

Methods Ubiquitin-specific protease mRNA expression, was detected through RT-gPCR. In vitro functional assays
assessed the effects of USP2 overexpression on DDP resistance, cell proliferation capability, and ferroptosis markers

in A549/DDP and H1299/DDP cells. Ubiquitination assays evaluated the ubiquitination levels of p53 following USP2
overexpression. Co-immunoprecipitation (Co-IP) assays confirmed the binding relationship between USP2 and p53. In
vivo experiments in mice explored the specific role of the USP2-p53 axis in a xenograft tumor model.

Results USP2 expression was suppressed in cisplatin-resistant NSCLC cells. USP2 overexpression inhibited cell
viability in cisplatin-resistant cells. Among the ferroptosis markers, the results showed that USP2 overexpression
promoted LDH release, Fe’* level, MDA and Lipid ROS, while inhibited GPX4 activity and GSH levels. The WB results
revealed that USP2 overexpression inhibited GPX4, SLC7A11 and cytoplasm p53 protein expression, while promoted
the nucleus p53 protein expression. Moreover, USP2 directly bound to p53 and USP2 overexpression stabilized p53
protein by suppressing its ubiquitination. In vivo experiments further suggest that the USP2-p53 pathway plays a
crucial role in regulating cisplatin sensitivity in A549/DDP cells.

Conclusion USP2 acted on the K305R site of p53, which resulted in its deubiquitination. This cellular process could
modulate cisplatin resistance through ferroptosis in NSCLC. This study could provide a potential therapeutic target to
NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) is a common malig-
nancy, which accounts for 85% lung cancer cases [1].
Recently, significant progresses have been made in the
NSCLC treatment, specifically with the introduction of
immunotherapy, however, cisplatin-based chemotherapy
remains the primary treatment modality [2, 3]. Unfortu-
nately, many patients eventually acquire cisplatin resis-
tance, resulting in a decline in treatment efficacy or poor
prognosis [4]. Therefore, it is crucial for NSCLC treat-
ment to understand the molecular mechanisms of cispla-
tin resistance and identify novel effective biomarkers.

Tumor cells frequently display impairments pro-
grammed cell death mechanism, which primarily contrib-
utes to treatment failure and drug resistance. Meanwhile,
to fulfill their growth demands, tumor cells require more
iron, which render tumor more vulnerable to ferroptosis
[5]. Ferroptosis differs from conventional necrosis, apop-
tosis, and autophagy in terms of morphology, biochem-
istry, and genetics. It exerts critical regulatory functions
in tumor progression, rendering it potential candidate for
cancer treatment [6]. Recent studies have revealed that
inhibitory of ferroptosis is the main cause of drug che-
motherapy resistance and the modulation of ferroptosis
has been proved to reduce chemotherapy resistance [7].
However, the specific underlying mechanisms still are
unknown and require further investigation.

The p53 tumor suppressor is crucial for normal cell
growth and tumor prevention [5]. Mutations in p53 are
found in most human cancers, not only impairing its
anti-tumor activity but also acquiring oncogenic prop-
erties [8]. Tumors with mutated p53 typically progress
faster and respond poorly to anti-cancer treatments with
a poor prognosis [9]. Moreover, previous studies have
identified the involvement of p53 in ferroptosis [10]. In
terms of ferroptosis, p53 could inhibit SLC7A11 expres-
sion to suppress the synthesis of glutathione (GSH), ulti-
mately inducing ferroptosis [11]. Additionally, p53 could
also induce ferroptosis through SAT1/ ALOX15 axis in
cancer cells [12]. In summary, p53 could inhibit tumor
development by promoting cellular ferroptosis. However,
the upstream target regulation of p53 remains unclear
and further research is required.

Previous study has confirmed the ubiquitin-protea-
some system (UPS) as cancer treatment strategies [13].
The UPS is an essential protein degradation route in liv-
ing organisms, consisting of ubiquitin, ubiquitin-conju-
gating enzymes, and the 26 S proteasome. This system
mediates the degradation of proteins by ubiquitinat-
ing target proteins and sending them to the proteasome
complex for degradation, thereby regulating many cel-
lular processes including cell cycle [14], apoptosis [15],
immune response [16]. USP2 exhibits dual effects in can-
cer, acting both as an oncogene and a tumor suppressor.
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It is upregulated in various malignancies, such as triple
negative breast cancer [17] and choroidal melanoma [18]
and USP2 overexpression stimulates cell migration and
invasion. Conversely, USP2 inhibits glioblastoma devel-
opment by suppressing the TGF-B signaling pathway
through the deubiquitination of SMAD7 [19]. Further-
more, USP2 suppresses lung cancer progression through
reducing the ubiquitin-mediated decrease of the ARID2
protein [20]. However, recent research has revealed
the correlation between USP and drug resistance, for
instance, in gastric cancer, USP7 is overexpressed and
deubiquitinates hnRNPA1, which ultimately promotes
the cisplatin resistance in gastric cancer cells [21]. USP22
expression is upregulated and its overexpression pro-
motes cisplatin resistance by enhancing their DNA repair
capability in drug-resistant lung adenocarcinoma [22].
However, further investigation is warranted to elucidate
the underlying mechanism of cisplatin resistance by
USP2 in NSCLC.

In our study, we investigated the expression of USP2
in DDP-resistant NSCLC cells and found that USP2
expression was inhibited in these cells. Further research
revealed that USP2 overexpression suppressed cell via-
bility in DDP-resistant NSCLC and promoted ferropto-
sis. Additionally, we discovered that USP2 facilitated the
nuclear translocation of p53, a process mediated by the
regulation of p53 ubiquitination. Our study preliminarily
unveils a novel mechanism of DDP resistance in NSCLC,
highlighting the critical role of the USP2-p53 axis in reg-
ulating cisplatin sensitivity in NSCLC cells.

Materials and methods

Cell culture and transfection

A549, A549/DDP, H1299 and H1299/DDP cells were pro-
cured from American Type Cell Collection. A549/DDP
and H1299/DDP with K305R, K372R, and K382R muta-
tions were obtained from Cyagen Biosciences (China).
McCoy’s 5 A medium with the addition of 1% penicillin
streptomycin and 10% FBS supplementation was uti-
lized for cell culture. Moreover, the McCoy’s 5 A medium
used for cisplatin-resistant cells culturation contained 1
UM cisplatin. Subsequently, the short hairpin RNA tar-
geted to USP2 (sh-USP2), the pLVX-IRES-ZsGreen vec-
tor carrying USP2 sequences and corresponding controls
(sh-NC and vector) was transfected into the cisplatin-
resistant cells lines through Lipofectamine 3000 (Invit-
rogen) separately. Puromycin and RT-qPCR were utilized
for screening transfected cells and verify transfection effi-
ciency. All cells were incubated at 37 C in an incubator
supplied with 5% CO.,,.

Cell counting Kit-8 (CCK-8) and IC50 assays
CCK-8 (Thermo Fisher, USA) was utilized for cell viabil-
ity detection. Approximately 10% cells were incubated
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for 1 day in 96-well plates. After incubation with CCK-8
reagent, optical density (OD) values were determined
through microplate reader at 450 nm. For IC50 assays,
cells were exposed to cisplatin for 2-day incubation (0.1,
1, 10 and 100 pg/mL). Finally, IC50 values were calcu-
lated based on the cell viability results.

RT-qPCR

RNA isolation was performed using Trizol (Takara).
The quantity and purity of RNA were determined spec-
trophotometrically through NanoDrop 2000 instru-
ment (Thermo Fisher, USA). PrimeScript RT-PCR kit
(Takara) and SYBR Premix Ex Taq (Takara) were utilized
for cDNA generation and measurement according to the
instruction of manufacturer. Expression levels were nor-

malized to GAPDH as an internal reference using the
2724¢t method.

Lactate dehydrogenase (LDH)

The cell LDH activity was assessed utilizing LDH Cyto-
toxicity Assay Kit (Glpbio, USA). To prepare sample, cells
were lysed and the supernatant was extracted. Then, 120
pL supernatant was mixed with 60 mL LDH reagent and
incubated for 30 min. Subsequently, OD values of the
reaction mixture were detected at 490 nm through spec-
trophotometer. The LDH standard reagent (0, 10, 20, 30,
40, 50 U/L) was utilized to make standard curves. Finally,
the LDH activity was calculated according to the stan-
dard curves.

GSH measurement

Glutathione peroxidase assay kit (Abcam, ab102530)
was utilized to measure GSH activity. Cells were lysated
with 200 pL lysis buffer; the mixture was centrifuged at
12,000 rpm for 10 min at 4 C. The supernatant was then
combined with glutathione peroxidase detection buffer
and GPX detection working solution with 15-min incu-
bation at room temperature. Subsequently, peroxide
reagent solution was added and thorough mixed. Absor-
bance was detected at 340 nm through a spectrophotom-
eter to determine GSH activity.

GPX4 enzyme activity

Phospholipid hydroperoxide glutathione peroxidase,
mitochondrial (GPX4) ELISA Kit (Avantor) was utilized
for GPX4 enzyme activity measurement. Cell lysates was
added into each well and incubated at 37 °C for 80 min.
The solution was discarded, and the plate was washed
with washing buffer to remove any unbound materi-
als. After drying, 100 pL biotinylated antibody working
solution was added and incubated for 50 min at 37 °C.
The solution was discarded and the plate was washed.
After drying, 100 uL HRP enzyme working solution was
added and incubated for 50 min at 37 °C. The solution
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was discarded, and the plate was washed to completely
remove any unbound materials. After drying, 90 uL. TMB
substrate was added and incubated for 20 min at 37 °C.
Subsequently, 50 pL stop solution was added with imme-
diate measurement at 450 nm. Based on the absorbance
values, the activity of GPX4 enzyme was calculated.

Malondialdehyde (MDA)

Malondialdehyde Colorimetric Assay Kit (Thermo Fisher,
USA) was utilized for cellular MDA measurement. Cells
were cultured, harvested, lysed, and protein concentra-
tion was quantified. Then, the lysate was combined with
MDA working solution, heated in a water bath at 100 °C
for 15 min, centrifuged at 12,000 rpm for 15 min, and the
supernatant was measured spectrophotometrically at
532 nm. Finally, cell MDA activity was calculated based
on OD values.

Lipid reactive oxygen species (ROS)

BODIPY™ 581/591 C11 (Thermo Fisher, USA) was uti-
lized for Lipid ROS detection. Approximately 10° cells
were cultured in the medium for 30 min, which con-
tained 10 uM BODIPY™ 581/591 C11. The trypsin with
no EDTA was utilized for cell collection. Then, cells were
washed twice following suspension in PBS. CytoFLEX
cytometer instrument (Beckman Coulter) was utilized
for Lipid ROS detection.

Extraction of nuclear and cytoplasmic proteins

Nuclear Protein Extraction Kit (abcam, ab113474) was
utilized for nuclear and cytoplasmic proteins extraction.
200 pl cell protein extraction reagent was added into 10°
cells and they were vigorously vortexed for 20 s to form a
single-cell suspension. The mixture was placed in an ice
bath for 10 min, followed by another 20-second vortex
at 4°C and centrifugation at 16,000 rpm for 10 min. The
supernatant obtained after centrifugation represents the
extracted cell cytoplasmic protein, while the precipitate
represents the cell nucleus. The supernatant was removed
and 100 pl nuclear protein extraction reagent was added,
followed by another 20-second vortex to disperse the
precipitate. The mixture was then placed in an ice-water
bath for 10 min, followed by another 20-second vortex
at 4°C and centrifugation at 16,000 rpm for 10 min. The
supernatant was the cell nuclear protein.

Fluorescence in situ hybridization (FISH)

The subcellular localization of p53 was tested by FISH.
Oligonucleotide modified probes labeled with FAM for
p53 was provided by GenePharma Co. The transfected
A549/DDP and H1299/DDP cells were fixed in 4% form-
aldehyde (Beyotime, China) for 10 min and then treated
with pre-hybridization buffer overnight at 37 °C. Follow-
ing this, the cells were dyed with DAPI working solution.
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Finally, images were taken using a laser confocal fluores-
cence microscope.

For tumor tissues, paraffin sections were hybridized
with the p53 probe and incubated overnight at 37 °C.
DAPI was then used for nuclear counterstaining at room
temperature. All fluorescence images were captured
using a confocal laser microscope (Zeiss, Germany).

Western blotting

RIPA buffer and Bradford Protein Assay Kit (Thermo
Fisher, USA) were utilized to extract protein and mea-
sure its concentration. Protein was separated through
SDS-PAGE assay and blocked under non-fat milk. The
membranes were incubated with primary antibodies
for 24 h and secondary antibodies for 4 h. ECL chemi-
luminescent substrate and chemiluminescence imaging
system were utilized for bands visualization. Primary
antibodies: Anti-USP2 antibody (ab168945), Anti-USP7
antibody (ab190183), Anti-USP11 antibody (ab109232),
Anti-USP24 antibody (ab129064), Anti-USP37 antibody
(ab72199), Anti-USP50 antibody (ab170342), Anti-p53
antibody (ab32049), Anti-GPX4 antibody (ab125066),
Anti-xCT  antibody  (ab307601),  Anti-Transferrin
Receptor antibody (ab109259), Anti-ACSL4 antibody
(ab155282), Anti-GAPDH antibody (ab9485) and Anti-
TBP antibody (#8515); Secondary antibodies: Goat Anti-
Rabbit IgG H&L (ab6702).

Ubiquitination assay

Lysis buffer with protease inhibitors was utilized to lyse
cells. p53 antibody-coated protein A/G agarose beads
was utilized to extract p53 protein. SDS-PAGE and West-
ern blotting were utilized for protein separation and
ubiquitination detection. Primary antibodies: Anti-Ubiq-
uitin antibody (ab140601); Secondary antibodies: Goat
Anti-Mouse IgG H&L (HRP) (ab205719).

Co-immunoprecipitation

Cells were lysed with a lysis buffer containing prote-
ase inhibitors, and the supernatant was collected after
centrifugation at 12,000 rpm for 10 min. p53 antibody-
coated protein A/G agarose beads was utilized to extract
target protein from the supernatant. After washing the
beads with PBS, the elution buffer was used to elute the
protein. Subsequently, western blotting was utilized for
detecting the fluorescence signal of USP2.

Animal experimental assays

We selected SPF-grade male BALB/c nude mice aged 4-5
weeks to verify the effects of USP2 on the tumorigenic-
ity of DDP-resistant A549/DDP cells and their impact
on DDP resistance. A total of 4x10° A549/DDP cells
with USP2 overexpression (USP2) and control (oe-NC)
were injected subcutaneously into the right flank of the
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nude mice. Seven days after inoculation, cisplatin (5 mg/
kg, injected once every three days) or an equal volume
of saline was administered via intraperitoneal injection.
After 28 days, all mice were euthanized. The implanted
tumors were excised and weighed. Tumor volume was
calculated using the following formula: (length x width?)
/ 2. RT-qPCR and FISH experiments were conducted
using the methods described above.

Statistical analysis

All data were expressed as mean + SD. Graphs were gen-
erated, and statistical analyses were performed using
GraphPad Prism 8.0. The differences between two
groups of data were tested using a student’s t-test, and
one-way ANOVA was used to analyze multiple groups.
P<0.05 indicated significant differences. Measurements
were performed in triplicate for each sample to ensure
reproducibility.

Results

USP2 expression was inhibited in cisplatin-resistant NSCLC
cells

USP2 was significantly overexpressed in NSCLC, yet its
function and associated mechanisms in cisplatin resis-
tance remain unclear. We utilized A549/DDP and H1299/
DDP cells primarily for investigating the molecular path-
ways of cisplatin resistance in NSCLC. Firstly, both nor-
mal and cisplatin-resistant NSCLC cells were treated
with different doses of DDP (0.1, 1, 10, and100 pg/mL),
followed by the calculation of IC50 values for each cell
type using CCK-8 assays to assess cell viability. The find-
ings revealed that both A549/DDP (Fig. 1A) and H1299/
DDP (Fig. 1C) cell lines exhibited significant resistance
to cisplatin when compared to their normal counter-
parts. The IC50 values of A549/DDP and H1299/DDP
were markedly elevated compared to the parental cell
lines, reaching 30.09 pg/mL (Fig. 1B) and 23.37 pg/mL
(Fig. 1D), respectively. These two cell lines were chosen
for subsequent investigations. Previous study has hinted
at a correlation between USP family and drug resistance,
however, their potential role in NSCLC remained unclear.
Therefore, we sought to explore this relationship further
in NSCLC. We next examined the USP family members
expression in normal and cisplatin-resistant NSCLC
cells, including USP2, USP7, USP11, USP24, USP37 and
USP50. It was observed that only USP2 mRNA and pro-
tein expression were reduced in both A549/DDP cells
(Fig. 2A, C and D) and H1229/DDP (Fig. 2B, C and E)
cells. Taken together, these results suggested that USP2
could be relative to cisplatin resistance of NSCLC cells.
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Fig. 1 A549/DDP and H1299/DDP cells showed increased resistance to DDP treatment. (A) The cell viability of A549 and A549/DDP cells was assessed
through CCK-8 assays; (B) IC50 of DDP in A549/DDP was assessed by CCK-8 assay. (C) The cell viability of H1299 and H1299/DDP cells was determined
through CCK-8 assays. Cells were exposed to cisplatin (0.1, 1, 10, and 100 pg/mL) for 24 h. (D) IC50 of DDP in H1299/DDP was assessed by CCK-8 assay.

#%p < 0,001

USP2 overexpression inhibited cisplatin resistance through

promoting ferroptosis in A549/DDP and H1299/DDP cells
Previous studies have identified differential expression
of USP2. To systematically modulate USP2 expression

levels in drug-resistant cells, we employed cell trans-
fection techniques. Specifically, the introduction of
an overexpression vector for USP2 resulted in a sig-
nificant increase in its expression (Fig. 2F). Conversely,
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transfection with sh-USP2 effectively decreased the
expression of USP2 (Fig. 2G). Next, we investigated the
effects of manipulating USP2 expression levels (either
through knockdown or overexpression) on the cispla-
tin resistance of A549/DDP and H1299/DDP cells. Our
findings demonstrated that USP2 overexpression nota-
bly suppressed cellular resistance, whereas USP2 knock-
down enhanced the resistance of DDP-resistant cells
(Fig. 3A and B). Considering the correlation between the
reduced expression of USP2 in drug-resistant cells and
the heightened drug resistance, we have chosen to cen-
ter our forthcoming research on exploring the potential
advantages of upregulating USP2. RT-qPCR was utilized
to evaluate the transfection efficiency, which revealed a
noteworthy overexpression of USP2 (Fig. 3C). Previous
study has demonstrated that ferroptosis regulates cis-
platin resistance in multiple cancers. To further inves-
tigate the potential involvement of USP2 in cisplatin
resistance in NSCLC through ferroptosis, USP2 expres-
sion was overexpressed and the impact on cellular fer-
roptosis was assessed. Subsequently, CCK-8 assays were

utilized for measuring the cell viability in the presence
of cisplatin (A549/DDP: 30.09 pg/mL, H1299/DDP:
23.37 pg/mL). The results indicated a notable suppres-
sion of cell viability in A549/DDP and H1299/DDP cells
upon USP2 overexpression (Fig. 3D). Additionally, vari-
ous marker of ferroptosis were assessed to investigate
the impact of USP2. These markers included LDH, Fe?*
level, GPX4, GSH, MDA and Lipid ROS. The release of
LDH into the medium occurs when the cell membrane is
compromised. As expected, USP2 overexpression signifi-
cantly intensified the cytotoxicity of cisplatin in NSCLC
cells and resulted in increased LDH release (Fig. 3E).
Moreover, USP2 overexpression promoted Fe?" (Fig. 3F)
levels in cisplatin-resistant cells. Notably, GPX4 and
GSH metabolism play important functions in multiple
cancers; their depletion induces ferroptosis accompa-
nied by the accumulate of MDA and ROS. In our study,
the overexpression of USP2 suppressed GPX4 activity
(Fig. 3G) and GSH (Fig. 3H). A significant increase in
MDA (Fig. 3I) and lipid ROS (Fig. 3]) was observed in
the cisplatin-resistant cells. Our findings suggested that
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USP2 inhibited cisplatin resistance through promoting
ferroptosis.

USP2 promoted ferroptosis through the nuclear transfer of
p53

To explore the mechanism of USP2 and ferroptosis in
NSCLC resistance to cisplatin, western blotting was uti-
lized to measure the key protein markers of ferroptosis,
including GPX4, SLC7A11, TFRC, and ACSL4. SLC7A11,
a specific amino acid transporter, is a key regulatory pro-
tein of ferroptosis. Downregulation of SLC7A11 can lead
to decreased intracellular cysteine levels and depletion
of GSH biosynthesis by inhibiting cysteine metabolism,
thereby indirectly inhibiting GPX4 activity and result-
ing in lipid peroxides accumulation, ultimately induc-
ing ferroptosis [11]. In our study, USP2 overexpression
significantly suppressed SLC7A11 and GPX4 expression
(Fig. 4A, B and C). TERC is a transferrin receptor, which
regulates iron uptake; while ASCL4 is a key target of fer-
roptosis regulation, their inhibition can protect cells from

ferroptosis. However, we observed that USP2 overexpres-
sion had no effect on TFRC and ACSL4 protein expres-
sion. p53 is a substrate of USP2 and its accumulation in
cells mediates various antitumor effects, such as DNA
repair, apoptosis induction or cell cycle arrest. Addi-
tionally, recent research has reported that p53 is associ-
ated with cisplatin resistance in multiple cancer [23].
Therefore, we hypothesized that p53 may function in
the NSCLC cisplatin resistance. Nevertheless, no signifi-
cant difference was observed in the overall p53 protein
expression. Subsequently, we separated the nucleus and
cytoplasm, and evaluated their p53 protein expression
independently. Notably, USP2 overexpression promoted
p53 expression in the nucleus, while suppressing p53
expression in the cytoplasm (Fig. 4D). We speculate that
the overexpression of USP2 promoted the nuclear trans-
location of p53. Through FISH experiments, we observed
that following USP2 overexpression, the cytoplasmic level
of p53 significantly decreased in H1299/DDP and A549/
DDP cells, while its nuclear level significantly increased
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(Fig. 4E). This indicated that high USP2 expression facili-
tated p53 nuclear translocation in DDP-resistant NSCLC
cells. Our findings suggest that USP2 promoted ferropto-
sis by enhancing the nuclear translocation of p53.

USP2 stabilized p53 protein by suppressing its
ubiquitination

Ubiquitination marks proteins for degradation by protea-
some, which affects their localization, activity and protein
interactions [24]. To elucidate whether USP2 regulates
cisplatin resistance through p53 ubiquitination, ubiqui-
tination assays were utilized to assess p53 ubiquitination
levels after USP2 overexpression. The results demon-
strated that USP2 overexpression significantly inhibited
p53 ubiquitination levels (Fig. 5A). Subsequently, COIP
was utilized to identify the binding of USP2 and p53,
which showed the direct binding between USP2 and p53
(Fig. 5B). Subsequently, to further explore the correlation
between USP2 and p53 ubiquitination, we induced muta-
tion at the K305R, K372R or K382R sites in cisplatin-
resistant cells. The p53 ubiquitination levels was assessed,
which indicated that K305R mutation significantly sup-
pression p53 ubiquitination (Fig. 5C). Finally, nucleus
and cytoplasm p53 protein expression was also evalu-
ated. Interestingly, K305R mutation resulted in increased
nuclear p53 expression and suppressed cytoplasmic p53
expression (Fig. 5D). Briefly, USP2 stabilized p53 protein
by suppressing its ubiquitination and K305R site was the

potential target. In summary, USP2 acted on the K305R
site of p53, which resulted in its deubiquitination. This
cellular process could reduce cisplatin resistance through
ferroptosis in NSCLC.

USP2 enhanced A549/DDP cells to cisplatin sensitivity in
vivo

Subsequently, in vivo experiments were conducted using
mice to further investigate the effect of USP2 on DDP
resistance in A549/DDP cells. As illustrated in Fig. 6A-C,
the combination of USP2 overexpression and DDP treat-
ment promoted tumor regression, evidenced by a sig-
nificant reduction in tumor volume and notable decrease
in weight. This finding was consistent with the results
from the in vitro functional assays. Furthermore, assess-
ment of tissues USP2 revealed that overexpression of
USP2 enhanced its expression in mice tissues (Fig. 6D).
To determine the expression and localization of p53,
we performed FISH experiments on mouse tissues. The
results indicated that USP2 overexpression facilitated the
nuclear expression of green fluorescence of p53 (Fig. 6E).
These findings further suggest that the USP2-p53 path-
way played a crucial role in regulating cisplatin sensitivity
in A549/DDP cells.
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Discussion

NSCLC is the worldwide common and serious cancer. In
recent years, significant breakthroughs have been made
in NSCLC treatment with continuous research. How-
ever, the cisplatin resistance remains the major obstacle
to chemotherapy in NSCLC [25]. The cancer resistance
ultimately results in the failure of chemotherapy accom-
panied with an increase of mortality rates [26]. Con-
sequently, it is imperative to elucidate the molecular
mechanisms of cisplatin resistance in NSCLC. Our study
revealed the function of USP2 on cisplatin resistance in
NSCLC. Interestingly, USP2 expression was inhibited in
A549/DDP and H1299/DDP cells compared to their nor-
mal counterparts. Moreover, USP2 overexpression could
promote ferroptosis through p53 deubiquitination. Over-
all, USP2 inhibited cisplatin resistance through promot-
ing ferroptosis in NSCLC.

USP2, a deubiquitinating enzyme, performs crucial
biological functions related to ubiquitination. Previous
research has primarily centered on the functions of USP2
in the development and progression of various cancers,
including bladder cancer [27], breast cancer [28], and
colon cancer [29]. It has established that USP2 functions
as a tumor suppressor in numerous malignancies through
multiple mechanisms; for instance, USP2 deubiquiti-
nates SMAD7 and suppresses TGF-p signaling pathway

to inhibit glioblastoma progression [19]. Additionally,
USP2 inhibits lung cancer through ubiquitinating ARID2
protein [20]. Recent studies revealed that UPS might be
involved in cancer drug resistance and sensitivity. For
example, USP8 is elevated in cisplatin-resistant ovarian
cancer cells; silencing USP8 could sensitize ovarian can-
cer to cisplatin treatment, leading to improved chemo-
therapy outcomes [30]. USP14 expression is inhibited in
ovarian cancer cisplatin resistant cells and its knockdown
could decrease the cisplatin cytotoxicity [31]. Addition-
ally, it is observed that USP1 inhibition could revert cispl-
atin resistance in NSCLC [32]. Our study discovered that
USP2 seemed to act as a drug sensitivity modulator. The
USP2 expression was downregulated in A549/DDP and
H1299/DDP cells; its overexpression resulted in reduced
cell viability of cisplatin-resistant NSCLC cells exposed
to cisplatin.

Additionally, ferroptosis, a programmed cell death, is
induced with the ROS accumulation, particularly lipid
ROS [33]. glutathione peroxidase (GPX4) performs
important functions in regulating cell ferroptosis in
various cancers as antioxidant defense enzyme. Briefly,
suppression of GPX4 promotes ferroptosis and the over-
expression of GPX4 inhibits ferroptosis in multiple can-
cers. GPX4 could eliminate lipid peroxidation at the cost
of GSH [34]. Subsequently, the depletion of GSH results
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in lipid peroxidation, which effectively induces ferropto-
sis. The essence of ferroptosis is the glutathione deple-
tion, the reduction of GPX4 activity and the failure of
lipid oxides to be metabolized through the glutathione
reductase reaction catalyzed by GPX4 [35]. Moreover,
divalent iron ions oxidize lipids, leading to the genera-
tion of reactive oxygen species and ultimately promoting
cellular ferroptosis. In general, ferroptosis occurrence
is accompanied with the augmentation in LDH, MDA,
lipid ROS and Fe?* levels. Considerable clinical investi-
gations have identified a correlation between ferroptosis
and drug resistance [36]. In summary, the induction of
ferroptosis has been established as an efficacious strat-
egy for promoting drug sensibility formation, whereas
the inhibition of ferroptosis exacerbates the formation of
drug resistance [7]. Moreover, UPS orchestrates ferropto-
sis by the iron and lipid peroxidation accumulation, such
as USP7 [37], USP8 [38] and USP35 [39]. Therefore, we
hypothesized that USP2 might inhibit cisplatin resistance
of NSCLC cells through promoting ferroptosis. To verify
this speculation, we overexpressed USP2 expression and
measured the cellular ferroptosis levels. As anticipated,
USP2 overexpression promoted LDH release, Fe** level,
MDA and lipid ROS, while inhibited GPX4, GSH and
SLC7A11 levels. The evidence suggested that USP2 over-
expression promoted ferroptosis in NSCLC cells.
Moreover, p53 is also involved in regulating ferropto-
sis [10-12]. However, p53 is an unstable protein in cells
due to the presence of MDM?2 proteins, which could
ubiquitinate p53 to facilitate its degradation or directly
bind to p53 to inhibit its transcriptional activation func-
tion [40]. Once cells are stimulated, the binding between
MDM2 and p53 is disrupted, resulting in p53 protein
accumulation, which enables cells to respond to stimu-
lus. Briefly, to exert its tumor suppressor function, p53
needs to escape MDM2-mediated degradation and sta-
bilize p53 protein to exert its function [41]. Previous
study has also confirmed that USP protein family plays
crucial functions in p53 escaping MDM2-mediated deg-
radation. For instance, the deubiquitinases, such as USP2
[42], USP7 [43], and USP8 [44], exhibit potent deubig-
uitinating activity, resulting in the suppression of p53
ubiquitination and the consequent manifestation of their
anticancer properties. However, it has been observed
that the upregulation of USP2a promotes the accumula-
tion of MDM2, MDM2-mediated ubiquitination, and p53
degradation [45]. More Intriguingly, studies conducted
by Gu Wei have unveiled that during tumor suppres-
sion, despite the occurrence of p53 activation in murine
models, there seems to be no noticeable escalation in the
abundance of p53 protein. This observation suggests that
p53 activation may not necessarily hinge on an increase
in its protein levels, but rather on the relief of inhibi-
tory effects mediated through transcriptional repression
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proteins [12]. Furthermore, it has been also found that
USP10 enhances the stability of p53 by deubiquitinating
it and promotes the translocation of p53 from the cyto-
plasm to the nucleus [46]. In our study, USP2 overexpres-
sion inhibited p53 ubiquitination and directly interacted
with p53. Additionally, the mutation of K305R site signif-
icantly reduced the ubiquitination levels of p53 and facili-
tated its translocation from the cytoplasm to the nucleus.
Therefore, we speculate that USP2 overexpression may
lower the ubiquitination levels of p53 by acting on the
K305R site of p53 protein and promote the translocation
of p53 from the cytoplasm to the nucleus. However, fur-
ther research is required to confirm this hypothesis.

In vivo experiments in mice further confirmed that
USP2 played a key role in regulating DDP sensitiv-
ity and p53 expression in tumor tissues. Although this
study provides a preliminary exploration of the role of
the USP2-p53 axis-mediated ferroptosis in reversing cis-
platin resistance in NSCLC, several limitations persist.
This research involved only two representative resistant
cell lines, A549/DDP and H1299/DDDP, indicating a need
for future studies to broaden the range of cell lines used.
Additionally, this study was conducted solely in vivo
in mice, lacking relevant clinical data. Therefore, future
research should urgently focus on expanding the sample
size and variety, not only validating the findings in addi-
tional resistant cell lines but also incorporating more
clinical data for thorough validation. Furthermore, future
studies should focus on exploring the complex regulatory
networks downstream of this axis to provide insights for
developing novel therapeutic strategies.

Conclusions

This study revealed that USP2 and p53 were associated
with NSCLC cisplatin resistance. Mechanistically, USP2
acted on the K305R site of p53, which resulted in its deu-
biquitination. This cellular process could modulate cispl-
atin resistance through ferroptosis in NSCLC. Therefore,
targeting USP2/p53 axis could have promising therapeu-
tic implications for NSCLC treatment.
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