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USP4 promotes proliferation
and metastasis in human lung
adenocarcinoma

Yamin Wei?, Shanwang Wei?, Zhongteng Lei?, Yan Zhang?, Jinxiao Wu?, Jinli Huang?,
Lijuan Fu?, Zhimeng Li*, Guiying Huang?, Yuanna Liang® & Jinhua Zheng**

Research the expression of USP4 in lung adenocarcinoma and its correlation with clinicopathological
features and prognosis analysis, to explore the invasion and metastasis mechanism of USP4 in

lung adenocarcinoma, and to clarify the mechanism of USP4's involvement in the occurrence and
development of lung adenocarcinoma. The expressions of USP4, VEGF, MMP2 and Ki67 in lung
adenocarcinoma and adjacent tissues of 139 patients with lung adenocarcinoma were detected by
immunohistochemical method, and the correlation between expression and clinicopathological
features and survival curve were analyzed by statistical method. The expression of USP4 was interfered
by LIP-2000 cell transfection technology, and the expression of USP4 and its related factors in

protein level was detected by Western Blot, and their correlation was analyzed. After silencing USP4
expression, the effects of USP4 on proliferation, invasion and migration of lung adenocarcinoma

cells were detected by cell scratches assay, MTT assay, Transwell assay and tumorigenesis assay in
nude mice. The expression of USP4 in lung adenocarcinoma tissues was higher than that in normal
adjacent tissues, and the high expression of USP4 was significantly correlated with the differentiation
degree of lung adenocarcinoma, clinical stage and pathological grade lymph node metastasis. After
silencing USP4 expression, the expression of cyclin apoptosis protein invasion related proteins and
phosphorylation factors were affected, and then cell migration and the proliferation ability decreased,
the number of invasion and metastasis decreased, and the tumor volume decreased in nude mice.
USP4 may play a certain role in the invasion and metastasis of lung adenocarcinoma by regulating the
expression of tumor-related factors and affecting the prognosis of patients with lung adenocarcinoma.
USP4 can be used as a potential therapeutic target for clinical diagnosis of lung adenocarcinoma and
provide a new opportunity for clinical research on lung adenocarcinoma.
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Lung cancer is one of the most common malignant tumors worldwide, and it is the malignant tumor that causes
the highest morbidity and mortality in the world. Lung adenocarcinoma is the major histopathological type of
lung cancer'. Despite continuous improvements in medical technology and the development of immunotherapy
in recent years, the survival rate for patients with lung adenocarcinoma is still very low. Therefore, it is important
to further study the pathogenic mechanism of lung adenocarcinoma to find new therapeutic targets.
Ubiquitination and deubiquitination are highly dynamic processes that regulate protein stability and
degradation, and their abnormal regulation is closely related to the occurrence and development of cancer??.
Ubiquitination enzymes add ubiquitin to substrate proteins, and ubiquitinated target proteins are transported
to proteasomes for degradation; in contrast, deubiquitinating enzymes deubiquitinate ubiquitinated substrate
proteins, thus blocking protein degradation®. Ubiquitin-specific protease (USP) is the most diverse subfamily
of deubiquitinating enzymes. Currently, a total of 56 USP family member have been identified, including USP4,
USP7, USP11 and USP22°-8, USP22 is a tumor stem cell marker that plays an important role in tumor genesis,
development and cell cycle progression. It is highly expressed in colorectal cancer, hepatocellular carcinoma and
oral cancer, and is considered as an indicator of poor prognosis by activating signaling pathways to promote
tumor cell proliferation, invasion and metastasis through changing cell cycle activity USP11 mediates cell
proliferation and participates in cell signal transfer pathway. Studies have shown that USP11 can both inhibit
tumor (glioma) and promote tumor (breast cancer). USP11 is highly expressed in non-small cell lung cancer
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and promotes cell proliferation. USP4 is an important deubiquitination enzyme in the family of ubiquitin
specific modification enzymes (UBPs), which changes its characteristics by recognizing specific target proteins
and making them deubiquitinated, and plays an important role in regulating related proteins such as cell cycle
oncogenes and tumor suppressor genes. Studies have shown that USP4 plays an important role in rectal cancer
bladder cancer melanoma The high expression of USP4 in liver cancer and cervical squamous cell carcinoma
implies that USP4 may be a potential oncogene, and it has been confirmed that the abnormal expression of
USP4 promotes the occurrence, development, invasion and metastasis of rectal cancer™!%, In addition, USP4
promotes the proliferation, migration, and invasion of esophageal squamous cell carcinoma by targeting TAK1.
The expression of USP4 is low in breast cancer, and the high expression of USP4 inhibits the proliferation of
breast cancer cells and the occurrence and development of breast cancer, thus USP4 may be a potential tumor
suppressor gene. Meanwhile, USP4 is an important p53 regulatory molecule, and its deubiquitination can reduce
the level of p53 and inhibit p53-related apoptosis™! 12,

USP4 is a relatively new factor in tumor research and has rarely been reported in tumor research, and its
mechanism of action is still unclear. However, it has not been reported in lung adenocarcinoma that USP4, as an
important deubiquitination enzyme, plays an important role in the ubiquitin-proteasome system and regulates
protein expression Therefore, the regulation of USP4 protein signaling pathway is expected to become a target
for tumor therapy, bringing a new chapter for tumor therapy.

In this study, we evaluated the expression of USP4 in human lung adenocarcinoma and its correlation with
malignancy, and further explored the mechanism of USP4 in lung adenocarcinoma in vitro and in vivo.

Materials and methods

Patients and tissue samples

The human lung adenocarcinoma tissue samples were acquired from the Department of Pathology, Affiliated
Hospital of Guilin Medical College with informed consent of the patients, which was approved by the Joint
Ethics Committee of the Ethics Committee of Affiliated Hospital of Guilin Medical College. The patients
underwent radical surgery at the Affiliated Hospital of Guilin Medical University without other treatment
from 2009 to 2012. And 4 um paraffin sections were prepared according to manufacturing process for HE and
immunohistochemical staining. Fresh lung adenocarcinoma tissue samples protein were extracted for Western
Blot assay.

Immunohistochemistry

All specimens were soaked and fixed in neutral formalin, embedded in paraffin, and serially sectioned (4-um
thick). The sections were deparaffinized and hydrated according to the routine procedure, boiled in EDTA for
2 min for antigen retrieval, naturally cooled to room temperature, and treated with endogenous peroxidase
blockers for 15 min. The samples were incubated with primary antibodies against USP4 (ab236987, Abcam),
vascular endothelial growth factor (VEGE ab135505, Abcam), matrix metalloproteinase-2 (MMP2, ab86607,
Abcam), or Ki67 overnight at 4 °C. Then, the samples were incubated with biotin-labeled secondary antibody
for 20 min at room temperature and incubated with avidin-labeled horseradish peroxidase (HRP) at room
temperature for 30 min, followed by chromogenic reaction with DAB, counterstaining with hematoxylin, and
differentiation and dehydration with hydrochloric acid-alcohol, after which the samples became transparent. The
samples were sealed with neutral resin and observed under a microscope. After staining, all sections were viewed
and evaluated for histopathological diagnoses using a double-blind method. Based on the staining intensity,
light yellow staining received 1 point, yellow staining received 2 points, and brown yellow staining received 3
points. Based on the percentage of positive cells, <25% positive cells received 1 point, 25 -50% received 2 points,
51 -75% received 3 points, and >75% received 4 points. Then, the 2 scores for intensity and percentage were
multiplied to obtain the total score; if the total score was 0-3, the sample was defined as -; a score of 4-6 was
defined as +; a score of 7-9 was defined as ++, and a score of 10-12 was defined as +++.

Cell culture

Human lung adenocarcinoma cell lines, NCI-H1975 and A549, were purchased from the Cell Bank of the Type
Culture Collection of the Chinese Academy of Sciences. The cells were cultured in 1640 medium containing 10%
fetal bovine serum and 1% penicillin and streptomycin and cultured in a 5% CO, incubator at 37 °C.

Small interfering RNA (siRNA) interference

Human lung adenocarcinoma cells were seeded in 6-cm Petri dishes at a confluency of 50-60%. After the cells
adhered to the dishes, negative control siRNA (si-NC) or USP7 siRNA (si-USP7) (GenePharma) was dissolved
in Opti-MEM serum-free medium and mixed with lipofectamine 2000 (lip-2000). After standing for 20 min, the
mixed solution was added to dishes for cell transfection. Four to six hours after transfection, the culture medium
was replaced with medium containing 10% serum.

Immunofluorescence

Cells were seeded on glass slides. The cells were transfected when they reached a confluency of 50-60%. Forty-
eight hours after transfection, the cells were fixed in paraformaldehyde for 10 min at room temperature and
permeabilized with 0.1% Triton-X100 for 20 min. The cells were incubated with primary antibody against
tubulin (1:1000) at room temperature for 1 h and then incubated with FITC-labeled secondary antibody at room
temperature for 30 min. The nuclei were stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI,
1: 1000) for 3 min. The cells were mounted with anti-fluorescent quenching sealing agent and observed under a
fluorescence microscope.
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Western blot

Tissues or cells were sonicated in lysis buffer. The supernatant was collected by centrifugation, and the protein
concentration was quantified using the bicinchoninic acid (BCA) assay (Bio-Rad Laboratories). Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels were prepared, and 30 pg of protein was loaded,
electrophoresed, and transferred to membranes. The membranes were blocked with 5% nonfat milk for 2 h and
then incubated with primary antibody overnight at 4 °C. After incubation with a secondary antibody at room
temperature for 1 h, the membrane was incubated in HRP chemiluminescent substrate, and protein bands were
visualized on a Bio-Rad gel imaging system.

Western blot length gels image settings and processing manipulations
I used the image lab software to open length gels, and then used the screenshot tool to take a screenshot and save
the picture. Then used the photoshop software to crop and process the image.

Wound healing assay

Twelve hours after transfection, cells were seeded into 6-well plates at seeding density of 1 x 1076 cells per well
and cultured in a 5% CO, incubator at 37 °C. When the cells were confluent, a 100-ul pipette tip and ruler were
used to draw a vertical line. The culture medium was discarded. After rinsing with PBS twice, 2 ml of serum-free
medium was added. Photographs were taken at 0 h, 12 h, 24 h, and 48 h after scratching. Cell healing ability was
observed and compared.

Cell proliferation assay (MTT)

Forty-eight hours after transfection, cells were seeded into 96-well plates at a seeding density of 1500 cells per
well and cultured in a 5% CO, incubator at 37 °C. After the cells attached to the plate for 0 h, 24 h, 48 h, 72 h,
and 96 h, 10 ul of 5 mg/ml MTT (protected from light) was added to each well, and the cells were cultured for
4 h. The medium was discarded, and 150 pl of DMSO was added to each well. The optical density (OD) value
(wavelength, 490 nm) for each well was measured with a microplate reader, and a cell proliferation curve was
plotted with the OD as the ordinate.

Cell migration and invasion assay

Cell migration and invasion assays were performed using 24-well transwell chambers with 8 pm pore size
polycarbonate membrane (Corning Incorporated). Forty-eight hours after transfection, 5 * 10* cells were
seeded in serum-free medium in the upper chamber of the membrane (without Matrigel for cell migration
assay) or seeded on the top side of the membrane pre-coated with Matrigel for cell invasion ability assay (BD,
USA). Culture medium containing 10% FBS was added to the lower chamber. The cells that passed through the
membrane were fixed in 4% paraformaldehyde for 10 min and stained with hematoxylin for 10 min. The number
of cells that passed through the membrane was counted under a microscope. Four fields were selected randomly
for each group (x 100), and the average number was calculated and plotted by Image J software.

Tumorigenesis experiment in nude mice

Lung cancer cell line A549 was subcultured and logarithmic growth cells were collected. 10 mice were randomly
divided into 3 groups: blank group and experimental group (lung cancer cells were transfected with USP4
siRNA), with 5 nude mice in each group. The lung cancer cells were injected intradermal into the armpit of
nude mice, and the tumor formation was observed and recorded. After 2 months, all mice were sacrificed, the
transplanted tumor was removed and weighed, and the weight of transplanted tumor and tumor inhibition rate
of mice were recorded and calculated. Immunohistochemistry detects the expression of USP4 protein in tumor
tissues. Protein was extracted from fresh tumor tissues, and the relative expression level of USP4 protein was
detected by Western blot.

Statistical analysis

SPSS20.0 software was used for statistical analysis. The correlation between USP4, VEGE, MMP2 and
clinicopathological factors was evaluated. X? test was used for comparison between two groups, Spearman rank
correlation analysis was used for correlation analysis, and P < 0.05 was considered statistically significant. Western
Blot, MTT and Transwell results were performed by T test. P<0.05 was considered statistically significant.

Ethical approval

All animal experiments in this study have been approved by the Laboratory Animal Ethics Committee of
Affiliated Hospital of Guilin Medical College and all methods were performed in accordance with relevant
regulations and guidelines including the ARRIVE guideline.

Results

USP4 is highly expressed in human lung adenocarcinoma and is associated with the
prognosis of patients

Immunohistochemistry detects the expression of USP4, VEGF and MMP2 in lung adenocarcinoma: The
positive staining sites of USP4 were in the nucleus and cytoplasm of tumor cells, while the positive staining
sites of VEGF and MMP2 were mainly in the cytoplasm of tumor cells. The results showed that the expressions
of USP4, VEGF and MMP2 in lung adenocarcinoma tissues were higher than those in adjacent normal lung
tissues, with statistically significant differences (P<0.05) (Fig. 1A; Table 1). The correlation between USP4 and
VEGF and MMP2 expression: The growth, development, invasion and metastasis of tumor cannot be separated
from the nutrition and support of tumor blood vessels. VEGF and MMP?2 are closely related to the generation

Scientific Reports |

(2025) 15:11096 | https://doi.org/10.1038/s41598-025-89377-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

- »

A Normal Well differentiat Poor differentiation

USP4

SR
AR i, L M

RS
“{' :_‘{ "“é
VEGF

MMP2

Ki67

110-
< 88
Q
T 66-
[ ~~ Low USP4
.; 44+
5 —— High USP4
(%]
22-
p<0.001
c 1 ) ) 1 ) ]
0 26 52 78 104 130
Time(months)

Fig. 1. Expression of USP7, VEGE, MMP2 and Ki67 in lung adenocarcinoma and adjacent tissues by
immunohistochemistry. (A) Survival analysis of lung adenocarcinoma patients (B).

of blood vessels and tumor metastasis. Immunohistochemical results were analyzed and the expressions of
USP4 and VEGE USP4 and MMP2 in lung adenocarcinoma tissues were compared for statistical analysis,
and the results showed statistically significant differences, USP4 is positively correlates to Ki67, MMP2, VEGF
expression (P<0.05) (Table 2). Correlation between USP4 expression and clinicopathological features in lung
adenocarcinoma: Analyze the correlation between the expression of USP4 and age, sex, lymph node metastasis
and pathological stage in lung adenocarcinoma. The results showed that the expression of USP4 in lung
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USP4 Ki67 VEGF MMP2
Clinico-pathological features | All cases | High | Low | High | Low | High | Low | High | Low
Normal lung tissues 139 13 127 |31 108 |43 96 13 127
Lung adenocarcinoma 139 86 53 79 60 107 | 32 103 | 36
Pvalue <0.01 <0.01 <0.01 <0.01

Table 1. Analysis of the expression of USP4, VEGE, MMP2 and Ki67 in lung adenocarcinoma and adjacent
tissues.

UsP4
expression

High | Low | Total | P Value
High | 63 16 79
Ki67 expression Low |23 37 60 <0.01
Total | 86 53 139
High | 61 43 107
VEGF expression | Low | 12 20 32 0.035
Total | 73 63 139
High |74 |29 |103
MMP2 expression | Low | 12 24 36 <0.01
Total | 86 53 139

Table 2. Analysis of the correlation between the expression of USP4 and Ki67, VEGF and MMP2.

adenocarcinoma tissues was not correlated with the age and gender of patients, but was significantly correlated
with the degree of differentiation, TNM stage and pathological grade (P<0.05). And the USP4 expression
became more prominent in the later tumor stage (III+IV) but less prominent in earlier tumor stage (I+1I).
This finding indicated that USP4 was associated with poor prognosis of lung adenocarcinoma patients (Table 3).
Analysde the relationship between USP4 expression and prognosis of patients and made urvival curve: Kaplan-
meier survival analysis and log-rank test were used to analyze the relationship between USP4 expression and
prognosis of patients with lung adenocarcinoma. The results showed that high USP4 expression was associated
with poor prognosis of patients with lung adenocarcinoma (Fig. 1B).

USP4 is highly expressed in lung adenocarcinoma tissues, interference the expression of
USP4 inhibits the proliferation of lung adenocarcinoma cells

Collect 23 cases of fresh lung adenocarcinoma tissue and adjacent lung tissues, detect the expression of USP4 by
WesternBlot. The results showed that the expression of USP4 in lung adenocarcinoma tissues was significantly
higher than that in adjacent lung tissues (Fig. 2A & (a)). The expression of USP4 in lung adenocarcinoma cells
was interfered, and the expression of USP4 was detected by Western Blot after 48 H protein extraction. The down-
regulation trend was obvious for transfection agent USP4 siRNA1 (Fig. 2B) comparing the down-regulation
effect of USP4 siRNA1 in NCI-H1975 and A549 cells. The results showed that the down-regulation trend was
more obvious in A549 cell line (Fig. 2C). The interference effect of transfection agent siRNA1 on A549 cell line
was further verified with a significant down-regulation trend, which could be used in subsequent experiments
(Fig. 2D). Observed cell morphology at 0 H, 24 H and 48 H after USP4 transfection, and it was found that the cell
morphology became round and the number decreased after interfering USP4 expression (Fig. 3A&B). Therefore,
we guessed that USP4 could promote cell proliferation and inhibit apoptosis. MTT assay was used to detect the
cell proliferation. SPSS statistical analysis showed that silencing USP4 expression inhibited the proliferation of
lung adenocarcinoma cells, and the difference was statistically significant P<0.05(Fig. 3C). To verify the effect
of USP4 on promoting proliferation and inhibiting apoptosis: Western Blot was used to detect the expression
of cell cycle proliferation and apoptosis-related factors. P21, P27, P53 is a cell cycle suppressor protein, both of
which are negative regulators of cell cycle with anti-cancer effects and affect the regulation of cell proliferation
and differentiation. CyclinA CyclinD1 is a cell cycle regulator gene, which is closely related to cell division and
proliferation activities. Bcl-2 is a gene that inhibits apoptosis, while Bax is a gene that can promote apoptosis. Bax
is a member of bcl-2 gene family, which can promote apoptosis by antagonizing Bcl-2 gene. Caspase family plays
a key role in the process of apoptosis Caspase-3 is its core member, and its high expression can induce apoptosis,
which plays a central role in the process of apoptosis. Caspase-3 is the last execution factor of apoptosis known
at present. Studies have found that Cleaved caspase-3 high expression in normal tissues can induce apoptosis
of abnormal hyperplasia cells, maintaining the cell number at a stable level. However, low expression in tumor
tissue, abnormal cell proliferation accelerated, apoptosis decreased. Western Blot was used to detect the effects
of USP4 silencing and expression on P21, P27, P53, CyclinA, CyclinD, Bax, Bcl2, caspase-3, Cleaved caspase-3
to study the proliferation and apoptosis of lung adenocarcinoma cells by USP4. The results showed that the
expression of tumor-related tumor suppressor gene and cycle factor P21, P27, P53, increased and the expression
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USP4 expression
Clinico-pathological features | All cases | High Low P value
Sex 0.375
Male 74 42 (56.76) | 32 (43.24)
Female 65 32(49.23) | 33 (50.77)
Age (years) 0.458
<60 90 50 (55.56) | 40 (44.44)
=60 49 24 (48.98) | 25 (51.02)
Smoking history 0.496
Yes 49 28 (57.14) | 21 (42.86)
No 90 46 (51.11) | 44 (48.89)
Tumor size (cm) 0.067
<3 57 26 (45.61) | 30 (52.63)
>3 82 51 (62.20) | 31 (37.80)
Tumor differentiation <0.01
Well 49 9(18.87) |40 (81.63)
Moderate 28 13 (46.43) | 15 (53.57)
Poor 62 52(83.87) | 10(16.13)
TNM <0.05
I+ 117 56 (47.86) | 61 (52.13)
I +1v 22 18 (81.82) | 4 (18.18)
Tumor stage <0.01
>3 cm 82 52 (37.41) | 30 (21.58)
<3 cm 57 26 (18.71) | 30 (21.58)
Lymph node metastasis <0.05
Yes 58 37 (63.79) | 21 (36.21)
No 81 37 (45.68) | 44 (54.32)
Five-year survival rate <0.01
Survive 71 25(35.21) | 46 (64.79)
Death 68 49 (72.06) | 19 (27.94)

Table 3. Analysis the relation between the expression of USP4 and clinic-pathological characteristics.

of CyclinA, CyclinD decreased after USP4 expression was interfered. Apoptosis related protein Bax, Cleaved
caspase-3 expression was increased, and Bcl2, caspase-3 expression was decreased (Fig. 3D), indicating that
USP4 could promote cell apoptosis and inhibit cell proliferation.

USP4 can promote the migration and invasion of lung adenocarcinoma cells
Research the effect of USP4 on the migration of lung adenocarcinoma cells, the cell migration ability was
detected by cell scratch test and uncoated Transwell chamber method (the migration number of cells was
observed at 0 H, 24 H and 48 H) The results showed that the healing rate of cell scar area was slowed down
after silencing USP4 expression, and the number of cells passing through uncoated Transwell cell decreased
(Fig. 4A,B). Research the invasion effect of USP4 on lung adenocarcinoma cells, Transwell gel chamber method
was used to observe the number of cells passing through 0 H, 12 H, 24 H, 48 H and detect the invasion ability
of lung adenocarcinoma cells. The results showed that after interfering USP4 expression, the number of cells
passing through the gel chamber was reduced and the invasion ability was weakened (Fig. 4C). Western Blot
was used to detect the expression of tumor invasion-related protein (MMP2 VEGF e-cadherin n-cadherin),
further verifying the invasion ability of USP4 in lung adenocarcinoma. Results Showed that MMP2, VEGF after
silencing USP4 expression The expression of e-cadherin was decreased, while the expression of N-cadherin was
increased, indicating that downregulation of USP4 expression inhibited the invasion ability of cells (Fig. 4D).
In addition, ERK, SRC, FAK, AKT and P38 pathways play an important role in tumor proliferation, migration
and invasion. Western blot was used to detect the changes in phosphorylation levels of these proteins, and
further explore the invasion and metastasis mechanism of USP4 in lung adenocarcinoma. The decreased levels
of P-Src and P-ERK suggest that USP4 may affect the proliferation and metastasis of lung adenocarcinoma cells
by regulating RSK, SRC and ERK signaling pathways (Fig. 5A). The mechanism of action is shown below (Fig. 6).
In vivo experiment (tumorigenesis experiment in nude mice): The lung cancer cell line A549 was injected
intradermal into the armpit of nude mice, and the tumorigenesis was observed. 2 months after successful
tumorigenesis, the transplanted tumor was removed and weighed in 6 nude mice, and the weight and tumor
inhibition rate of the transplanted tumor were recorded and calculated, and the differences were statistically
significant (P<0.05)(Table 4). Immunohistochemical staining was performed to detect the expression of USP4
protein in tumor tissues. Protein was extracted from the fresh tumor tissues, and the relative expression level of
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Fig. 2. Expression of USP7 in lung adenocarcinoma and adjacent tissues by western blot. (A) Expression of
USP4 after interference with 3 siRNAs by western blot. (B) Western blot analysis of USP4 interference in A549
and NCI-1975 lung adenocarcinoma cells. (C) Western blot further confirmed the interference effect of USP4
in A549 lung adenocarcinoma cells (D).

USP4 protein was detected by Western blot to study the proliferation and invasion ability of USP4 on tumors.
The results showed that the expression of USP4 in tumor tissues of transfected mice was decreased, and the
volume of tumor formation was small The slow growth rate indicated that USP4 had tumor-promoting effect in
vivo (Fig. 7A&B& C).
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Fig. 3. The A549 cell morphology detection by microscope after interference with si-USP4. (A) The A549
cell morphology and number detection by fluorescence microscope after interference with si-USP4. (B) Cell
viability was detected by MTT assay after A549 cells interference with si-USP4. (C) Cell cycle and apoptosis-
related signal pathway were detected by western blot after interference with si-USP4 (D).

Discussion

By binding to ubiquitin, USP4 deubiquitinates and regulates the expression of a variety of proteins.Studies have
shown that USP4 is highly expressed in colon cancer, pancreatic cancer and liver cancer, USP4 regulates the
growth, invasion and metastasis of colorectal cancer. Knockdown of USP4 expression is significantly correlated
with distant metastasis of tumor size differentiation and can inhibit the growth of colorectal cancer cells'*-!°.
Our study found that USP4 was highly expressed in human lung adenocarcinoma and that the expression of
USP4 was associated with the differentiation of lung adenocarcinoma, TNM stage, pathological grade and lymph
node metastasis. Notably, the lung adenocarcinoma patients with high USP4 expression had shorter survival
times. The results suggested that USP4, as a predictor of the prognosis of lung adenocarcinoma patients, plays an
important role in the malignant progression of lung adenocarcinoma.

Furthermore, using a cell proliferation assay, we confirmed that the proliferation of lung adenocarcinoma
cells decreased after USP4 expression interference, indicating that USP4 plays an important role in regulating
the proliferation of lung adenocarcinoma cells. The cell cycle is regulated by both positive and negative factors.
P21, P27, and P53 are cell cycle negative regulators with tumor suppressor functions, and they regulate cell
proliferation and differentiation'®-!%. Human double minute 2 homolog (HDM2) is a p53-specific E3 ubiquitin-
protein ligase that can negatively regulate p53 expression and inhibit p53 activity'®. Studies have shown that
USP7 deubiquitinates HDM2 and maintains the deubiquitination state, further mediating p53 ubiquitination
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Fig. 4. The migration ability of A549 cells were detected by wound healing assay after interference with si-
USP4. (A) The migration ability of A549 cells were detected by transwell assay after interference with si-USP4.
(B) The invasion ability of A549 cells were detected by transwell assay after interfering USP4. (C) EMT and
metastasis signal pathway were detected by western blot (D).

and degradation and resulting in decreased intracellular p53 levels?’. p21 and p27 are cyclin-dependent
kinase inhibitors downstream of p53, regulate the G1/S phase transition together with p53 and negatively
regulate the cell cycle?!. Our study showed that the expression levels of p21, p27 and p53 increased after USP7
expression interference; this result might be due to the ubiquitination and degradation of HDM2 caused by
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Fig. 5. Expression of P-AKT, P-ERK, P-FAK, P-SRC and P-P38 by western blot (A).

the decreased expression of USP7, thereby inhibiting p53 ubiquitination, resulting in increased p53 expression
and further causing an increase in the expression of downstream p21 and p27. Cyclin A and cyclin D1 are cell
cycle regulatory genes that play important roles in cell division and proliferation?»?3. Furthermore, they are
regulated by p53. Therefore, USP4 may affect the expression of downstream proteins through the regulation
of p53 expression, thereby affecting the cell cycle of lung adenocarcinoma cells. In addition, p53 is also an
important factor that regulates cell apoptosis and the expression of Bcl-2 and Bax?%. Bax translocates to the
mitochondrial membrane to form homodimers or multimers and forms permeability transition (PT) pores on
the mitochondrial membrane, allowing the release of pro-apoptotic factors, such as cytochrome ¢, which causes
a caspase cascade reaction, exerting a pro-apoptotic function?. Bcl-2 can form a heterodimer with Bax and plays
a role in inhibiting cell apoptosis?®. Our study showed that after USP4 expression interference, Bax expression
increased, Bcl-2 expression decreased, and caspase-3 activation increased, indicating that USP4 might regulate
the apoptosis of lung adenocarcinoma cells through p53.

EMT is closely associated with tumor metastasis?’. During the EMT process, the polarity and adhesion ability
of epithelial cells are lost, thereby increasing the migration ability of mesenchymal cells, which facilitates tumor
cell metastasis. In addition, the phenotype of the cells changes, and tumor cells lose the epithelial phenotype,
e.g. E-cadherin is downregulated, and exhibit a mesenchymal phenotype, e.g., vimentin and N-cadherin
are downregulated?®. The downregulation of E-cadherin levels could result in decreased cell adhesion and
facilitate cell migration and invasion?. Our study showed that after interfering with USP4 expression, lung
adenocarcinoma cells changed from a long spindle shape to round, the migration and invasion abilities of
cells decreased, N-cadherin expression decreased, and E-cadherin expression increased, indicating that USP4
promoted the invasion and migration of lung adenocarcinoma cells by promoting the EMT of cancer cells.
MMP?2 can degrade type IV collagen, the major structural component of basement membranes, and plays an
important role in tumor cell invasion and metastasis®. MMP2 can also promote lymphangiogenesis and lymph
node metastasis*"*2. VEGF can induce lymphangiogenesis and promote lymph node metastasis®***. Our study
showed that in human lung adenocarcinoma, the expression of USP4 was positively correlated with the expression
of VEGF and MMP2, and the probability of lymph node metastasis was higher in lung adenocarcinoma patients
with high USP4 expression. In addition, USP4 expression interference in lung adenocarcinoma cells caused
a decrease in MMP2 and VEGF expression, indicating that USP4 induced lymphangiogenesis and promoted
lymph node metastasis of lung adenocarcinoma by upregulating VEGF and MMP2 expression®”.

The MAPK/ ERK, SRC, FAK, AKT, P38 signaling pathway play important roles in tumor proliferation,
migration and invasion. The MAPK/ERK signaling pathway regulates cell proliferation, differentiation and
survival and plays an important role in tumor invasion and metastasis. Abnormal MAPK/ERK signaling
pathway activation can promote malignant transformation and abnormal cell proliferation, ultimately leading
to tumorigenesis and tumor cell proliferation’®. Studies have shown that the inhibition of ERK phosphorylation
inhibits the proliferation of and promotes the apoptosis of human gastric cancer cells®’. Our study showed
that after USP4 expression interference, the expression of p-ERK, p-RSC and p-RSK decreased, indicating that
USP4 may affect the proliferation, apoptosis, migration and invasion of lung adenocarcinoma cells through the
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Fig. 6. Diagram of sulfation mechanism of USP4.

Group We1ghtt3;t;1(n;)p lanted Tumor suppressor(%)
Blank group 3 2.94+0.1 -
Transfection group 3 1.0£0.7 80.0+12.5
t 7.840 56.575
P 0.000 0.000

Table 4. Comparison of the weight and tumor inhibition rate of the three groups of transplanted tumors
(x+s).

regulation of p-ERK, p-RSC and p-RSK. The results of tumorigenesis experiment in nude mice showed that
USP4 could promote tumor proliferation and promote tumor in vivo.

In summary, we found that USP4is highly expressed inlungadenocarcinoma. It may induce lymphangiogenesis
and promote lymph node metastasis of lung adenocarcinoma by regulating the expression of VEGF and MMP2.
USP4 regulates the cell cycle and apoptosis and promotes tumor cell proliferation by regulating the p53 and
downstream protein expression. USP4 promotes the migration and invasion of lung adenocarcinoma cells by
regulating cellular EMT processes. Therefore, our results suggest that USP4 may be a potential target for the
treatment of lung adenocarcinoma.
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Fig. 7. The expression of USP4 in tumor tissues was detected by immunohistochemistry. (A) Comparison
of tumor size between blank group and transfected component in nude mouse tumor formation experiment.
(B) Protein was extracted from the fresh tumor tissues, and the relative expression level of USP4 protein was
detected by Western blot (C).
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