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Abstract. Lung cancer is one of the most common forms 
of cancer and accounts for a significant proportion of all 
cancer‑related deaths. Lung adenocarcinoma (LUAD) accounts 
for approximately 40% of all cases of lung cancer. In recent 
years, new developments in both the diagnosis and treatment 
of LUAD have been achieved. Unfortunately, the prognosis 
remains poor for patients with malignant LUAD. Hypoxia 
is a common characteristic of solid tumors and induce the 
immune evasion by increasing the expression of programmed 
cell death‑ligand‑1  (PD‑L1) in the tumor. In this study, it 
was predicted that ubiquitin‑specific peptidase 22 (USP22) 
is the direct target of the microRNA (miR)‑30‑5p family, 
including miR‑30a‑5p, miR‑30b‑5p, miR‑30c‑5p, miR‑30d‑5p 
and miR‑30e‑5p. Furthermore, the binding of USP22 with 
the miR‑30‑5p family was confirmed by luciferase assay. In 
addition, it was demonstrated that targeting USP22 via the 
miR‑30‑5p family inhibited the induction of PD‑L1 expression 
in hypoxic conditions, thus preventing activated T cells from 
killing LUAD cells. Our results indicated that miR‑30a‑5p, 
miR‑30b‑5p, miR‑30c‑5p, miR‑30d‑5p and miR‑30e‑5p repre‑
sent new targets for the treatment of LUAD.

Introduction

Lung cancer is the most common form of cancer and represents 
a leading cause of cancer‑related deaths worldwide (1). Lung 
adenocarcinoma (LUAD) accounts for approximately 40% of 
all cases involving lung cancer and is the most heterogeneous 
and aggressive form of non‑small cell lung cancer  (2,3). 
Despite new developments in the past few years in the 

diagnosis and treatment of LUAD, the prognosis of patients 
with malignant LUAD is poor; their 5‑year survival rate, is 
<18% (4). Exploring the molecular mechanisms underlying 
the pathogenesis of LUAD and identifying new diagnostic 
biomarkers are essential to improve the prognosis of these 
patients.

The investigation of immune checkpoint inhibitors 
(ICIs) has led to significant changes in the therapeutic 
methods used in oncology, and in particular, the blockade 
of interactions involving programmed cell death‑ligand 1 
(PD‑L1)/programmed cell death protein‑1 (PD‑1) (5). Tumor 
cells, by expressing PD‑L1 and binding to PD‑1 molecules on 
the surface of T cells, can activate negative co‑stimulatory 
signals in T lymphocytes, thus inhibiting the activation and 
proliferation of T cells and the induction of apoptosis, thus 
allowing tumors to evade the surveillance of the immune 
system (6). The blockade of PD‑L1/PD‑1 has demonstrated 
favorable overall efficacies for the treatment of various types 
of tumor, and has been used clinically to treat non‑small 
cell lung cancer (NSCLC) (7), melanoma (8), head and neck 
squamous cell carcinoma (HNSCC) (9,10), renal cell carci‑
noma (11), urothelial carcinoma (12), gastric cancer  (13), 
microsatellite instability‑high (MSI‑H) cancers  (14) 
and mismatch‑repair deficiency  (15). Because PD‑L1 is 
expressed by tumor cells to inhibit T cells and survive their 
cytotoxic activities, the expression of PD‑L1 in tumor tissue 
has been widely used as a favorable predictive biomarker 
for the diagnosis and prognosis of cancer (16,17). Hypoxia 
is the main feature of solid tumors. Studies have revealed 
that hypoxia can induce the expression of PD‑L1 in tumor 
cells and facilitate the evasion of tumors from immune 
attack (18‑20).

Ubiquitin‑specific peptidase 22 (USP22) is a subunit of the 
human SPT‑ADA‑Gcn5 acetyltransferase (SAGA) complex 
and is a deubiquitinating enzyme (21). USP22 has been revealed 
to exhibit the transcriptional characteristics of different genes 
and can cause aggressive growth, metastasis, and treatment 
resistance, in numerous forms of human cancers, including 
lung cancer (22). A recent study revealed that USP22 could 
induce angiogenesis, growth and the metastasis of LUAD (23), 
thereby resulting in the development of LUAD. Study has also 
revealed that USP22 can stabilize PD‑L1 protein expression 
in Human non‑small cell lung cancer (24). However, whether 
USP22 can regulate the expression of PD‑L1 in LUAD has yet 
to be elucidated.
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Research has revealed that PD‑1/PD‑L1 plays a key role 
in the evasion of tumors from immune attack. Therefore, 
researchers have made numerous attempts to target this partic‑
ular immune checkpoint (25). MicroRNAs (miRNAs or miRs) 
are short, non‑coding, and evolutionarily conserved RNAs. 
miRNAs have been revealed to regulate gene expression at 
the post‑transcription level by binding to the 3'‑untranslated 
region  (3'‑UTR) of mRNAs  (26). Multiple studies have 
reported that miRs can regulate PD‑L1 expression via multiple 
pathways (27,28). Of these, miR‑30‑5p was reported to inhibit 
cell chemoresistance and stemness in colorectal cancer by 
targeting the USP22/Wnt/β‑catenin signaling axis  (29). 
Furthermore, miR‑30‑5p has also been revealed to function 
as a tumor suppressor in numerous different cancers  (30). 
However, the relationship among miR‑30‑5p and USP22 and 
PD‑L1 in LUAD cells has yet to be investigated.

Therefore, the aim of the present study was to investigate 
whether USP22 is the direct target of miR‑30a‑5p, miR‑30b‑5p, 
miR‑30c‑5p, miR‑30d‑5p and miR‑30e‑5p, and the relationship 
of inhibition of USP22 with the promotion of PD‑L1 induced 
by hypoxia. It is theorized that the miR‑30‑5p family may 
represent a new treatment target for LUAD.

Materials and methods

Cell culture and transfection of oligomers. A549 cells, an 
important strain of LUAD cells were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China). 
These cells were cultured in Roswell Park Memorial Institute 
(RPMI)‑1640 medium (Sigma‑Aldrich; Merck KGaA) with 
10% fetal bovine serum (FBS) (Hyclone; Cytiva), 100 U/ml 
penicillin and 100 U/ml streptomycin at 37˚C. Incubation 
was carried out in a 5% CO2 incubator with either 20% O2 or 
1% O2. The 293T cell line was purchased from the American 
Type Culture Collection and cultured at 37˚C with 5% CO2 
in Dulbecco's modified Eagle's medium (DMEM) (Hyclone; 
Cytiva) supplemented with 10% FBS, 1% penicillin‑strepto‑
mycin and 2 mM l‑glutamine.

To perform miRNA mimics transfection, one day before 
transfection with miRNA mimics, 1x106 cells were seeded into 
6‑well plates and cultured at 37˚C with 5% CO2. The transfec‑
tion was performed when the cells had reached approximately 
70% confluence using Lipofectamine RNAiMAX (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions, and cells were cultured at 37˚C with 5% CO2 for 
48 h. Then, the level of miRNA was confirmed by RT‑qPCR 
at 48 h post transfection. The miRNA oligonucleotides and 
control used in the study are listed in Table I. The final working 
concentration of the miRNA mimics was 100 nM. In addition, 
A549 cells were co‑transfected with miR‑30‑5p mimics and 
a hypoxia response element (HRE) reporter gene plasmid 
(HRE‑LUC). In addition, miR‑30‑5p mimics and Flag‑USP22 
or USP22 catalytic domain inactivated mutant plasmid 
(USP22‑HH/AA), purchased from Shanghai GenePharma Co., 
Ltd, were co‑transfected into A549 cells and cultured under 
hypoxic conditions. Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used for plasmid transfections 
following the manufacturer's instructions. For MG132 treat‑
ment, 5 mM stock solution was prepared by dissolving MG132 
(Calbiochem; Merck KGaA) in DMSO. Then, the cells were 

treated with MG132 at a final concentration 25 µM for 24 h 
and collected for western blot assay.

Luciferase assay. The wild‑type (WT) USP22 3'UTR or mutant 
(MUT) USP22 3'UTR containing the putative miR‑30‑5p 
binding site was synthesized (Sangon Biotech Co., Ltd.), and 
the fragments were cloned into the pMIR‑Report Luciferase 
vector (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The 293T cell line was used for luciferase reporter assays. Cells 
were plated and the cell density was allowed to reach approxi‑
mately 50%. Then, 100 ng pMIR/USP22 WT or pMIR/USP22 
MUT, 2 ng Renilla luciferase plasmid (cat. no. E6921; Promega 
Corporation) containing Renilla luciferase and 100  nM 
miRNA mimics were co‑transfected using Lipofectamine™ 
2000 reagent. A total of 24 h after transfection, the firefly and 
Renilla luciferase activities were assessed using the Dual‑Glo 
Luciferase Assay System (cat. no. E2920) and a GloMax® 20/20 
Luminometer (E5311; both from Promega Corporation).

Reverse transcription‑quantitative (RT‑q) PCR. Total RNAs 
from A549 cells were extracted using RNAiso Plus (Takara Bio, 
Inc.). mRNAs were then reversely transcribed into complemen‑
tary DNA with a reverse transcription kit (cat. no. RR036A; 
Takara Bio, Inc.) according to the manufacturer's instruc‑
tions. The expression levels of mRNA and miRNA were 
then detected via TB Green II (cat. no. RR820Q; Takara Bio, 
Inc.). The thermocycling conditions were as follows: 94˚C for 
4 min, followed by 35 cycles of 20 sec at 94˚C, 30 sec at 60˚C 
and 30 sec at 72˚C. β‑actin and U6 were applied as internal 
controls. The relative expression levels were calculated with 
the 2‑ΔΔCq method (31). The primers are presented in Table II.

Western blot analysis. Cellular protein was extracted by 
RIPA Lysis Buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology) and protein concentrations were assessed with 
a BCA Protein Assay kit (cat. no. P0010; Beyotime Institute 
of Biotechnology) according to the manufacturer's instruc‑
tions. A total of 30 µg protein was loaded per lane, and then 
the proteins were separated by 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS‑PAGE) and trans‑
ferred to polyvinylidene fluoride (PVDF) membranes. Then 
membranes were blocked with 5% skim milk‑TBST for 1 h 
at room temperature. Primary antibodies that were specific to 
PD‑L1 (product no. 13684; 1:1,000; Cell Signaling Technology, 
Inc.), USP22 (cat. no. 55110‑1‑AP; 1:1,000; ProteinTech Group, 
Inc.), hypoxia‑inducible factor (HIF)‑1α (product no. 36169; 
1:1,000; Cell Signaling Technology, Inc.), and β‑actin 
(product no. 3700; 1:1,000; Cell Signaling Technology, Inc.), 
were incubated with the PVDF membranes for 12 h at 4˚C. 
PVDF membranes were incubated with HRP‑conjugated goat 
anti‑rabbit (cat. no. SA00001‑2; 1:2,000) and goat anti‑mouse 
(cat. no. SA00001‑1; 1:2,000; ProteinTech Group, Inc.) IgG 
(H+L) secondary antibodies for 1 h at room temperature. 
Then, after being washed three times in PBS containing 0.05% 
Tween‑20 (PBST), the membranes were visualized to demon‑
strate the positive binding antibody using BeyoECL Plus 
(cat. no. P0018S; Beyotime Institute of Biotechnology) and a 
gel imaging system (Bio‑Rad Laboratories, Inc.). ImageJ v1.48 
(National Institutes of Health) was then used to calculate the 
gray values of the images.
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T‑cell‑mediated tumor cell killing assay. According to an 
experiment previously reported (32), T cells were activated 
using anti‑CD3 antibody (cat. no. 14‑0037‑82; 100 ng/ml; 
eBioscience; Thermo Fisher Scientific, Inc.) and interleukin‑2 
(cat.  no.  PHC0023; 10  ng/ml; Thermo Fisher Scientific, 
Inc.). After transfection with miRNA mimics, the cells were 
pre‑treated at 37˚C under hypoxic conditions for 24 h, and 
the tumor cells and T cells were then co‑cultured at 37˚C for 
3 days. Next, the wells were washed twice with PBS to remove 
the T cells, and the surviving tumor cells were fixed with 4% 
paraformaldehyde for 20 min and stained with 1% crystal 
violet solution for 15 min at room temperature.

Cycloheximide (CHX) chase assay. Cells were treated with 
CHX (50 µg/ml; MedChemExpress) at 37˚C and harvested 
at 0, 4 and 8 h. After CHX treatment, cells were lysed in 
ice‑cold RIPA cell lysates (CST) and the lysates were analyzed 
by western blotting with anti‑HIF‑1α, anti‑USP22, anti‑PD‑L1 
or anti‑β‑actin antibodies.

Co‑immunoprecipitation (Co‑IP). Cells were collected 
and immunoprecipitation was carried out with a Pierce™ 
Classic Magnetic IP/Co‑IP kit (cat. no. 88804; Thermo Fisher 
Scientific, Inc.) in accordance with the manufacturer's instruc‑
tions. Accordingly, cells were lysed in lysis buffer (0.025 M 
Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP‑40, and 5% glyc‑
erin) for 5 min on ice, and then proteins were centrifugated 
at 13,000 x g for 10 min. Next, the samples were incubated with 
rabbit USP22 antibody (cat. no. 55110‑1‑AP; 4 µg; ProteinTech 
Group, Inc.) or rabbit isotype control IgG provided in the kit 
with agitated rotation at 4˚C overnight. Next, magnetic beads 
(0.25 mg) were added to the proteins and rotated at room 
temperature for 1 h. The magnetic beads were subsequently 
washed with buffer solution and eluted. Western blotting was 
then carried out as aforementioned.

Chromatin immunoprecipitation (ChIP) assay. Next, a Pierce 
Agarose ChIP kit (cat. no. 26156; Thermo Fisher Scientific, Inc.), 
and an HIF‑1α or isotype control mAb (product no. 3900; Cell 
Signaling Technology, Inc.), were used for immunoprecipitation 
according to the manufacturer's instructions. Accordingly, the 
cultured cells were incubated with 1% formaldehyde for 10 min 
at 37˚C followed by incubation with 1X Glycine solution for 
5 min at room temperature. Then, cells were collected, lysed, 

and digested by MNase. Next, protein‑chromatin complexes 
were immunoprecipitated with 5 µg antibodies overnight at 4˚C 
with agitated rotation. Complexes were separated by incubation 
with ChIP grade proteinA/G agarose at 4˚C with agitation rota‑
tion for 1 h. Chromatin DNA fragments were then eluted and 
purified for quantitative real‑time PCR. The products were then 
amplified using the following primers: HRE1 forward, 5'‑TAC​
CAT​GCA​GTA​AGA​TGG​GCA​ATA‑3' and reverse, 5'‑GAA​
CCC​CAA​AAT​GGA​GTC​CAA​A‑3'; HRE2 forward, 5'‑GTA​
ATA​GGA​AGT​ATC​AAA​GTG​CCC‑3' and reverse, 5'‑TCC​
CTC​TTA​GTG​CCT​CTC​CAA‑3'; HRE3 forward, 5'‑TGC​ATA​
CAG​TGG​TTT​TGG​GA‑3' and reverse, 5'‑AGG​AGT​TCT​ACT​
TCC​CTG​AGT3'. anti‑MYCN antibody (product no. 51705; 
Cell Signaling Technology, Inc.).

Statistical analysis. Results are expressed as the mean ± stan‑
dard deviation (SD) of three independent experiments unless 
otherwise specified. Data were analyzed using Graph Prism 
version 8.2 software (GraphPad Software, Inc.). The unpaired 
Student's t‑test and one‑way analysis of variance (ANOVA) 
with Tukey's post hoc test were used to analyze differ‑
ences between and among groups, respectively. P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR‑30‑5p directly targets USP22. The miRNA targeted by 
USP22 was firstly predicted and a Venn diagram showing the 

Table I. The sequences of transfected oligomers.

Name of miRNA	 Sequences of transfected oligomers (5'‑3')

miR‑30a‑5p	 UGUAAACAUCCUCGACUGGAAGAAG
miR‑30b‑5p	 UGUAAACAUCCUACACUCAGCU
miR‑30c‑5p	 UGUAAACAUCCUACACUCUCAGC
miR‑30d‑5p	 UGUAAACAUCCCCGACUGGAAG
miR‑30e‑5p	 UGUAAACAUCCUUGACUGGAAG
miR‑30e‑5p	 UUCUCCGAACGUGUCACGUTT
control

miR, microRNA.

Table II. Primers for reverse transcription‑quantitative PCR.

Gene name	 Primer sequences

USP22	 F:	5'‑GGACAACTGGAAGCAGAACC‑3'
	 R:	5'‑TGAAACAGCCGAAGAAGACA‑3'
PD‑L1	 F:	5'‑TAAGACCACCACCACCAA‑3'
	 R:	5'‑TGACTATGATAGGCAGACATC‑3'
β‑actin	 F:	5'‑CACTGTGCCCATCTACGAGG‑3'
	 R:	5'‑TAATGTCACGCACGATTTCC‑3'
miR‑30a‑5p	 F:	5'‑ACACTCCAGCTGGGTGTAAACATC
		  CTCGAC‑3'
	 R:	5'‑CAGTGCGTGTCGTGGAGT‑3'
miR‑30b‑5p	 F:	5'‑ACGGGCAAAAATACTCCAGCTCTC
		  AAT‑3'
	 R:	5'‑CTCTGGAAAACTGGTGTCGACTGG
		  TGTC‑3'
miR‑30c‑5p	 F:	5'‑GCCGCTGTAAACATC CTACACT‑3'
	 R:	5'‑GTGCAGGGTCCGAGGT‑3'
miR‑30d‑5p	 F:	5'‑GGTGTAAACATCCCCGAC‑3'
	 R:	5'‑CAGTGCGTGTCGTGGAG‑3'
miR‑30e‑5p	 F:	5'‑TGTAAACATCCTTGACTGGAAGG‑3'
	 R:	5'‑CCAGTGCGAATACCTCGGAC‑3'
U6	 F:	5'‑GCTTCGGCAGCACATATACT‑3'
	 R:	5'‑GTGCAGGGTCCGAGGTATTC‑3'

USP22, ubiquitin‑specific peptidase 22; PD‑L1, programmed cell 
death‑ligand 1; miR, microRNA; F, forward; R, reverse.
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overlapping parts of the four databases was generated (Fig. 1A). 
Analysis revealed that the miR‑30‑5p family targeted the 
3'UTR bound to USP22 (Fig. 1B). The dual luciferase reporter 
results revealed that miR‑30‑5p significantly reduced the lucif‑
erase activity of wild‑type USP22 3'‑UTR, but did not affect 
the mutant USP22 3'‑UTR (Fig. 1C; P<0.05). Transfection 
of miR‑30‑5p mimics significantly inhibited USP22 mRNA 
(Fig. 1D; P<0.05) and protein expression (Fig. 1E; P<0.05) in 
A549 cells. These results indicated that miR‑30‑5p directly 
targeted USP22 in A549 cells.

Expression of PD‑L1 is inhibited in A549 cells under hypoxic 
conditions via the expression of miR‑30‑5p. Previous studies 
have reported that hypoxia induced the expression of PD‑L1 
and thus allows tumor cells to evade attack by the immune 
system  (18‑20). Firstly, miR‑30a‑5p mimics, miR‑30b‑5p 
mimics, miR‑30c‑5p mimics, miR‑30d‑5p mimics, miR‑30e‑5p 
mimics and the corresponding control were transfected in 
A549 cells. The transfection efficiency is revealed in Fig. S1. 
Next, it was investigated whether miR‑30‑5p could affect 
PD‑L1 expression under hypoxic conditions (Fig. 2A; P<0.05). 
It was revealed that the transfection of miR‑30‑5p mimics 
inhibited the expression of PD‑L1 mRNA (Fig. 2B; P<0.05) 
and protein (Fig. 2C; P<0.05) in A549 cells under hypoxic 
conditions; however, the overexpression of USP22 reversed 
this effect. These results indicated that miR‑30‑5p targeted 
USP22 to inhibit the expression of PD‑L1 in A549 cells under 
hypoxic conditions.

Inducing the destruction of T cell‑mediated A549 cells by 
targeting miR‑30‑5p via USP22 under hypoxia. Given that 
the binding of PD‑L1 to PD‑1 can inhibit T cell activation, 

and that miR‑30‑5p downregulated the expression of PD‑L1 
in A549 cells under hypoxia, it was next investigated whether 
miR‑30‑5p may have an effect on the mechanism by which 
A549 cells escape T cell‑mediated cancer cell destruction. Our 
experiments demonstrated that incubating A549 cells with 
activated T cells could induce the death of T cells in A549 
cells by the transfection of miR‑30‑5p mimics under hypoxic 
conditions; the overexpression of USP22 reversed this effect 
(Fig. 3). Therefore, this experiment indicated that targeting 
miR‑30‑5p via USP22 may induce LUAD cell destruction by 
T cell‑mediation.

miR‑30‑5p inhibits HIF‑1α binding to the HRE of the PD‑L1 
promoter region by down‑regulating USP22 under hypoxia. It 
was revealed that miR‑30‑5p inhibits hypoxia‑induced PD‑L1 
mRNA expression. A previous study reported that PD‑L1 is 
the target gene of HIF‑1α (19). It was hypothesized that the 
inhibition of hypoxia‑induced PD‑L1 mRNA expression by 
miR‑30‑5p may be related to HIF‑1α. After co‑transfected 
with miR‑30‑5p mimics and response element (HRE) reporter 
gene plasmid (HRE‑LUC), the results showed that miR‑30‑5p 
mimics inhibited the luciferase activity of HRE‑LUC (Fig. 4A; 
P<0.05). A previous study reported a potential HRE site on the 
PD‑L1 gene (33) (Fig. 4B). Our chromatin immunoprecipita‑
tion results revealed that miR‑30‑5p inhibited the binding 
of HIF‑1α to the PD‑L1 gene HRE (Fig. 4C, P<0.05). These 
results indicated that miR‑30‑5p inhibited HIF‑1α binding to 
the HRE of the PD‑L1 promoter region under hypoxic condi‑
tions. To further verify whether miR‑30‑5p acts by targeting 
USP22, our experiments demonstrated that the co‑transfection 
of USP22 and miR‑30‑5p mimics reversed the inhibitory 
effect of miR‑30‑5p mimics on the luciferase activity of 

Figure 1. miR‑30‑5p directly targets USP22. (A) Overlapping sections of miRmap, microT, miRanda and TargetScan databases as shown by a Venn diagram. 
(B) The binding sites between the miR‑30‑5p family and the USP22 3'‑UTR. (C) The luciferase activities of USP22 3'‑UTR WT and USP22 3'‑UTR MUT 
transfected with miR‑30‑5p or miR‑control were determined by a dual‑luciferase reporter assay. (D) The effects of miR‑30‑5p mimics on the expression of 
USP22 mRNA was analyzed through reverse transcription‑quantitative PCR. (E) The effects of miR‑30‑5p mimics on the expression of USP22 protein was 
analyzed by western blotting. *P<0.05 compared with miR‑control and **P<0.05. miR, microRNA; USP22, ubiquitin‑specific peptidase 22; UTR, untranslated 
region; WT, wild‑type; MUT, mutant.
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HRE‑LUC (Fig. 4D; P<0.05), thus indicating that miR‑30‑5p 
inhibited HIF‑1α binding to the HRE of the PD‑L1 promoter 
region by targeting USP22 under hypoxia.

miR‑30‑5p inhibits the stabilizing effect on HIF‑1α and PD‑L1 
protein by down‑regulating USP22 under hypoxia. Next, it 
was analyzed whether miR‑30‑5p affected the stability of 
the PD‑L1 and HIF‑1α protein in A549 cells. Co‑IP revealed 
that USP22 interacted with the PD‑L1 and HIF‑1α proteins 
in A549 cells under hypoxic conditions (Fig. 5A). Treatment 
with MG132, a proteasome inhibitor, reversed the inhibitory 
effect of miR‑30‑5p on PD‑L1 and HIF‑1α (Fig. 5B; P<0.05). 
Furthermore, miR‑30‑5p treatment shortened the half‑life 
of both PD‑L1 and HIF‑1α (Fig. 5C). Our aforementioned 
results revealed that the co‑transfection of miR‑30‑5p mimics 
and USP22 increased the expression of PD‑L1 in A549 cells. 
Therefore, miR‑30‑5p mimics and Flag‑USP22 or USP22 
catalytic domain inactivated mutant plasmid (USP22‑HH/AA) 
were co‑transfected into A549 cells and cultured under hypoxic 
conditions. Compared with the co‑transfection of miR‑30‑5p 
mimics and Flag‑USP22 plasmids, the co‑transfection of 
miR‑30‑5p mimics and USP22‑HH/AA plasmid reduced 
the expression of PD‑L1 and HIF‑1α in A549 cells (Fig. 5D; 
P<0.05). These results indicated that miR‑30‑5p downregulated 
the expression of USP22 under hypoxic conditions, thus inhib‑
iting its stabilizing effect on PD‑L1 and HIF‑1α protein, thereby 
inhibiting the expression of PD‑L1 protein in A549 cells.

Discussion

The high mortality rate associated with LUAD is due to 
the lack of specific diagnostic biomarkers and effective 

Figure 2. Expression of PD‑L1 is inhibited in A459 cells under hypoxic conditions via the expression of miR‑30‑5p. (A) The effects of miR‑30‑5p mimics on 
the expression of miR‑30‑5p as determined by RT‑qPCR. (B) The effects of miR‑30‑5p mimics on the expression of PD‑L1 mRNA as determined by RT‑qPCR. 
(C) The effects of miR‑30‑5p mimics on the expression of PD‑L1 protein as determined by western blotting. *P<0.05 compared with miR‑control and **P<0.05. 
PD‑L1, programmed cell death‑ligand 1; miR, microRNA; USP22, ubiquitin‑specific peptidase 22; RT‑qPCR, reverse transcription‑quantitative PCR.

Figure 3. Inducing the destruction of T cell‑mediated A549 by targeting 
miR‑30‑5p via USP22 under hypoxia. T cells were activated by a CD3 
antibody (100 ng/ml) and interleukin‑2 (10 ng/ml). After transfection with 
miRNA mimics, the cells were pre‑treated under hypoxic conditions for 
24 h and the tumor cells and T cells were co‑cultured for 3 days. Staining 
was performed with crystal violet solution. miR, microRNA; USP22, ubiq‑
uitin‑specific peptidase 22.
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Figure 5. miR‑30‑5p inhibits the stabilizing effect on HIF‑1α and PD‑L1 protein by downregulating USP22 under hypoxia. (A) The interaction of USP22 protein 
with HIF‑1α and PD‑L1 proteins as determined by Co‑IP. *P<0.05 compared with miR‑control. (B) Western blot analysis of PD‑L1 and HIF‑1α protein expression 
in A549 cells transfected with the miR‑30‑5p family and treated with MG132. (C) Stability analysis of PD‑L1 and HIF‑1α proteins in A549 cells transfected with 
the miR‑30‑5p family and treated with CHX. *P<0.05 compared with miR‑control. (D) Western blot analysis of PD‑L1 and HIF‑1α protein expression in A549 
cells transfected with miR‑30‑5p mimics and Flag‑USP22 or USP22 catalytic domain inactivated mutant plasmid (USP22‑HH/AA). **P<0.05. miR, microRNA; 
HIF, hypoxia‑inducible factor; PD‑L1, programmed cell death‑ligand 1; USP22, ubiquitin‑specific peptidase 22; cycloheximide Co‑IP, Co‑immunoprecipitation.

Figure 4. miR‑30‑5p inhibits HIF‑1α binding to the HRE of the PD‑L1 promoter region under hypoxia by targeting USP22. (A) The luciferase activities 
of the HRE transfected with miR‑30‑5p or miR‑control as determined by a dual‑luciferase reporter assay. (B) The potential HRE site of the PD‑L1 gene. 
(C) The binding of HIF‑1α to the PD‑L1 gene HRE as determined by chromatin immunoprecipitation. (D) The luciferase activities of the HRE transfected 
with miR‑30‑5p or miR‑control and a USP22 overexpression vector or empty vector as determined by a dual‑luciferase reporter assay. *P<0.05 compared 
with miR‑control and **P<0.05. miR, microRNA; HIF, hypoxia‑inducible factor; HRE, hypoxia response element; PD‑L1, programmed cell death‑ligand 1; 
USP22, ubiquitin‑specific peptidase 22.
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therapeutic strategies. Understanding the novel mechanisms 
underlying the development of LUAD and identifying new 
targets to prevent the progression of LUAD represent key chal‑
lenges in the improvement of LUAD treatment. MiRNAs are 
endogenous, non‑coding, single‑stranded, and small RNAs of 
20‑24 nucleotides in eukaryotes. MiRNAs play an important 
role in signal transduction, cell differentiation, proliferation, 
apoptosis, blood vessel formation and development, inflamma‑
tion, and tumorigenesis, in vivo (34‑36). The miR‑30 family is 
an important member of the miRNA family. Mature miR‑30 
family members have a common seed sequence near the 
5'‑end, but have different compensation sequences near the 
3'‑end, allowing miR‑30 family members to target different 
genes and pathways to perform corresponding biological func‑
tions (37). miR‑30‑5p has been revealed to function as a tumor 
suppressor in numerous different cancers (30). In particular, 
a previous study has demonstrated that the miR‑30‑5p family 
plays an important role in adenocarcinoma (38). For example, 
urinary miR‑30a‑5p was reported to be expressed at higher 
levels in stage I‑II ovarian serous adenocarcinoma samples 
than that in stage III‑IV samples, and also in well or moderately 
differentiated ovarian serous adenocarcinoma samples than 
in poorly differentiated samples (39). miR‑30b‑5p has been 
revealed to act as a tumor suppressor miRNA and to regulate 
cell proliferation and the cell cycle in esophageal squamous 
cell carcinoma (40). miR‑30c‑5p has been revealed to inhibit 
the aggressiveness of pancreatic ductal adenocarcinoma 
(PDAC) cells (38). Moreover, miR‑30e‑5p has been reported 
to reduce angiogenesis and metastasis targeting AEG‑1 in 
head and neck squamous cell carcinoma (41). In colon cancer, 
miR‑30‑5p targeted the USP 22/Wnt/β‑catenin signaling 
axis and thus increased chemo‑sensitivity  (29). Moreover, 
miR‑30e‑5p has been also reported to suppress non‑small cell 
lung cancer tumorigenesis by regulating USP22‑mediated 
Sirt1/JAK/STAT3 signaling (42). USP22 is a cytoplasmic and 
nuclear deubiquitinating enzyme that has been revealed to 
serve as an oncogene in a number of different types of cancer, 
including non‑small cell lung cancer (42,43), papillary thyroid 
carcinoma (44) and glioma (45). Moreover, USP22 expres‑
sion was revealed to be positively associated with PD‑L1 
expression in human non‑small cell lung cancer samples (46). 
Furthermore, USP22 was revealed to upregulate MDMX, an 
murine double minute 2‑related protein and inhibit p53 subse‑
quently to promote NSCLC tumorigenesis (47). USP22 could 
also promote the proliferation of NSCLC cells via the stable 
expression of cyclooxygenase‑2 (COX‑2) (43). USP22 could 
also be targeted by miRNA‑101 to inhibit the tumorigenesis 
of papillary thyroid carcinoma  (44). However, the precise 
relationship between miR‑30‑5p and USP22 in LUAD has yet 
to be fully investigated. In the present study, it was revealed 
that the miR‑30 family directly targeted USP22 in LUAD, thus 
indicating that miR‑30‑5p could regulate the progression of 
LUAD by targeting USP22.

Study has revealed that the expression of PD‑L1 is closely 
related to tumor grade in several types of malignant tumors, 
and has become a new biomarker for tumor diagnosis and 
prognosis  (48). PD‑L1 is highly expressed in tumor cells 
and binds to TCR PD‑1 leading to the negative regulation 
of T cell responses. This leads to tumor antigen‑specific T 
cell‑induced apoptosis, thus allowing cancer cells to evade 

immune surveillance and cell death (16,49‑51). Hypoxia is 
the main feature of solid tumors. Studies have reported that 
hypoxia can induce tumor cells to express PD‑L1 (18‑20). In 
the present study, it was demonstrated that USP22 could stabi‑
lize hypoxia‑induced PD‑L1 expression in LUAD cells, thus 
indicating that USP22 plays a key role in the immune evasion 
of LUAD.

In the present study, the role of USP22 in the immune 
evasion of LUAD was examined. It was revealed that the 
miR‑30‑5p family inhibited the expression of PD‑L1 in A549 
cells by targeting USP22 under hypoxic conditions, thereby 
enhancing the destruction of A549 cells by activated T cells. 
Furthermore, miR‑30‑5p family regulated PD‑L1 expression 
through USP22 at the level of transcription and by post‑trans‑
lational modification. Targeting USP22 with the miR‑30‑5p 
family directly inhibited its stabilizing effect on PD‑L1 protein 
and regulated the expression of PD‑L1 at the post‑translational 
modification level. The miR‑30‑5p family also inhibited its 
stabilizing effect on HIF‑1α protein, thereby inhibiting the 
transcription of its target gene PD‑L1 by regulating USP22. 
In addition, the miR‑30‑5p family regulated the expression 
of PD‑L1 at the transcription level. These findings indicated 
that the miR‑30‑5p family could inhibit the hypoxia‑induced 
expression of PD‑L1 in LUAD cells, which may serve as a 
target for inhibiting the hypoxia‑induced immune evasion of 
LUAD cells.

Collectively, our experiments demonstrated that the miR‑30 
family plays an important role in the hypoxic‑induced immune 
evasion of LUAD by targeting USP22. Consequently, USP22 
may serve as an inhibitor of LUAD immune escape. Thus, our 
present findings provided new options for the treatment of lung 
adenocarcinoma.
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