
Vol:.(1234567890)

Molecular Biotechnology (2021) 63:1268–1279
https://doi.org/10.1007/s12033-021-00379-8

1 3

ORIGINAL PAPER

MicroRNA‑4458 Regulates PD‑L1 Expression to Enhance Anti‑tumor 
Immunity in NSCLC via Targeting STAT3

Weixin Liu1 · Ruibao Liu1 · Ronghui Yuan1 · Xing Wang1 

Received: 30 May 2021 / Accepted: 6 August 2021 / Published online: 12 August 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
MicroRNA-4458 (miR-4458) has been reported to be associated with several cancers including non-small-cell lung cancer 
(NSCLC), while its role in tumor immunity remains unclear. The purpose of the current research was to explore the anti-
tumor immunity of miR-4458 in NSCLC. The results showed that the expression level of miR-4458 decreased and STAT3 
increased in NSCLC tissues and cells. For in vitro experiments, miR-4458 mimics suppressed cell proliferation and decreased 
the expression level of PD-L1. Moreover, STAT3 was confirmed as a target gene of miR-4458. Upregulation of STAT3 level 
ameliorated the inhibitive effects of miR-4458 on cells proliferation and PD-L1 expression in cells. For in vivo studies, 
overexpression of miR-4458 hindered tumor growth, decreased the proportion of PD-1+ T cells, the expression of PD-L1 
and IL-10, upregulated the proportion of  CD4+ T,  CD8+ T cells as well as the expression of IFN-γ and IL-2, which were all 
reversed by overexpression of STAT3, and the effects of STAT3 were counteracted after knockdown of PD-L1. MiR-4458 
overexpression enhanced anti-tumor immunity via targeting STAT3 to block the PD-L1/PD-1 pathway.

Keywords Non-small-cell lung cancer · Anti-tumor immunity · miR-4458 · STAT3 · PD-L1

Abbreviations
miR-4458  MicroRNA-4458
NSCLC  Non-small-cell lung cancer
PD-1  Programmed cell death-1
PD-L1  Programmed cell death ligand-1
STAT3  Signal transducer and activator of 

transcription3
HNSCC  Head and neck squamous cell carcinoma
WT  Wild type
MUT  Mutation type
DMEM  Dulbecco’s modified Eagle’s medium
FBS  Fetal bovine serum
P/S  Penicillin and streptomycin
ELISA  Enzyme-linked immunosorbent assay
PVDF  Polyvinylidene fluoride membranes
SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis
CCK-8  Cell counting kit-8

SD  Standard deviation
ANOVA  One-way analysis of variance

Introduction

Lung cancer is one of the most common cancers in the 
world, non-small-cell lung cancer (NSCLC) accounts for 
85% of all lung cancer cases [1]. Although the treatment 
strategy has been improved, the survival rate of patients with 
lung cancer, especially those with NSCLC, has not been 
markedly improved [2] and most patients had a bad progno-
sis [3]. In recent years, immunotherapy, which suppresses 
tumor immune escape by blocking immune checkpoints, 
offers a novel method to treat NSCLC [4].

Tumors can escape from immune detection by utilizing 
immune checkpoints. Programmed cell death-1 (PD-1)/
programmed cell death ligand-1 (PD-L1) is a key immune 
checkpoint [5]. PD-L1, a transmembrane protein involved 
in immune system suppression, is the major ligand of PD-1. 
The binding of PD-L1 expressed by tumor cells and PD-1 
produced by T cells initiates an array of inhibitory sig-
nals resulting in reduced function and apoptosis of T cells 
[6]. Recent research found that the suppression of PD-L1 
enhanced anti-tumor immunity by inhibiting tumor cells 
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from evading host immune responses [7]. Signal trans-
ducer and activator of transcription 3 (STAT3) belongs to 
the STAT protein family, it is a transcription factor that can 
be activated by phosphorylation [8]. Its expression level 
is increased in many cancers such as pancreatic cancer, 
HNSCC, and liver cancer and it plays an important role in 
regulating various genes [9–11]. A study has shown that 
the activation of STAT3 was significantly associated with 
PD-L1 level in NK/T-cell lymphoma cells [12]. The level 
of PD-L1 could be upregulated by fibroblast growth factor 
receptors via the JAK/STAT3 pathway in human colorec-
tal cancer cells [13]. Another study showed that blocking 
STAT3 signaling reduced PD-1/PD-L1 in an HNSCC mouse 
model [10].

MicroRNA (miRNA) is a class of non-coding small 
RNA with the regulatory function on target mRNA expres-
sion, which subsequently acts as a key role in regulating 
cell proliferation, apoptosis, and tumor progression [14]. 
The abnormal expression of miRNA in a variety of can-
cers was discovered [15]. The role of miRNAs on tumor 
immunity has been studied [16]. For example, miR-142-5p 
enhanced the anti-tumor immunity by reducing the PD-L1 
level in pancreatic cancer mice [17]. MiR-15a/16 deficiency 
maintained the glioma-infiltrating  CD8+ T cells’ function to 
inhibit the development of glioma [18]. MiR-4458 has been 
reported to act as a key regulatory molecule that participates 
in the development of many cancers, such as colon cancer, 
liver cancer, melanoma, and NSCLC [19–23]. Studies have 
shown that miR-4458 blocked the cell cycle and prevented 
cell proliferation in vitro [24]. Furthermore, Ma et al., found 
that miR-4458 suppressed migration by targeting HMGA1 
in NSCLC cells [23]. The role and potential mechanism of 
miR-4458 in tumor immunity remain unclear.

The current research aimed to study the role of miR-4458 
in tumor immunity and its potential mechanism to offer 
novel insights into the immunotherapy of NSCLC.

Material and Methods

Samples

A total of 25 pairs of NSCLC tissues and adjacent normal 
lung tissues samples were obtained from patients (n = 25, 
14 men and 11 women, age range 54–68 years old) at the 
People's Hospital of DongYing. Besides, the peripheral 
blood from 62 NSCLC patients and 50 healthy controls were 
obtained at the same hospital. The clinical information of 62 
NSCLC patients was listed in Table 1. Informed consent was 
obtained from all patients and their guardians. This study 
was approved by the Ethics Committee of People's Hospital 
of DongYing.

Cell Culture

Human NSCLC cell line A549, H1299, SW900, mouse lung 
cancer cell line LLC, and normal human lung fibroblast cell 
line 2BS were obtained from the Shanghai Institutes for 
Biological Sciences of the Chinese Academy of Sciences. 
The A549 cells were cultured in Ham's F-12K, the SW900 
cell line was cultured in Leibovitz's L-15, the H1299 cells 
were cultured in RPMI-1640 and LLC line was cultured in 
DMEM medium (Thermo Fisher Scientific, USA) with 10% 
FBS, 1% penicillin, and streptomycin (P/S) in the atmos-
phere with 5%  CO2 at 37 °C.

ELISA

The levels of cytokines IFN-γ, IL-2, and IL-10 were meas-
ured by ELISA kit (ExCell Bio, China). The experimental 
detection wavelength was 450 nm.

qRT‑PCR

Total RNA was separated by the Total RNA Kit (Tiangen, 
China). Subsequently, 1 μg RNA was reverse transcribed 
into cDNA and qRT-PCR was performed with FastKing 

Table 1  Clinical characteristics of the NSCLC patients at enrollment

NSCLC 
patients, 
N = 62

Age in years, mean ± SD 62.8 ± 8.9
Sex, n (%)
 Male 37 (59.7)
 Female 25 (40.3)

Histology, n (%)
 Adenocarcinoma 44 (71.0)
 Squamous cell carcinoma 13 (21.0)
 Others 5 (8.0)

Smoking status, n (%)
 Never 15 (24.2)
 Former/current 47 (75.8)

Stage, n (%)
 Ι 34 (54.8)
 II 15 (24.2)
 III 13 (21.0)

Previous surgery, n (%)
 Yes 14 (22.6)
 No 48 (77.4)

Adjuvant chemotherapy ± radiotherapy, n (%)
 Yes 4 (6.5)
 No 58 (93.5)
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One-Step RT-qPCR kit (SYBR Green) (Tiangen, China) 
using Applied Biosystem 7300 (Applied Biosystems, USA). 
The sequences of primers were shown in Table 2. The rela-
tive changes were calculated using the  2−ΔΔCt method.

Western Blot

Proteins were extracted from tumor tissues or cells using 
RIPA (Beyotime, China). BCA Assay Reagent Kit (Beyo-
time, China) was applied to detect protein concentration. 
Proteins were separated using 10% SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, USA). After being 
blocked, the membranes were incubated with specific pri-
mary antibodies: p-Tyr705-STAT3 (CST, 1:1200), STAT3 
(CST, 1:1200), PD-L1 (CST, 1:800), GADPH (CST, 1:1000) 
overnight at 4 °C. Then, the membranes were incubated with 
a peroxidase-conjugated secondary antibody at room tem-
perature for 1 h. Image J was applied to analyze the expres-
sion levels of proteins.

Cell Transfection

miRNA-mimics are double-stranded miRNA-like RNA mol-
ecules that can enhance the function of endogenous miRNA 
duplexes. And miR-NC, pcDNA3.1-NC, and siRNA-NC in 
this study were used as the corresponding negative control. 
The miR-4458 mimics, miR-NC mimics, pcDNA3.1-STAT3, 
pcDNA3.1-NC, siRNA-PD-L1, siRNA-NC plasmids were 
obtained from GenePharma Co., Ltd. (Shanghai, China). 
The A549 and LLC cells (5 ×  105 cells/well, respectively) 
were seeded into 6-well plates and cultured overnight and 
then transfected with indicated molecules including miR-
4458 mimics or miR-NC mimics, pcDNA3.1-STAT3 or 
pcDNA3.1-NC, and siRNA-PD-L1 or siRNA-NC by Lipo-
fectamine 2000 (Invitrogen, USA). The transfected cells 
were selected using 800 μg/ml of G418 48 h after transfec-
tion. All the assays were performed using G418-resistant 
cells.

CCK‑8 Assay

CCKit-8 (Sigma, Japan) was applied to analyze the prolif-
eration of cells. After transfection, cells (5 ×  103 cells/well) 
were seeded into 96-well plates and cultured in 5%  CO2 at 
37 °C and incubated with CCK-8 reagent (10 μL) for 2 h. 

The absorbance was assessed at 450 nm by a microplate 
reader (Thermo, USA) at various time points.

Animal Experiments

Female C57BL/6 mice aged 6–8  weeks were obtained 
from the Shanghai Experimental Animal Center and 
raised at 22–24 °C with free access to food. A total of 45 
mice were subcutaneously injected with 1 ×  106 LLC cells 
in 100  μl serum-free DMEM in corresponding groups 
(Blank, miR-NC, miR-4458, miR-NC+pcDNA-NC, miR-
NC+pcDNA-STAT3, miR-4458+pcDNA-NC, miR-4458 
mimics+pcDNA-STAT3, miR-4458 mimics+pcDNA-
STAT3+siNC, miR-4458 mimics+pcDNA-STAT3+siPD-
L1) (5 mice/group) into the right flank. The mean tumor size 
 (mm3) and tumor weight (g) were detected, and the tumor 
volumes were assessed: tumor volume = (length ×  width2)/2. 
All animal experiments were undertaken according to the 
NIH Guide for Care and Use of Laboratory Animals.

Flow Cytometry

Tumor tissues were minced and filtered through a 300 mesh 
to make a single-cell suspension 15 days after injection. 
Cells were stained with the following antibodies: CD3-FITC, 
CD4-APC, CD8-APC, PD-1-PE (Biolegend, USA). Cells 
were fixed and permeabilized with BD Cytofix/Cytoperm 
(Biolegend, USA) for intracellular staining. Flow cytometry 
was performed on BD AccuriC6 (BD Biosciences, USA) 
and Flow Jo was selected to analyze the data.

Luciferase Activity Experiment

The WT or MUT of the human STAT3 3′ UTR contain-
ing miR-4458 binding site was cloned into the luciferase 
reporter plasmid vector (Promega). The plasmid containing 
MUT or WT of STAT3 3'UTR and miR-4458 mimics or neg-
ative control were transfected into cells, and Dual-Luciferase 
Reporter Assay System (Promega, USA) was used to detect 
luciferase activities after transfection 48 h.

Statistical Analysis

All trials were conducted at least three times and all the 
data were shown as mean ± SD. Statistical analysis was 

Table 2  Forward and reverse 
primers sequences of each gene

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)

miR-4458 AGA GGT AGG TGT GGA AGA A GCG AGC ACA GAA TTA ATA CGAC 
STAT3 ACC TGC AGC AAT ACC ATT GAC AAG GTG AGG GAC TCA AAC TGC 
GAPDH CCA TCT TCC AGG AGC GAG AT TGC TGA TGA TCT TGA GGC TG
U6 CTC GCT TCG GCA GCA CAT ATA ACG CTT CAC GAA TTT GCG TGT 
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used GraphPad Prism 8.0 (USA). The data were analyzed 
by ANOVA or t-test. P value < 0.05 was considered statisti-
cally significant.

Results

The Expression Level of miR‑4458 
was Downregulated and STAT3 was Upregulated 
in NSCLC Tissues and Cells

We first measured the levels of lymphocyte subsets and the 
levels of PD-L1 and PD-1 in peripheral blood of NSCLC 
patients and healthy subjects (normal). In NSCLC samples, 

the levels of  CD3+ T,  CD4+ T,  CD8+ T, and NK cells were 
slightly lower (Table 3), while the expression levels of 
PD-L1 and PD-1 were remarkably increased (Table 4).

The expression levels of miR-4458 and STAT3 were 
assessed by qRT-PCR. The results demonstrated that the 
expression of miR-4458 was downregulated (Fig.  1A, 
P < 0.01) and STAT3 was upregulated in NSCLC tumor 
tissues (Fig. 1B, P < 0.01). Pearson's correlation analysis 
was applied to analyze the potential correlation between 
the expression levels of miR-4458 and STAT3. Figure 1C 
showed that the level of miR-4458 (F =  − 0.201, P < 0.05) 
was negatively correlated with the STAT3 level. Besides, 
the levels of miR-4458 in H1299, A549, and SW900 cells 
were lower than that in normal human embryonic lung 

Table 3  The detection 
of lymphocyte subsets in 
peripheral blood of patients in 
each group (%, � ± s)

Case CD3+ T CD4+ T CD8+ T NK

Healthy 50 71.09 ± 10.12 39.11 ± 11.95 34.69 ± 9.21 23.67 ± 9.87
NSCLC 62 67.89 ± 11.02 35.10 ± 10.32 30.11 ± 8.31 21.02 ± 10.03

Table 4  The detection of 
PD-L1, PD-1 in peripheral 
blood of patients in each group 
(%, � ± s)

Case CD4+PD-L1 CD8+PD-L1 CD4+PD-1 CD8+PD-1

Healthy 50 5.09 ± 1.12 9.11 ± 1.95 4.62 ± 1.67 1.04 ± 0.45
NSCLC 62 19.89 ± 7.06 25.10 ± 8.37 30.11 ± 9.04 21.06 ± 5.54

Fig. 1  The expression of miR-4458 and STAT3 in NSCLC tissues 
and NSCLC cells. A and B qRT-PCR was used to detect the expres-
sion of miR-4458 and STAT3 in NSCLC lung cancer tissues and 
tumor-adjacent normal tissues. C The correlation analysis between 
the expression levels of miR-4458 and STAT3. D and E qRT-

PCR was used to detect the expression of miR-4458 and STAT3 in 
human normal lung cell (2BS) and NSCLC cell lines (A549, H1299, 
SW900). F The protein levels of STAT3 in A549, H1299, SW900, 
and 2BS were detected by western blot. The data were expressed as 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01
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fibroblasts 2BS, while the expression level of STAT3 was 
markedly upregulated in lung cancer cells (Fig. 1D, E, 
P < 0.01). The result of the western blot on the detection 
of STAT3 expression was consistent with that of qRT-PCR 
(Fig. 1F, P < 0.01). The above results indicated that the level 
of miR-4458 was reduced and the STAT3 level was raised in 
NSCLC tissues and cells.

Overexpression of miR‑4458 Inhibited Cell 
Proliferation, Tumor Growth, and Enhanced 
Anti‑tumor Immunity

To analyze the role of miR-4458 on cell proliferation, miR-
4458 or miR-NC mimics were transfected into A549 and 
LLC cells. Figure 2A showed that the level of miR-4458 
was significantly higher in the miR-4458 mimics group 
(P < 0.01). The result of the CCK-8 assay showed that 
the proliferation of A549 and LLC cells was remarkably 
suppressed in the miR-4458 mimics group at 72 and 96 h 
(Fig. 2B, P < 0.01).

We then explored the effect of miR-4458 on tumor immu-
nity using the xenograft LLC mice model. We observed that 
the tumor volume was decreased in the miR-4458 mim-
ics group on day 12 and 15 (P < 0.01). Tumor weight was 
also significantly reduced in the miR-4458 mimics group 
(Fig.  2C, P < 0.05). Immune cells were extracted from 
tumors and stained for flow cytometry analysis. The propor-
tion of  CD4+ T and  CD8+ T cells were dramatically upregu-
lated in the miR-4458 mimics group (Fig. 2D, P < 0.05). 
Besides, the serum IFN-γ and IL-2 levels were markedly 
upregulated in the miR-4458 mimics group, while the IL-10 
level was reduced (Fig. 2E, P < 0.05). The above outcomes 
demonstrated that overexpression of miR-4458 could inhibit 
cell proliferation, tumor growth, and enhance anti-tumor 
immunity.

MiR‑4458 Directly Targeted STAT3

Bioinformatics analysis (TargetScan 6.2 database) predicted 
that STAT3 was a target of miR-4458 (Fig. 3A). The lucif-
erase reporter experiment was conducted to confirm this 
prediction. Figure 3B implicated that the relative luciferase 
activity was remarkably reduced by co-transfection with 
STAT3 wild-type (WT) and miR-4458 mimics compared 
with co-transfection with STAT3 mutation (MUT) and miR-
4458 mimics (P < 0.01). To further confirm the influence of 
miR-4458 on STAT3 expression, we transfected miR-4458 
mimics into A549 and LLC cells and discovered that miR-
4458 abated expression of STAT3, along with decreased 
phosphorylation level of Tyr705-STAT3 (Fig.  3C, D, 
P < 0.05). These findings illustrated that STAT3 was a direct 
target gene of miR-4458.

MiR‑4458 Inhibited Cell Proliferation 
by Downregulating STAT3

To verify whether miR-4458 inhibits cell proliferation by 
regulating STAT3, miR-4458 mimics, and pcDNA-STAT3 
or negative control were transfected into cells. The results 
indicated that the mRNA expression of STAT3 was inhibited 
by miR-4458 mimics, which was reversed by STAT3 over-
expression in both A549 and LLC cells (Fig. 4A, P < 0.05). 
Moreover, the inhibitive effects of miR-4458 mimics on the 
proliferation of A549 and LLC cells were markedly recov-
ered after the overexpression of STAT3 (Fig. 4B, P < 0.01). 
The results reported that STAT3 was involved in the inhibi-
tive effect of miR-4458 on cell proliferation.

MiR‑4458 Enhanced Anti‑tumor Immunity 
by Inhibiting PD‑L1 Expression via Regulating STAT3

PD-L1 is a critical molecule involved in tumor cell immune 
escape, so we next explored whether miR-4458 could regu-
late PD-L1 expression. The result of the western blot showed 
that miR-4458 mimics markedly downregulated the expres-
sion of PD-L1, which was reversed by STAT3 overexpres-
sion in both A549 and LLC cells (Fig. 5A, P < 0.05). The 
changes in the level of PD-L1 in xenograft LLC mice tumor 
tissues were consistent with that in LLC cells (Fig. 5B, 
P < 0.05). The above results demonstrated that miR-4458 
could inhibit the expression of PD-L1 through regulating 
STAT3.

For further detecting whether miR-4458/STAT3 enhanced 
anti-tumor immunity by regulating PD-L1, miR-4458, 
pcDNA-STAT3, siPD-L1, and their negative control were 
co-transfected into the LLC cells and LLC cells were 
injected into mice for constructing LLC xenograft mice. 
Tumor growth was detected in xenograft LLC mice and the 
results indicated that the overexpression of STAT3 stimu-
lated tumor growth and neutralized the inhibitory influ-
ence of miR-4458 overexpression on tumor growth, while 
knockdown of PD-L1 reversed the effect of STAT3 (Fig. 5C, 
P < 0.01). The result of flow cytometry demonstrated that the 
percentage of  CD4+ T,  CD8+ T cells were downregulated, 
PD-1+ T cells were upregulated in the miR-NC+pcDNA-
STAT3 group and miR-4458+pcDNA-STAT3 group, while 
the percentage of  CD4+ T,  CD8+ T cells were upregulated, 
the proportion of PD-1+ T cells was decreased in the miR-
4458+pcDNA-STAT3+siPD-L1 group (Fig. 6A, P < 0.01). 
Figure 6B indicated that overexpression of STAT3 canceled 
the effect of miR-4458 on the production of cytokines, 
reducing the expression of IFN-γ and IL-2, promoting IL-10 
expression, while inhibition of PD-L1 reversed the effect 
of STAT3 (P < 0.05). The above results demonstrated that 
miR-4458 enhanced anti-tumor immunity by downregulating 
PD-L1 expression via targeting STAT3.
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Discussion

NSCLC is an aggressive disease with one of the poorer prog-
noses among cancers [25]. The effectiveness of the existing 
radiotherapy, chemotherapy, and targeted therapy on the 

prognosis of lung cancer patients is not satisfied. One of the 
outstanding characteristics of NSCLC is the low immuno-
genicity and the induction of immune tolerance [26]. Immu-
notherapy targeted PD-1 or PD-L1 has been applied to the 
treatment of NSCLC [27].

Fig. 2  MiR-4458 inhibited cell proliferation, tumor growth, and 
enhanced anti-tumor immunity. A qRT-PCR was used to detect the 
expression of miR-4458 in A549 and LLC cells. B CCK-8 assay 
detected the effect of miR-4458 on the proliferation of A549 and LLC 
cells. C The growth curve and weight of the lung tumor of xenograft 

LLC mice. D Flow cytometry was used to detect the proportion of 
 CD4+ and  CD8+ T cells in tumor tissues of xenograft LLC mice. E 
The expression of cytokines IFN-γ, IL-2, IL-10 in serum of xeno-
graft LLC mice were detected by ELISA. The data were expressed as 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01
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The PD-1/PD-L1 pathway is an essential channel of 
tumor immune evasion [26, 28, 29]. PD-L1 engages with 
PD-1 to suppress the proliferation of T cells and the pro-
duction of cytokines [30]. The method to regulate PD-L1 
expression is essential for exploring the new treatment 
strategies to improve the blocking effect of tumor immune 

checkpoints. Our research found that the levels of PD-L1 
and PD-1 were remarkably increased in peripheral blood 
of NSCLC patients, which was showing no difference from 
the findings of Meniawy et al. They showed that the percent-
ages of PD-L1( +) CD3( +) T cells were higher in NSCLC 
patients [31]. MiRNAs have also been found to act as key 

Fig. 3  STAT3 was regulated by miR-4458. A The miR-4458 bind-
ing sites in the 3'-UTR of PD-L1. B Luciferase activity in miR-NC or 
miR-4458 and STAT3-WT or STAT3-MUT co-transfected cells was 
detected by dual-luciferase reporter assay. C The mRNA expression 
of STAT3 was detected by qRT-PCR in A549 and LLC cells. D West-

ern blot was used to detect the expression level of total STAT3 and 
phosphorylation level of Tyr705-STAT3 in A549 and LLC cells. The 
data were expressed as mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01
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factors to regulate PD-L1 expression in cancer cells. MiR-
424 suppressed PD-L1 and CD80 expression by directly 
binding to their 3'-UTR and reduced the chemoresistance 
of ovarian cancer [32]. Another study found that overexpres-
sion of miR-195 alleviated immune escape of DLBCL via 
regulating PD-L1 [33]. In recent years, miR-4458 was found 
to act as a critical regulatory molecule that participates in 
cellular processes in many cancers [21, 34, 35]. The action 
mechanisms of miR-4458 on tumor immunity have not been 
explored before. In the present research, we reported that 
the level of miR-4458 decreased significantly in NSCLC 
tissues and cells, its abnormal expression level might be 
involved in the initiation of NSCLC. Besides, miR-4458 

markedly suppressed the proliferation of NSCLC cells and 
tumor growth. At the same time, it significantly upregulated 
the proportion of  CD4+ T,  CD8+ T cells and promoted the 
expression of cytokines IFN-γ, IL-2, indicating that miR-
4458 had anti-tumor immune effects.

STAT3 regulates the expression of genes associated with 
the cell cycle, survival, and immune response associated 
with the development of a series of cancers [36]. Research 
has shown that STAT3 could regulate PD-L1 expression 
[37]. The inhibition of STAT3 expression suppressed the 
expression of PD-L1 [38]. We found that miR-4458 directly 
targeted the STAT3 and inhibited its expression. Overexpres-
sion of STAT3 reduced the inhibitory effects of miR-4458 

Fig. 4  MiR-4458 inhibited cell 
proliferation by down-regulat-
ing STAT3. A qRT-PCR was 
used to detect the expression 
of STAT3 in A549 and LLC 
cells. B CCK-8 assay was used 
to detect the proliferation of 
A549 and LLC cells. The data 
were expressed as mean ± SD of 
three independent experiments. 
*P < 0.05, **P < 0.01
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on lung cancer cell proliferation, tumor growth, PD-L1 and 
PD-1 expression, and partially reversed the upregulation 
of  CD4+ T,  CD8+ T cell proportions and cytokine IFN-γ, 
IL-2 productions which were induced by miR-4458. Based 
on these results, we inferred that miR-4458 inhibited tumor 
immunity by targeting STAT3 and exerted an anti-tumor 
role. In addition, knockdown of PD-L1 reversed the effect 
of STAT3 on tumor escape, suggesting that miR-4458 played 
an anti-tumor immune role by reducing the expression of 

PD-L1 via targeting STAT3. The finding of the present study 
could facilitate the understanding of immune modulation 
mechanisms of miR-4458, and the effects of a miR-4458 
agonist with PD-1/PD-L1 immune checkpoint inhibitor in 
NSCLC cancer could be carried out to investigate in future 
work.

Collectively, we found that miR-4458 enhances anti-
tumor immunity via targeting STAT3 to inhibit PD-L1 
expression in NSCLC. Our research demonstrated the role of 

Fig. 5  MiR-4458 inhibited tumor growth by down-regulating PD-L1 
via STAT3. A Western blot was used to detect the expression of 
PD-L1 in A549 and LLC cells. B Western blot was used to detect 
the expression of PD-L1 in tumors of xenograft LLC mice. C The 

growth curve and weight of the lung tumor of xenograft LLC mice. 
The data were expressed as mean ± SD of three independent experi-
ments. *P < 0.05, **P < 0.01
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Fig. 6  MiR-4458 enhanced anti-tumor immunity by down-regulating 
PD-L1 via STAT3. A Flow cytometry was used to detect the propor-
tion of  CD4+ T,  CD8+ T, and PD-1+ T cells in tumor tissues of xeno-
graft LLC mice. B The expression of cytokines IFN-γ, IL-2, IL-10 

in the serum of xenograft LLC mice were detected by ELISA. The 
data were expressed as mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01
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miR-4458 in tumor immunity and discussed its mechanism 
in NSCLC for the first time.
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