
Mir-181a Regulates Cisplatin-Induced PD-L1 Expression 33Tohoku J. Exp. Med., 2022, 257, 33-43

33

Received September 23, 2021; revised and accepted January 18, 2022; J-STAGE Advance online publication March 31, 2022
Correspondence: Xinping Ji, Department of Pulmonary and Critical Care Medicine, Shengjing Hospital of China Medical University, 

Shenyang, Liaoning 110042, China.
e-mail: jixp@sj-hospital.org

©2022 Tohoku University Medical Press. This is an open-access article distributed under the terms of the Creative Commons  
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC-BY-NC-ND 4.0). Anyone may download, reuse, copy, reprint, or 
distribute the article without modifications or adaptations for non-profit purposes if they cite the original authors and source properly.
https://creativecommons.org/licenses/by-nc-nd/4.0/

Increased PD-L1 Expression in Acquired Cisplatin-Resistant 
Lung Cancer Cells via Mir-181a

Yingying Chen,1 Wei Song,1 Yuan Gao,1 Xiu Dong2 and Xinping Ji1

1Department of Pulmonary and Critical Care Medicine, Shengjing Hospital of China Medical University, 
Shenyang, Liaoning, China

2School of Preclinical Medicine, Liaoning University of Traditional Chinese Medicine, Shenyang, Liaoning, 
China

Cancer immunotherapy has dramatically improved the prognosis of non-small cell lung cancer (NSCLC).  
In tumor cells, programmed death ligand-1 (PD-L1), also known as cluster of differentiation 274 (CD274), is 
a key target for cancer immunotherapy.  Cisplatin (CDDP), a first-class NSCLC treatment drug, reportedly 
induces PD-L1 expression, and regulates cancer immunity.  Herein, the regulatory mechanism of PD-L1 
was investigated in CDDP-treated NSCLC and acquired CDDP-resistant NSCLC.  Two types of NSCLC cell 
lines, A549 and H69, and their CDDP-resistant cell lines, A549R and H68R, were used to investigate PD-L1 
expression and microRNA mir-181a expression.  Murine lung cancer LL/2 cells were injected to mice for in 
vivo study.  Although CDDP induced PD-L1 expression in A549 and H69 cells, A549R and H69R cells 
expressed extremely higher levels of PD-L1.  CDDP-induced mir-181a was detected in A549 and H69 cells, 
but not A549R and H69R cells.  Moreover, the CDDP-induced ATM-mir-181a-c-FOS pathway repressed 
PD-L1 expression in A549 cells, while A549R cells blocked this negative regulatory mechanism to further 
increase PD-L1 expression.  Exogenous mir-181a in LL/2 cells could repress the intratumoral exhausted T 
cells, and increase the T cells function, and repress the tumor growth.  Increased PD-L1 expression in 
acquired cisplatin-resistant lung cancer cells is dependent on mir-181a in NSCLC.
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Introduction
Cancer immunotherapy has been employed for the 

treatment of non-small cell lung cancer (NSCLC) for more 
than 10 years.  Immune checkpoint inhibitors, particularly 
those preventing interaction of programmed death ligand-1 
(PD-L1) with PD-L1 receptor, have dramatically improved 
the survival of some patients with lung cancer (Doroshow 
et al. 2019).  PD-L1, also known as cluster of differentiation 
274 (CD274), has emerged as a contributor that induces T 
cell exhaustion and tumor growth (Thommen et al. 2015).  
Therefore, investigation of the PD-L1 regulatory mecha-
nism in NSCLC is important for tumor treatment.

Cisplatin (cis-diaminedichloroplatinum II, CDDP) is a 
first-class NSCLC drug that decreases the 5-year lung can-
cer-associated death rate by 6.9% (Pignon et al. 2008).  
CDDP was reported to induce PD-L1 expression in cancer 

cells, including head and neck squamous cell carcinoma 
and NSCLC (Tran et al. 2017; Fournel et al 2019).  In 
NSCLC patients, CDDP treatment can significantly increase 
PD-L1 expression, and combination of PD-L1 blockage 
with CDDP can improve the therapeutic effect (Wakita et 
al. 2019).  Moreover, elevation of PD-L1 expression con-
tributes to acquired resistance to CDDP in NSCLC (Yan et 
al. 2016).  Herein, the regulatory mechanism of PD-L1 in 
NSCLC and CDDP-resistant NSCLC was investigated.

PD-L1 expression is mainly regulated by interferon 
receptor signaling pathways in cancer cells, and interferon-
gamma (INF-γ) can active the JAK1/JAK2-STAT1/STAT2/
STAT3-IRF1 axis to regulate PD-L1 expression (Garcia-
Diaz et al. 2019).  Meanwhile, activator protein-1 (AP-1) 
also contributes to regulate PD-L1 expression in response 
to INF-γ stimulation (Atsaves et al. 2019).

MicroRNAs (miRNAs) are small, non-coding RNA 
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molecules that inhibit protein translation by directly bind-
ing to the 3'-untranslated region (UTR) of their target genes, 
and they are important regulators of almost all cellular sig-
naling pathways, including immune checkpoints and vari-
ous cellular processes in cancer (Ambros 2001; Wang et al. 
2017).  Interferon receptor signaling pathways are also reg-
ulated by miRNAs.  For example, mir-181a binds to the 
3'-UTR of INF-γ mRNA and regulates INF-γ expression 
(Sang et al. 2015).  c-Fos, an AP-1 subunit, regulates inter-
feron receptor signaling pathways, and is a target gene of 
mir-181a (Wu et al. 2012).  Furthermore, CDDP reportedly 
regulates miRNA expression in cancer cells, which contrib-
utes to regulating cancer cell survival, migration and 
acquiring drug resistance (Yang et al. 2016).  For example, 
mir-181a, miR-519a and miR-374a are regulated by CDDP 
in head and neck squamous cell carcinoma (Huang et al. 
2011).  Thus, the relationship between miRNA- and CDDP-
induced PD-L1 expression in NSCLC is worthy of study.

Herein, we compared expression of PD-L1 in CDDP-
treated NSCLC and acquired CDDP-resistant NSCLC.  The 
role of mir-181a in regulating PD-L1 expression and anti-
tumor response were also investigated in acquired CDDP-
resistant NSCLC in vitro and in vivo.

Materials and Methods
The study was conducted in accordance with the Basic 

& Clinical Pharmacology & Toxicology policy for experi-
mental and clinical studies (Tveden-Nyborg et al. 2021).

Cell culture and treatment
The human NSCLC cell line A549, H69 and murine 

lung cancer LL/2 obtained from American Type Culture 
Collection (Manassas, VA, USA) was cultured in DMEM 
(Gibco, Waltham, MA, USA) or RPMI-1640 (Gibco) sup-
plemented with 10% fetal calf serum, 2 mM glutamine 
(Gibco), penicillin (100 U/ml) and streptomycin (100 μg/
ml), and maintained at 37˚C with CO2 in a humidified 
atmosphere.

CDDP-resistant NSCLC named A549R and H69R 
cells were established by stepwise protocol as reports (Barr 
et al. 2013).  Briefly, A549 and H69 cells were treated with 
CDDP (Sigma, St. Louis, MO, USA) at IC50 for 72 h and 
allowed to recover for another 72 h.  Through this cycle, 
A549 and H69 cells were continuously cultured in escalat-
ing concentrations of CDDP over half year to get the 
CDDP-resistant A549R and H69R cells.  A549R and H69R 
cells were continuously cultured in DMEM complete 
medium with 10 µg/ml CDDP.

For drug treatment, A549, A549R, H69 and H69R 
cells were seeded and cultured in CDDP-free medium over-
night.  Then cells were treated with or without indicated 
amount CDDP for 12 and 24 h.  The cells were pretreated 
with 10 µm Ku-55933 (an ATM kinase inhibitor) (Sigma) 
or dimethyl sulfoxide (DMSO; vehicle control) for 2 h.

Mice and tumor injection
C57BL6/J male mice were used to inject LL/2 cells at 

8 weeks.  LL/2 cells (5 × 105) were injected subcutaneously 
to the flank of mice.  Tumor sizes were followed every 2-3 
days from day 7 after tumor injection.  Mice were scarified 
at day 15 after tumor injection.  The size of tumor was cal-
culated by length × width2/2.  Experiments were conducted 
in accordance with the guidelines of the Animal Care and 
Use Committee of China Medical University.

Quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR)

RNA was purified by using the Trizol reagent 
(Invitrogen, Waltham, MA, USA) and DNase I treatment in 
A549 and A549R cells.  cDNA was generated from 500 ng 
total RNA by PrimeScript RT reagent (Takara, Tokyo, 
Japan), and then cDNA was subjected to qRT-PCR using 
SYBR green real-time PCR Master Mix (TOYOBO, Tokyo, 
Japan).  Small RNA RNU6B (U6 snRNA) or 18S rRNA 
were used as internal control.  The primers used are 
described in Table 1.

Table 1.  Sequences of oligonucleotides and quantitative reverse tran-
scription-polymerase chain reaction (qRT-PCR) primers.

Names Sequence (5ˊ-3ˊ)

mir-181a-RT GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGC
ACTGGATACGACACTCACC

mir-181a-Fw GGGCAAAGTGCTTACAGTG
mir-181a-Rv CAGTGCGTGTCGTGGAGT
RNU6B-RT CGCTTCACGAATTTGCGTGTCAT
RNU6B-Fw GCTTCGGCAGCACATATACTAAAAT
RNU6B-Rv CGCTTCACGAATTTGCGTGTCAT
Cd274-Fw TGCCGACTACAAGCGAATTACTG
Cd274-Rv CTGCTTGTCCAGATGACTTCGG
18S rRNA-Fw CTTAGAGGGACAAGTGGCG
18S rRNA-Rv ACGCTGAGCCAGTCAGTGTA

RT, reverse transcription; Fw, forward; Rv, reverse.



Mir-181a Regulates Cisplatin-Induced PD-L1 Expression 35

Transfection
A549, A549R or LL/2 cells were seed in 10-cm dishes 

and transfected with negative control oligonucleotide, mir-
181a or antisense oligonucleotide targeting mir-181a by 
lentivirus (Genepharma, Shanghai, China).  The transfected 
cells were maintained for 48 h before treatment.

A549 cells were seed in 6-well plate and transfected 
with 3 µg empty vector or vector containing c-FOS by PEI 
Max (Polysciences, Warrington, PA, USA) as manufacturer 
guide.  c-FOS cDNA was picked up form a cDNA library 
and cloned to pCR3 vector.  48 hours later, cells were used 
for drug treatment.

Western blot analysis
Cells were lysed in sodium dodecyl sulfate (SDS) 

sample buffer.  Equal amounts of protein samples were sep-
arated in SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by trans-bolting to polyvinylidene difluo-
ride (PVDF) membranes (EMD Millipore, Burlington, MA, 
USA).  Antibodies against PD-L1, ATM, p-ATM, c-FOS, 
β-actin (Santa Cruz Biotechnology, Dallas, TX, USA; 
1:2,000 dilution), and horseradish peroxidase (HRP)-
conjugated secondary antibody were used, and the specific 
protein level was visualized by using ECL as the HRP sub-
strate.  The density of each band was measured by Image J.

Flow cytometry (FACS)
A549 and A549R cells were stained with fluorescein 

isothiocyanate (FITC) anti-human CD274 (B7-H1, PD-L1) 
antibody (Biolegend, San Diego, CA, USA) for 30 min on 
ice.

Tumor-infiltrating lymphocytes (TIL) were purified by 
using collagenase D, DNase I digestion and Percoll density 
gradient.  After FcR blocking, antibodies against, 
BV650-CD8, FITC-CD45, PerCP/Cyanine5.5-PD-1, and 
BV605-Tim-3 (Biolegend) were diluted at 1:400 in phos-
phate-buffered saline (PBS) with bovine serum albumin 
(BSA) for staining on ice for 30 min.  For cytokine expres-
sion analysis, TIL were stimulated with cell activation 
cocktail (with Brefeldin A) (Biolegend) for 4 h at 37°C.  
APC-TNF-α and APC-GZMB (Biolegend) were used to 
stain the Intracellular proteins following the guide of BD 
Fixation/permeabilization kit (BD, Franklin Lakes, NJ, 
USA).

After wash by FACS buffer (PBS with 0.5% BSA, 1 
µm EDTA), the cells were acquired on BD FACSCanto™ 
Cell Analyzer (BD) and analyzed with FlowJo v.10 soft-
ware.

MTT assay
Cells were seeded into 96-well plates overnight for 

drug treatment.  0.5 mg/mL 3-(4,5-Dimethylthiazol-
2-yl)-2,5- diphenyltetrazolium bromide (MTT, Sigma) solu-
tion were added to the cells, which were incubated for 2 h 
at 37°C.  The residual cells were dissolved in DMSO and 
the optical density was measured at 490 nm wavelength 

using a microplate reader (Thermo Fisher Scientific, 
Middletown, VA, USA).  Inhibition was calculated by the 
following equation: Inhibition ratio (%) = (A492 control − 
A492 sample) / (A492 control − A492 blank) × 100.

Statistical analysis 
Results are presented as the mean ± standard deviation 

(SD).  Differences between groups were examined for sta-
tistical significance using Student’s t-test.  Differences 
between groups in cell inhibition curves and tumor growth 
curves were examined using two-way ANOVA.

Results
PD-L1 is upregulated in CDDP-resistant NSCLC

To study the expression of PD-L1 in CDDP-resistant 
NSCLC, the A549 NSCLC cell line was exposed to increas-
ing concentrations of CDDP to generate CDDP-resistant 
sub-colony A549R cells.  Firstly, CDDP-induced cell death 
was measured by MTT assay in both A549 and A549R 
cells.  A 10 µg/ml concentration of CDDP induced 37.1% 
A549 cell death at 24 h, while only 6.9% A549R cell death 
was observed under the same conditions.  Moreover, 
CDDP-induced A549 cell inhibition curves at 12 h and 24 h 
were significantly different to those of A549R cells (Fig. 
1A).  This indicates that A549R cells are resistant to CDDP.

Transcription of Cd274, encoding PD-L1, was quanti-
fied by qRT-PCR in A549 and A549R cells after CDDP 
addition.  Treatment with 10 µg/ml CDDP increased the 
expression of Cd274 2.3-fold at 24 h in A549 cells, but 
Cd274 expression was not further elevated when the CDDP 
concentration was increased to 20 µg/ml (Fig. 1B).  
Consistently, the increased PD-L1 expression after CDDP 
addition was observed in another NSCLC cell lines H69 
(Fig. 1C).  In A549R cells, expression of Cd274 was further 
increased 2-fold compared with CDDP-treated A549 cells, 
but further CDDP addition did not significantly alter expres-
sion of Cd274 in A549R cells (Fig. 1D).  This may be 
because A549R cells were cultured in 10 µg/ml CDDP to 
maintain drug resistance.

Moreover, expression of PD-L1 was quantified by 
FACS and western blot assay analyses in A549 and A549R 
cells after 10 µg/ml CDDP treatment for 24 h.  FACS analy-
sis indicated that PD-L1-positive cells were increased in 
A549 cells after CDDP addition, and PD-L1-positive cells 
were further increased in A549R cells (Fig. 1E).  
Consistently, western blot analysis indicated that A549R 
cells had contained more PD-L1 than CDDP-treated A549 
cells (Fig. 1F).  H69R, another CDDP-resistant NSCLC 
cells, were used to confirm the expression of Cd274.  
Increased Cd274 expressions were observed in H69R cells 
compared to CDDP-treated H69 cells (Fig. 1G).

These results showed that CDDP-induced upregulation 
of PD-L1 could be further increased in CDDP-resistant 
NSCLC cells.  Therefore, a negative regulatory mechanism 
of PD-L1 expression may occur after CDDP addition in 
NSCLC, while this system may be blocked in CDDP-
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Fig. 1.  PD-L1 is upregulated in CDDP-resistant NSCLC.
(A) The cell inhibition ratio was measured by MTT assay in A549 and A549R cells.  A549 and A549R cells were treated 
with CDDP at the indicated concentrations for 12 and 24 h.  Results are expressed as mean ± standard deviation (SD; n 
= 3).  Two-way analysis of variance (ANOVA) was used to test differences (**p < 0.01, ***p < 0.001).  qRT-PCR was 
used to measure expression of Cd274 in A549 cells (B) and H69 cells (C) treated with the indicated doses of CDDP for 
24 h.  (D) Expression of Cd274 was measured by qRT-PCR in A549 and A549R cells treated with or without 10 μg/ml 
CDDP for 24 h.  (E) PD-L1-positive cells were measured by FACS analysis in A549 and A549R cells treated with or 
without 10 μg/ml CDDP for 24 h.  Results are expressed as mean ± SD (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).  (F) 
Western blot analysis of the expression of PD-L1 in A549 and A549R cells treated with or without 10 μg/ml CDDP for 
24 h.  (G) Expression of Cd274 was measured by qRT-PCR in H69 and H69R cells treated with or without 10 μg/ml 
CDDP for 24 h.
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resistant A549 cells.

Mir-181a expression is repressed in CDDP-resistant 
NSCLC

Mir-181a reportedly negatively regulates the INF-γ 
pathway, and thereby, contributes to regulate PD-L1 expres-
sion (Sang et al. 2015; Garcia-Diaz et al. 2019).  Mir-181a 
was therefore quantified in A549 and A549R cells after 
CDDP addition by qRT-PCR.  Expression of mir-181a was 
significantly increased by CDDP in A549 cells (Fig. 2A) 
and H69 cells (Fig. 2B) in dose-dependent manner.  Mir-
181a expression in A549R cells was significantly lower 
than in CDDP-treated A549 cells (Fig. 2C).  To understand 
the relationship between mir-181a and PD-L1 expression in 
CDDP-treated A549R cells, mir-181a was transfected into 
A549R cells and Cd274 expression was measured by qRT-
PCR.  Overexpression of mir-181a in A549R cells signifi-
cantly reduced the expression of Cd274 (Fig. 2D).  
Consistently, PD-L1-positive cells were significantly 
decreased in mir-181a-overexpressing A549R cells (Fig. 
2E).  CDDP-induced increase of mir-181a was not observed 
in H69R cells (Fig. 2F).

This indicates that CDDP-induced mir-181a is a nega-
tive regulator of PD-L1 expression in NSCLC, and 
increased PD-L1 expression in CDDP-resistant NSCLC 
cells might be associated with a reduction in mir-181a.

CDDP regulates PD-L1 expression via the ATM-mir-181a-
c-FOS pathway in NSCLC

Since CDDP is reported to regulate mir-181a expres-
sion via phosphorylation of ATM in head and neck squa-
mous cell carcinoma (Huang et al. 2011), Ku-55933, an 
ATM kinase inhibitor, was used to analyze the role of the 
ATM pathway and mir-181a expression in NSCLC.  The 
CDDP-induced increase in mir-181a expression was signifi-
cantly repressed after Ku-55933 addition in A549 cells (Fig. 
3A), whereas expression of Cd274 was further significantly 
increased after Ku-55933 in CDDP-treated A549 cells (Fig. 
3B).  This indicates that expression of PD-L1 and mir-181a 
is dependent on the ATM pathway in CDDP-treated A549 
cells.

Next, we transiently expressed mir-181a in A549 cells, 
and expression of Cd274 and the ATM pathway were ana-
lyzed after CDDP addition.  The extremely high levels of 
Cd274 induced by Ku-55933 and CDDP were significantly 
reduced after additional mir-181a in A549 cells (Fig. 3C).  
This confirmed that Cd274 expression is regulated by the 
ATM pathway via mir-181a in CDDP-treated A549 cells.

Furthermore, mir-181a is reported to bind c-FOS 
mRNA and thereby negatively regulate c-FOS expression 
(Wu et al. 2012).  The relationship between mir-181a and 
c-FOS expression was investigated using an mir-181a 
antisense oligonucleotide to block the function of mir-181a 
in CDDP-treated A549 cells.  In control cells, CDDP obvi-
ously reduced the expression of c-FOS, and expression of 
c-FOS was derepressed after mir-181a antisense 

oligonucleotide addition in A549 cells (Fig. 3D).  This 
indicates that CDDP repressed c-FOS expression via mir-
181a in A549 cells.

Finally, the relationship between c-FOS and PD-L1 
was explored by overexpressing c-FOS in CDDP-treated 
A549 cells.  CDDP-induced Cd274 expression was further 
significantly increased in c-FOS-overexpressing A549 cells 
(Fig. 3E).  This indicates that CDDP regulates PD-L1 
expression via c-FOS in A549 cells.

Overall, the results indicate a negative regulatory 
mechanism for PD-L1 in CDDP-treated NSCLC via the 
ATM-mir-181a-c-FOS pathway.

CDDP-resistant NSCLC represses the ATM-mir-181a-c-
FOS pathway

The ATM-mir-181a-c-FOS pathway status was then 
checked in CDDP-resistant NSCLC by western blot assay.  
CDDP increased the ratio of phosphorylated ATM to ATM 
in A549 cells, and the ratio of phosphorylated ATM to ATM 
in A549R cells was lower than that in CDDP-treated A549 
cells (Fig. 4A).  CDDP-induced downregulation of c-FOS 
in A549 cells was not observed in A549R cells (Fig. 4B).  
This suggests that the ATM-mir-181a-c-FOS pathway was 
repressed in CDDP-resistant NSCLC, which further dere-
presses PD-L1 expression.

Mir-181a in tumor enhance the anti-tumor response in vivo
Since tumoral PD-L1 could repress the cytotoxic CD8+ 

T cells function, induce T cell exhaustion and promote 
tumor growth, LL/2, an immunogenic lung cancer, was 
injected to mice, and the tumor growth curve and T cell 
function were analysis.  The growth of LL/2 tumor cells 
with exogenous mir-181a was significantly slower com-
pared to the LL/2 without mir-181a (Fig. 5A).  Decreased 
PD-L1 expression was observed in LL/2 with mir-181a 
expression (Fig. 5B).

Further, the function of cytotoxic CD8+ T cells was 
analyzed by using tumor-infiltrating lymphocytes (TIL).  
Exhausted T cells indicating as PD-1+ and Tim-3+ PD-1+ 

CD8+ T cells were reduced (Fig. 5C-E) in TIL of mir-
181a-expressed LL/2, and the cytotoxicity function indicat-
ing TNF-α+ (Fig. 5F) and GZMB+ (Fig. 5G) CD8+ T cells 
were significantly increased in the TIL of mir-181a-ex-
pressed LL/2.  This suggested that lung cancer with mir-
181a could enhance the anti-tumor response and repress the 
T cell exhaustion via downregulation of PD-L1.

Discussion
Herein, CDDP was found to induce PD-L1 expression 

in NSCLC, especially in CDDP-acquired resistant NSCLC.  
High levels of PD-L1 expression in tumor cells will likely 
repress the antitumor response by inducing T cell exhaus-
tion, which induces overexpression of inhibitory receptors 
and decreases effector cytokine production and cytolytic 
activity, leading to failure to eliminate cancer (Jiang et al. 
2015).  Consistently, multiple chemotherapeutic treatments 
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involving gemcitabine, paclitaxel and fluorouracil can 
induce PD-L1 expression in cancer cells (Peng et al. 2015; 
Ng et al. 2018).  However, CDDP is known to induce anti-
tumor immunomodulation by increasing MHC class I 

expression and recruiting effector cells (de Biasi et al. 
2014).  This indicates that CDDP may enhance the antitu-
mor response, and may also contribute to T cell exhaustion.

In acquired CDDP-resistant NSCLC, PD-L1 expres-

Fig. 2.  Mir-181a expression is repressed in CDDP-resistant NSCLC.
(A) Expression of mir-181a was analyzed by qRT-PCR in A549 cells treated with CDDP at the indicated concentrations 
for 24 h.  (B) Expression of mir-181a was measured by qRT-PCR in A549 and A549R cells treated with or without 10 
μg/ml CDDP for 24 h.  (C) Expression of mir-181a was analyzed by qRT-PCR in H69 cells treated with CDDP at the in-
dicated concentrations for 24 h.  (D) Expression of Cd274 was measured by qRT-PCR in A549R cells transfected with 
mir-181a or negative control oligonucleotide (control).  (E) PD-L1-positive cells were measured by FACS analysis in 
A549R cells.  A549R cells were transiently transfected with mir-181a or negative control oligonucleotide (control), and 
then treated with or without 10 μg/ml CDDP for 24 h.  (F) Expression of mir-181a was measured by qRT-PCR in H69 
and H69R cells treated with or without 10 μg/ml CDDP for 24 h.  Results are expressed mean ± SD (n = 3; *p < 0.05, 
**p < 0.01, ***p < 0.001).
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sion was further enhanced.  The tumor microenvironment 
has been demonstrated to play a key role in the develop-
ment of cisplatin resistance, and CDDP-resistant tumor 
cells can modify cytokines and chemokine expression in the 
tumor microenvironment (Chen and Chang 2019).  
Additionally, combination of CDDP and PD-L1 blockage 
can improve the prognosis of NSCLC patients (Wu et al. 
2019).  This indicates that increased PD-L1 expression may 
contribute to acquired CDDP resistance and alter the tumor 
microenvironment in NSCLC.

The miRNA mir-181a is reportedly induced in 

response to CDDP addition, and it regulates cell death in 
NSCLC and cervical cancer cells (Galluzzi et al. 2010; Xu 
et al. 2019).  Herein, increased mir-181a was observed to 
regulate c-FOS expression in CDDP-treated NSCLC.  
c-FOS is a subunit of transcription factor AP-1, which can 
directly bind the first intron of the PD-L1 gene and promote 
PD-L1 transcription in Hodgkin’s lymphoma cells (Green 
et al. 2012).  Consistently, exogenous c-FOS in NSCLC 
could further elevate CDDP-induced PD-L1 expression in 
NSCLC.  Thus, CDDP may regulate PD-L1 expression via 
c-FOS and mir-181a in NSCLC.

Fig. 3.  CDDP regulates PD-L1 expression via the ATM-mir-181a-c-FOS pathway in NSCLC.
Expression of mir-181a (A) and Cd274 (B) was analyzed by qRT-PCR in A549 cells treated with or without 10 μg/ml 
CDDP for 24 h.  Ku-55933 (10 µm) was pretreated for 2 h prior to CDDP addition.  Dimethyl sulfoxide (DMSO) was 
used as vehicle control.  (C) Expression of Cd274 was analyzed by qRT-PCR in A549 cells transfected with mir-181a or 
negative control oligonucleotide (control).  Cells were then treated with CDDP and Ku-55933 as above.  Results are ex-
pressed as mean ± SD (n = 3; *p < 0.05).  (D) Expression of c-FOS was measured by western blot assay in A549 cells 
transfected with negative control oligonucleotide or mir-181a antisense oligonucleotide.  Cells were then treated with or 
without 10 μg/ml CDDP for 24 h.  (E) Expression of Cd274 was measured by qRT-PCR in A549 cells transfected with 
vector harboring c-FOS or empty vector (EV).  Cells were then treated with or without 10 μg/ml CDDP for 24 h.  Re-
sults are expressed as mean ± SD (n = 3; *p < 0.05, **p < 0.01).
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CDDP binds to the N7 position of purines to form 
intra- and inter-strand crosslinks that cause DNA damage 
(Mantri et al. 2007).  Meanwhile, CDDP-induced DNA 
damage can recruit and active ATM to mediate DNA dam-
age response signaling pathways.  ATM activates a second 
wave of phosphorylation of downstream factors regulating 
expression of target genes involved in DNA repair, apopto-
sis, and other key pathways (Maréchal and Zou 2013).  
Herein, mir-181a was found to be regulated by the ATM 
pathway in response to CDDP addition.  Therefore, CDDP 
did not induce mir-181a expression because it is unrespon-
siveness to the ATM pathway in NSCLC.

In vivo study indicates that mir-181 in tumor cells 
could repress the PD-L1 expression, and repress the T cell 
exhaustion and promote cytotoxicity T cell function.  
Interestingly, PD-L1 is expressed in both tumor cells and 
stroma cells in microenvironment of lung cancer, lymphoid 
malignancies and others (Miyoshi et al. 2016; Wu et al. 
2018).  Regulatory T cells (Tregs) were found to express 
PD-L1 to inhibit the functions of CD8 T cells (Liu et al. 
2014).  During the development of Tregs, mir-181a defi-
ciency impaired de novo generation of thymic regulatory T 
cells (Lyszkiewicz et al. 2019).  Besides, mir-181 controls 
T cell activation, and regulates immunosenescent (Kim et 
al. 2021).  Therefore, understanding whether CDDP-

induced PD-L1 expression in Tregs and whether mir-181a 
plays a key role in regulating PD-L1 expression in Tregs 
could be another interesting research points in the future.

In vivo study found that exhausted T cells (Tex) were 
reduced, and the cytotoxicity functions of CD8 T cells were 
increased in the microenvironments of mir-181-expressed 
tumor cells.  PD-1 and Tim-3 are typical immune inhibitory 
receptors.  Tim-3+PD-1+ TILs exhibit the most severe 
exhausted phenotype as defined by failure to proliferate and 
produce IL-2, TNF, and IFN-γ (Sakuishi et al. 2010).  
Therefore, the decreased PD-1+ and Tim-3+PD-1+ TIL may 
promote the proliferation of TIL and increase the number of 
cytotoxicity T cells in the host bearing mir-181-expressed 
tumor cells.  Thus, tumor bearing mir-181 may repress T 
cell exhaustion and promote T cell function via repressing 
PD-L1 expression.

In conclusion, CDDP was found to induce negative 
feedback regulation of PD-L1 expression in NSCLC via 
ATM phosphorylation-mediated mir-181a expression.  
Additionally, CDDP-resistant NSCLC blocked this negative 
regulation system to further induce PD-L1 expression.  
Increased mir-181a in lung cancer could enhance the anti-
tumor response in vivo via downregulation of PD-L1 (Fig. 
6).

Fig. 4.  CDDP-resistant NSCLC represses the ATM-mir-181a-c-FOS pathway.
Western blot analysis was used to measure the abundance of p-ATM and ATM (A) and c-FOS (B) in A549 and A549R 
cells treated with or without 10 μg/ml CDDP for 24 h.  All the experiment was repeated 3 times.  The relative density 
was shown in the lower panels.  Results are expressed as mean ± SD.
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Fig. 5.  Mir-181a in lung cancer enhance the anti-tumor response in vivo.
(A) Tumor growth curve was measured by using LL/2 cell with or without exogenous mir-181a.  Results are expressed 
as mean ± SD (n = 5, **p < 0.01).  The typical photos of tumor were shown.  (B) Western blot analysis was used to 
measure the abundance of PD-L1 from LL/2 tumor at day 15 after tumor injection.  (C-E) PD-1+ and Tim-3+ CD8+ T 
cells from TIL were measured by FACS at day 15 after tumor injection.  TNF-α+ (F) and GZMB+ (G) CD8+ T cells from 
TIL were measure by FACS at day 15 after tumor injection.  Results are expressed mean ± SD (n = 3; *p < 0.05, **p < 
0.01).

Fig. 6.  Proposed regulatory mechanism of PD-L1 in acquired CDDP-resistant NSCLC.



Y. Chen et al.42

Acknowledgments
This work was supported by Research Program of 

Department of Education of Liaoning Province (no.  
L201603) and Science and Technology Foundation of 
Liaoning Province (no.  2019-MS-232).

Conflict of Interest
The authors declare no conflict of interest.

References
Ambros, V. (2001)  microRNAs: tiny regulators with great poten-

tial.  Cell, 107, 823-826.
Atsaves, V., Leventaki, V., Rassidakis, G.Z. & Claret, F.X. (2019)  

AP-1 transcription factors as regulators of immune responses 
in cancer.  Cancers (Basel), 11, 1037.

Barr, M.P., Gray, S.G., Hoffmann, A.C., Hilger, R.A., Thomale, J., 
O’Flaherty, J.D., Fennell, D.A., Richard, D., O’Leary, J.J. & 
O’Byrne, K.J. (2013)  Generation and characterisation of 
cisplatin-resistant non-small cell lung cancer cell lines 
displaying a stem-like signature.  PLoS One, 8, e54193.

Chen, S.H. & Chang, J.Y. (2019)  New insights into mechanisms 
of cisplatin resistance: from tumor cell to microenvironment.  
Int. J. Mol. Sci., 20, 4136.

de Biasi, A.R., Villena-Vargas, J. & Adusumilli, P.S. (2014)  Cispl-
atin-induced antitumor immunomodulation: a review of 
preclinical and clinical evidence.  Clin. Cancer Res., 20, 5384-
5391.

Doroshow, D.B., Sanmamed, M.F., Hastings, K., Politi, K., Rimm, 
D.L., Chen, L., Melero, I., Schalper, K.A. & Herbst, R.S. 
(2019)  Immunotherapy in non-small cell lung cancer: facts 
and hopes.  Clin. Cancer Res., 25, 4592-4602.

Fournel, L., Wu, Z., Stadler, N., Damotte, D., Lococo, F., Boulle, 
G., Segal-Bendirdjian, E., Bobbio, A., Icard, P., Tredaniel, J., 
Alifano, M. & Forgez, P. (2019)  Cisplatin increases PD-L1 
expression and optimizes immune check-point blockade in 
non-small cell lung cancer.  Cancer Lett., 464, 5-14.

Galluzzi, L., Morselli, E., Vitale, I., Kepp, O., Senovilla, L., 
Criollo, A., Servant, N., Paccard, C., Hupe, P., Robert, T., 
Ripoche, H., Lazar, V., Harel-Bellan, A., Dessen, P., Barillot, 
E., et al. (2010)  miR-181a and miR-630 regulate cisplatin-
induced cancer cell death.  Cancer Res., 70, 1793-1803.

Garcia-Diaz, A., Shin, D.S., Moreno, B.H., Saco, J., Escuin-
Ordinas, H., Rodriguez, G.A., Zaretsky, J.M., Sun, L., Hugo, 
W., Wang, X., Parisi, G., Saus, C.P., Torrejon, D.Y., Graeber, 
T.G., Comin-Anduix, B., et al. (2019)  Interferon receptor 
signaling pathways regulating PD-L1 and PD-L2 expression.  
Cell Rep., 29, 3766.

Green, M.R., Rodig, S., Juszczynski, P., Ouyang, J., Sinha, P., 
O’Donnell, E., Neuberg, D. & Shipp, M.A. (2012)  Constitu-
tive AP-1 activity and EBV infection induce PD-L1 in 
Hodgkin lymphomas and posttransplant lymphoproliferative 
disorders: implications for targeted therapy.  Clin. Cancer 
Res., 18, 1611-1618.

Huang, Y., Chuang, A., Hao, H., Talbot, C., Sen, T., Trink, B., 
Sidransky, D. & Ratovitski, E. (2011)  Phospho-DeltaN-
p63alpha is a key regulator of the cisplatin-induced microR-
NAome in cancer cells.  Cell Death Differ., 18, 1220-1230.

Jiang, Y., Li, Y. & Zhu, B. (2015)  T-cell exhaustion in the tumor 
microenvironment.  Cell Death Dis., 6, e1792.

Kim, C., Ye, Z., Weyand, C.M. & Goronzy, J.J. (2021)  miR-
181a-regulated pathways in T-cell differentiation and aging.  
Immun. Ageing, 18, 28.

Liu, Y., Carlsson, R., Comabella, M., Wang, J., Kosicki, M., 
Carrion, B., Hasan, M., Wu, X., Montalban, X., Dziegiel, 
M.H., Sellebjerg, F., Sorensen, P.S., Helin, K. & Issazadeh-

Navikas, S. (2014)  FoxA1 directs the lineage and immuno-
suppressive properties of a novel regulatory T cell population 
in EAE and MS.  Nat. Med., 20, 272-282.

Lyszkiewicz, M., Winter, S.J., Witzlau, K., Fohse, L., Brownlie, R., 
Puchalka, J., Verheyden, N.A., Kunze-Schumacher, H., Imel-
mann, E., Blume, J., Raha, S., Sekiya, T., Yoshimura, A., 
Frueh, J.T., Ullrich, E., et al. (2019)  miR-181a/b-1 controls 
thymic selection of Treg cells and tunes their suppressive 
capacity.  PLoS Biol., 17, e2006716.

Mantri, Y., Lippard, S.J. & Baik, M.H. (2007)  Bifunctional 
binding of cisplatin to DNA: why does cisplatin form 
1,2-intrastrand cross-links with ag but not with GA?  J. Am. 
Chem. Soc., 129, 5023-5030.

Maréchal, A. & Zou, L. (2013)  DNA damage sensing by the ATM 
and ATR kinases.  Cold Spring Harb. Perspect. Biol., 5, 
a012716.

Miyoshi, H., Kiyasu, J., Kato, T., Yoshida, N., Shimono, J., 
Yokoyama, S., Taniguchi, H., Sasaki, Y., Kurita, D., Kawa-
moto, K., Kato, K., Imaizumi, Y., Seto, M. & Ohshima, K. 
(2016)  PD-L1 expression on neoplastic or stromal cells is 
respectively a poor or good prognostic factor for adult T-cell 
leukemia/lymphoma.  Blood, 128, 1374-1381.

Ng, H.Y., Li, J., Tao, L., Lam, A.K., Chan, K.W., Ko, J.M.Y., Yu, 
V.Z., Wong, M., Li, B. & Lung, M.L. (2018)  Chemothera-
peutic treatments increase PD-L1 expression in esophageal 
squamous cell carcinoma through EGFR/ERK activation.  
Transl. Oncol., 11, 1323-1333.

Peng, J., Hamanishi, J., Matsumura, N., Abiko, K., Murat, K., 
Baba, T., Yamaguchi, K., Horikawa, N., Hosoe, Y., Murphy, 
S.K., Konishi, I. & Mandai, M. (2015)  Chemotherapy induces 
programmed cell death-ligand 1 overexpression via the 
nuclear factor-kB to foster an immunosuppressive tumor 
microenvironment in ovarian cancer.  Cancer Res., 75, 5034-
5045.

Pignon, J.P., Tribodet, H., Scagliotti, G.V., Douillard, J.Y., Shep-
herd, F.A., Stephens, R.J., Dunant, A., Torri, V., Rosell, R., 
Seymour, L., Spiro, S.G., Rolland, E., Fossati, R., Aubert, D., 
Ding, K., et al. (2008)  Lung adjuvant cisplatin evaluation: a 
pooled analysis by the LACE Collaborative Group.  J. Clin. 
Oncol., 26, 3552-3559.

Sakuishi, K., Apetoh, L., Sullivan, J.M., Blazar, B.R., Kuchroo, 
V.K. & Anderson, A.C. (2010)  Targeting Tim-3 and PD-1 
pathways to reverse T cell exhaustion and restore anti-tumor 
immunity.  J. Exp. Med., 207, 2187-2194.

Sang, W., Zhang, C., Zhang, D., Wang, Y., Sun, C., Niu, M., Sun, 
X., Zhou, C., Zeng, L., Pan, B., Chen, W., Yan, D., Zhu, F., 
Wu, Q., Cao, J., et al. (2015)  MicroRNA-181a, a potential 
diagnosis marker, alleviates acute graft versus host disease by 
regulating IFN-γ production.  Am. J. Hematol., 90, 998-1007.

Thommen, D.S., Schreiner, J., Muller, P., Herzig, P., Roller, A., 
Belousov, A., Umana, P., Pisa, P., Klein, C., Bacac, M., 
Fischer, O.S., Moersig, W., Savic Prince, S., Levitsky, V., 
Karanikas, V., et al. (2015)  Progression of lung cancer is asso-
ciated with increased dysfunction of T cells defined by coex-
pression of multiple inhibitory receptors.  Cancer Immunol. 
Res., 3, 1344-1355.

Tran, L., Allen, C.T., Xiao, R., Moore, E., Davis, R., Park, S.J., 
Spielbauer, K., Van Waes, C. & Schmitt, N.C. (2017)  Cispl-
atin alters antitumor immunity and synergizes with PD-1/
PD-L1 inhibition in head and neck squamous cell carcinoma.  
Cancer Immunol. Res., 5, 1141-1151.

Tveden-Nyborg, P., Bergmann, T.K., Jessen, N., Simonsen, U. & 
Lykkesfeldt, J. (2021)  BCPT policy for experimental and 
clinical studies.  Basic Clin. Pharmacol. Toxicol., 128, 4-8.

Wakita, D., Iwai, T., Harada, S., Suzuki, M., Yamamoto, K. & 
Sugimoto, M. (2019)  Cisplatin augments antitumor T-cell 
responses leading to a potent therapeutic effect in combination 
with PD-L1 blockade.  Anticancer Res., 39, 1749-1760.

Wang, Q., Lin, W., Tang, X., Li, S., Guo, L., Lin, Y. & Kwok, H.F. 



Mir-181a Regulates Cisplatin-Induced PD-L1 Expression 43

(2017)  The roles of microRNAs in regulating the expression 
of PD-1/PD-L1 immune checkpoint.  Int. J. Mol. Sci., 18, 
2540.

Wu, C., Gong, Y., Yuan, J., Zhang, W., Zhao, G., Li, H., Sun, A., 
KaiHu, Zou, Y. & Ge, J. (2012)  microRNA-181a represses 
ox-LDL-stimulated inflammatory response in dendritic cell by 
targeting c-Fos.  J. Lipid Res., 53, 2355-2363.

Wu, S.P., Liao, R.Q., Tu, H.Y., Wang, W.J., Dong, Z.Y., Huang, 
S.M., Guo, W.B., Gou, L.Y., Sun, H.W., Zhang, Q., Xie, Z., 
Yan, L.X., Su, J., Yang, J.J., Zhong, W.Z., et al. (2018)  
Stromal PD-L1-positive regulatory T cells and PD-1-positive 
CD8-positive T cells define the response of different subsets 
of non-small cell lung cancer to PD-1/PD-L1 blockade immu-
notherapy.  J. Thorac. Oncol., 13, 521-532.

Wu, X., Gu, Z., Chen, Y., Chen, B., Chen, W., Weng, L. & Liu, X. 

(2019)  Application of PD-1 blockade in cancer immuno-
therapy.  Comput. Struct. Biotechnol. J., 17, 661-674.

Xu, X., Jiang, X., Chen, L., Zhao, Y., Huang, Z., Zhou, H. & Shi, 
M. (2019)  MiR-181a promotes apoptosis and reduces cispl-
atin resistance by inhibiting osteopontin in cervical cancer 
cells.  Cancer Biother. Radiopharm., 34, 559-565.

Yan, F., Pang, J., Peng, Y., Molina, J.R., Yang, P. & Liu, S. (2016)  
Elevated cellular PD1/PD-L1 expression confers acquired 
resistance to cisplatin in small cell lung cancer cells.  PLoS 
One, 11, e0162925.

Yang, H., Wu, X.L., Wu, K.H., Zhang, R., Ju, L.L., Ji, Y., Zhang, 
Y.W., Xue, S.L., Zhang, Y.X., Yang, Y.F. & Yu, M.M. (2016)  
MicroRNA-497 regulates cisplatin chemosensitivity of 
cervical cancer by targeting transketolase.  Am. J. Cancer 
Res., 6, 2690-2699.


