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Abstract
Serine/threonine kinase 16 (STK16) is crucial in on regulating tumor cell prolifera-
tion, apoptosis, and prognosis. Activated M1 macrophages regulate lung adenocarci-
noma (LUAD) growth by releasing exosomes. This study aims to investigate the role 
of STK16 and then focus on the possible mechanisms through which exosomes de-
rived from M1 macrophages play their roles in LUAD cells by targeting STK16. Clinical 
LUAD samples were used to evaluate the expression of STK16 and its association with 
prognosis. Exosomes were isolated from M0 and M1 macrophages by ultracentrifuga-
tion and were then identified by electron microscopy and western blotting. In vitro 
gain- and loss-of-function experiments with LUAD cells were performed to elucidate 
the functions of miR-181a-5p, ETS1, and STK16, and mouse xenograft models were 
used to verify the function of STK16 in vivo. Western blotting, quantitative real-time 
PCR, CCK-8 assay, cell apoptosis, immunohistochemistry staining, luciferase assay, 
ChIP assay, and bioinformatics analysis were performed to reveal the underlying 
mechanisms. High expression of STK16 was observed in LUAD tissues and cells, and 
higher expression of STK16 was associated with worse prognosis. Silencing STK16 
expression inhibited cell proliferation and promoted apoptosis via the AKT1 pathway. 
Exosomes from M1 macrophages inhibited viability and promoted apoptosis by inhib-
iting STK16. Moreover, miR-181a-5p is the functional molecule in M1 macrophage-
derived exosomes and plays a vital role in inhibiting cell proliferation and promoting 
apoptosis by targeting ETS1 and STK16. Hence, exosomes derived from M1 mac-
rophages were capable of inhibiting viability and promoting apoptosis in LUAD via the 
miR-181a-5p/ETS1/STK16 axis.
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1  |  INTRODUC TION

Lung cancer is the predominant cause of cancer-related mortality 
worldwide, with lung adenocarcinoma (LUAD) being one of the most 
commonly diagnosed histological varieties.1,2 Admittedly, therapeu-
tic strategies for LUAD patients are evolving from the application of 
surgery, radiation, and cytotoxic chemotherapy as well as from the 
promotion of targeted therapies to personalized treatment, which 
has improved a subset of patients’ survival outcomes. However, 
most patients with metastatic LUAD have an unfavorable progno-
sis.3,4 A better understanding of the mechanisms of LUAD will facil-
itate the development of novel medications and improve awareness 
of the curative nature of treatments.

Serine/threonine kinases (STKs), a group of approximately 125 
protein kinases that phosphorylate serines or threonines, are capa-
ble of maintaining cellular homeostasis, regulating the cell signal-
ing pathway, and participating in cell proliferation, apoptosis, and 
metabolism by phosphorylating nuclear effectors, transcription 
factors, and cell cycle regulators.5-8 STK16 is a myristoylated and 
palmitoylated STK that participates in the regulation of a wide array 
of cellular processes.9,10 Previous studies have indicated that STK16 
knockdown or kinase inhibition leads to cytokinesis arrest, thus af-
fecting cell growth and apoptosis.11,12

Macrophages, one of the most abundant immune cell types, ac-
count for approximately 5% to 40% of the tumor environment (TME) 
of malignant solid tumors.13 Macrophages exhibit considerable func-
tional plasticity in mediating local microenvironment stimulation and 
the immune process.14,15 In lung cancer, macrophages have been 
reported to be able to stimulate tumor angiogenesis and promote 
tumor cell invasion, migration, and intravasation.16 Tumor-associated 
macrophages (TAM), a heterogeneous class of ubiquitously innate 
immune cells with high plasticity present in the microenvironment, 
play indispensable functions of promoting tumor progression and 
inhibiting antitumor immune processes mediated by T cell regula-
tion.17,18 TAM can contribute to carcinogenesis, neoangiogenesis, 
immune-suppressive TME remodeling, cancer chemoresistance, re-
currence, and metastasis.19 Exosomes are small vesicles released by 
live cells that contain various constituents, including proteins, DNA, 
and RNAs.20 As vital messengers, exosomes derived from macro-
phages can serve as conveyors to transfer multiple types of bioactive 
substances from macrophages to distant target cells and regulate 
the biological function of the targeted cells.21 Previous studies have 
shown that exosomes isolated from macrophage cell media can 
deliver proinflammatory signals and, thus, play a significant role in 
the immune stimulatory microenvironment.22,23 MicroRNA, a small 
noncoding RNA, suppresses its target gene through RNA silencing 
or posttranscriptional regulation.24 MiR-181a-5p, as a functional 
miRNA, has been studied in a multitude of different cancer types, 
including lung cancer.25-27 A previous study analyzed the relation-
ship between miR-181a-5p and non–small cell lung cancer (NSCLC), 
and the results implied that miR-181a-5p is a potential noninvasive 
biomarker in terms of diagnosis and prognosis.28

The role of STK16 and its mechanisms of promoting lung cancer 
progression have not been explored. We investigated the biological 

function and prognostic value of STK16. Subsequently, we exam-
ined how exosomes derived from M1 macrophages play roles in lung 
cancer cells, focusing on the mediating role of miR-181a-5p and its 
downstream regulatory gene, STK16.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical specimens

From October 2012 to March 2015, two independent LUAD cohorts 
from Huashan Hospital, Fudan University, were recruited in the cur-
rent study. Patients who underwent neoadjuvant treatment were 
excluded from the study. In cohort 1, 20 fresh tumor tissues and 
paired normal nontumor tissues were ultimately selected, while in 
cohort 2, a total of 113 formalin-fixed, paraffin-embedded tumors 
and 20 histologically adjacent tumor tissues were selected, as il-
lustrated in Table 1. All enrolled patients signed an informed con-
sent form, and all experimental procedures followed the research 
protocols that were approved by the Ethics Committee of Huashan 
Hospital, Fudan University.

2.2  |  Immunohistochemistry and scoring

Tissues were embedded in paraffin and sliced into 4-μm-thick sec-
tions. The paraffin sections were incubated with primary antibod-
ies against STK16 (ab228608, Abcam; 1:100 dilution) overnight at 
4°C. Subsequently, the sections were incubated with secondary an-
tibodies at room temperature for 1 hour, incubated in HRP-labeled 
streptavidin solution for approximately 10 minutes, and then stained 
with diaminoaniline solution. The intensity of staining defining im-
munoreactivity was scored for each specimen by two investigators 
using the H-score system based on the percentage of positively 
stained tumor cells (with a range from 0 to 4) and the intensity of 
staining (with a range from 0 to 3). All patients with a score ≥3 were 
defined as having high expression, while those with a score of <3 
were defined as having low expression.

2.3  |  Cell culture

The human LUAD cell lines and 16HBE cells were obtained from the 
ATCC, while the human THP-1 monocytic cell line was purchased 
from the cell bank of Shanghai Biology Institute, Chinese Academy 
of Science. All the cells used were cultured in Roswell Park Memorial 
Institute 1640 medium (RPMI-1640) (HyClone) supplemented with 
10% FBS (Gibco, Thermo Fisher Scientific) at 37°C and 5% CO2.

2.4  |  Cell transfection

The coding sequences of STK16 and ETS1 were cloned into 
pLVX-Puro plasmids (Clontech) to upregulate STK16 and ETS1 
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expression, while the RNA interference sequence of STK16 
was cloned into a linearized pLKO.1 plasmid (Addgene) to 
downregulate STK16 expression. The interference sites and 
corresponding primer sequences were as follows: STK16 
shRNA#1,5′-GCGTGCTATATGCCATGATGT-3′; shRNA#2,5′-
GTGCTATA​TGCCATGATGTTT-3′; shRNA#3,5′-GCCAACATAC​
TACCCAAATCT-3′. Recombinant plasmids together with the pack-
aging plasmids psPAX2 and pMD2G were cotransfected into 293T 
cells. After 48 hours of transfection, recombined lentiviral vectors 
were collected and enriched for transducing targeted cells. Cells 
with pLKO.1-scramble shRNA or blank pLVX-Puro transduction 
were employed as the negative controls.

2.5  |  CCK-8 assay

Cell viability was assessed by CCK-8 assay (Dojin Laboratories). 
Cells were seeded and routinely cultured in 96-well plates at a den-
sity of 3 × 103 cells/well and supplemented with 100 µL of RPMI-
1640 containing 1% FBS for 12 hours. H1299, H1975, and A549 
cells were transduced with the indicated lentiviral vectors. After 
12, 24, 48, and 72  hours of incubation, 10  µL of CCK-8 reagent 
was added to each well for 1 hour of incubation. The absorbance 

at 450  nm wavelength of cell in each well was determined and 
analyzed.

2.6  |  Cell apoptosis assay

Cells were seeded in a six-well plate at a density of 5 × 105 cells/
well and grown to 50% confluence. The cells were stained with 5 μL 
of propidium iodide and 5 μL of FITC-labeled recombinant annexin 
V (annexin V–FITC) in the dark for 15 minutes at 4°C. Cellular ap-
optosis was profiled using the Beckman CytoFLEX Flow Cytometer 
(Beckman Coulter).

2.7  |  Polarization of macrophages

THP-1 cells were differentiated with phorbol-12-myristate-13-
acetate (PMA, 100 nM; EMD Calbiochem). The medium was changed 
the next day and subsequently every 2 days for 6 days. Polarization 
of resting differentiated macrophages (M0 cells) was performed by 
48  hours of treatment with 50  U/mL IFN-γ and 10  ng/mL TNF-α 
for M1-like polarization. The cells were washed and incubated with 
fresh medium.

Clinicopathological parameters

STK16 expression

P 
value

Low (No. 
48) High (No. 65)

Age

≤55 20 35 .2004

>55 28 30

Sex

Female 22 38 .1836

Male 26 27

Size (cm)

≤4 36 32 .0057

>4 12 33

Smoking status

Never 21 29 .9271

Former and current smokers 27 36

Tumor stage

I 23 11 .0027

II 16 26

III 6 20

IV 3 8

Spinal metastases

No 27 23 .0273

Yes 21 42

Note: P < .05 represents statistical significance (χ2-test).

TA B L E  1  Clinicopathological features 
of lung adenocarcinoma (LUAD) patients 
and serine/threonine kinase 16 (STK16) 
expression in hospital cohort 2
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2.8  |  Isolation, experimental analysis, and in vitro 
supplementation of exosomes

Cells were washed with PBS and then cultured in RPMI 1640 me-
dium with exosome-free FBS for 2 days. The cultured medium was 
centrifuged at 2200 g for 15 minutes and 11 000 g for 35 minutes, 
followed by filtration with a 0.22-µm filter. The medium was then 
centrifuged at 110 000 g for 100 minutes. The pelleted exosomes 
were resuspended and centrifuged at 110 000 g for 100 minutes and 
resuspended in 50 μL of PBS. Exosomes were placed on a copper 
grid for examination under an electron microscope. Protein mark-
ers of purified exosomes were determined using western blotting 
with anti–ALIX (ab225555; Abcam), anti–CD63 (ab216130; Abcam), 
and anti–TSG101 (ab125011; Abcam) antibodies. Exosomes were 
labeled with PKH67 (Sigma) and cocultured with H1975 cells for 
48 hours. The uptake of exosomes by H1975 cells was analyzed with 
an Olympus FV1200 microscope. H1975 cells were provided with 
fresh medium plus 100  μg/mL exosomes isolated from M0 or M1 
macrophages every 48 hours.

2.9  |  Coculture assay

To investigate the potential efficacy of exosomes from M1-polarized 
macrophages in vitro, an H1975 cell monolayer and M1 macrophage 
cell Transwell coculture model were established. M1 macrophages 
were pretreated with or without 20 μM GW4869 for 24 hours before 
the cell seeding procedure. H1975 cells at a density of 5 × 104 cells/
well were seeded in the lower chambers, and M1 macrophages at 
the same density were seeded in the upper chambers. The cocul-
ture Transwell chambers were incubated for 6 days in an incubator at 
37°C in a 5% CO2 atmosphere. The RNA and protein of H1975 cells 
were extracted for further experimental analysis.

2.10  |  miRNA transfection

miR-125a-5p mimic (5′-UCCCUGAGACCCUUUAACCUGUGA-3′ 
), miR-193a-5p mimic (5′-UGGGUCUUUGCGGGCGAGAUGA-3′), 
miR-181a-5p mimic (5′-AACAUUCAACGCUGUCGGUGAGU-
3′), miR-181a-5p inhibitor (5′-ACUCACCGACAGCGUUGAAU
GUU-3′), and negative control miR-NC mimics (5′-CAGUACU​
UUUGUGUAGUACAA-3′) were synthesized by Beyotime (Beijing). 
Cells were transfected using Lipofectamine 2000 reagent 
(Invitrogen). The transfected cells were digested for subsequent 
analysis after 48 hours of transfection.

2.11  |  Luciferase reporter assay

293T cells were seeded into a 24-well plate at a density of 2 × 104 
cells/well and grown to 50% confluence. The ETS1 3′-UTR was 
introduced to pGL3 plasmids to construct pGL3-ETS1-WT or 

pGL3-ETS1-Mut plasmids. Cells were then transfected with the 
miR-181a-5p and pGL3-ETS1-WT plasmids or pGL3-ETS1-Mut. 
Luciferase activity was detected by the Dual-Luciferase Reporter 
assay system (Promega) after 2 days of transfection.

2.12  |  Quantitative real-time PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen) and 
reverse-transcribed with a RevertAid First Strand cDNA Synthesis 
Kit (Thermo Fisher). Quantitative real-time PCR (qRT-PCR) was per-
formed using SYBR Green PCR Master Mix (Thermo Fisher) on an 
ABI 7300 System. The sequences of primers applied in the study 
are shown in Table S1. The relative abundance of genes was quanti-
fied using the comparative 2−ΔΔCt method with GAPDH or U6 as an 
internal control.

2.13  |  Western blotting

Proteins were separated by SDS-PAGE and then transferred onto 
a nitrocellulose membrane (Millipore). Membranes were further 
blocked with 5% skim milk at 4°C for 1 hours and incubated with an-
tibody against STK16 (Abcam, ab228608), ETS1 (Abcam, ab220361), 
p-AKT1 (Abcam, ab82283), AKT1 (Abcam, 233755), and GAPDH 
(CST, #5174) at 4°C overnight. The membranes were incubated with 
the secondary antibody solution linked to HRP (Beyotime) at room 
temperature for 1 hour. Signals were captured by a chemilumines-
cence system according to the manufacturer’s instructions.

2.14  |  ChIP

Cells were fixed with 1% formaldehyde, harvested, sonicated, 
and incubated with anti–ETS1 (Abcam; ab220361) or con-
trol antibody (Proteintech; 30000-0-AP) for 12  hours. ETS1 
binding was measured using PCR with the following prim-
ers: 5′-AGGACCTCTTTCCTGGAGA-3′ and 5′-GACACATG​
CCTTCAGTAC-3′.

2.15  |  In vivo tumor model in mice

A total of 2 × 106 H1975 cells transduced with STK16 shRNA or shNC 
vector were subcutaneously injected into 6-week-old male nude mice. 
For the exosome treatment model, 2  ×  106 H1975 cells transduced 
with STK16 expression or blank vector per mouse were used to estab-
lish xenografts. Twelve days after injection, mice were treated with ex-
osomes (100 μg of total protein in 100 μL of volume) derived from M1 
macrophages and injected every 3 days in the vicinity of the subcuta-
neous tumors. On the 33rd day postinoculation, murine tumors (n = 6 
per group) were collected, weighed, photographed, and analyzed by 
TUNEL staining, qPCR, and western blotting. In vivo surviving H1975 
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cells were also detected using bioluminescence. All in vivo experiments 
were performed according to our institution’s guidelines for the use of 
laboratory animals and were approved by the Committee on the Ethics 
of Animal Experiments of Shanghai Medical College, Fudan University.

2.16  |  Bioinformatics analysis

RNA-seq data related to STK16 expression in various cancer pa-
tients were acquired from The Cancer Genome Atlas (TCGA) data-
set, which included 526 cases of LUAD tumor tissues and 59 cases 
of normal lung tissues. Survival data were downloaded from the 
Kaplan-Meier plotter database. The gene set enrichment analysis 
(GSEA) algorithm was used to identify the pathways of significant 
enrichment between high and low STK16 expression.

2.17  |  Statistical analysis

Data analysis was performed using GraphPad Prism 8.0.2. The re-
sults are presented as the mean ± SD from at least three independ-
ent experiments. Comparisons between different experimental 
groups were achieved with ANOVA or Student’s t-test. P values <.05 
were considered indicative of statistical significance.

3  |  RESULTS

3.1  |  Serine/threonine kinase 16 is closely 
associated with the progression and prognosis of lung 
adenocarcinoma

To investigate the expression of STK16 in LUAD, we first analyzed the 
expression of STK16 in the TCGA database (Figure S1A). By analyzing 
the transcription profiles of 526 LUAD tumors and 59 corresponding 
nontumorous lung tissues, the results indicated that compared to ad-
jacent normal tissues, STK16 was prominently upregulated in tumors 
(Figure 1A). In addition, higher expression of STK16 was notably associ-
ated with poor overall survival (OS) (P < .001; Figure 1B). Subsequently, 
qRT-PCR confirmed that compared to the nontumorous tissues, the 
level of STK16 was dramatically enhanced in LUAD tissues (Figure 1C). 
By immunohistochemistry (IHC), we found that the STK16 expression 
level was higher in 133 LUAD tumor tissues than in 20 nontumorous 
lung tissues (Figure 1D). Consistently, high expression of STK16 was 
related to poor OS in hospital cohort 2 (P = .017; Figure 1E).

3.2  |  Serine/threonine kinase 16 promotes tumor 
cell growth both in vitro and in vivo

STK16 was significantly upregulated in lung cancer cell lines com-
pared with nonlung cancer cell lines by qRT-PCR detection. A simi-
lar result was also observed by western blot. Moreover, the STK16 

mRNA and protein levels were prominently high in H1299 and 
H1975 cells (Figure  2A-B). Given that the expression of STK16 is 
increased in LUAD, we hypothesize that STK16 might lead to modi-
fications in LUAD cells and play a pivotal role in mediating cancer 
progression. We established lentiviral-mediated stable STK16-
silenced H1299 and H1975 cell lines with three different shRNA se-
quences (shSTK16#1, shSTK16#2, and shSTK16#3) (Figure S2A-D). 
The shSTK16#2 and shSTK16#3 cell lines were the most efficient 
cell lines in terms of specific knockdown of STK16 expression. Then, 
in vitro experiments evaluating proliferation and apoptosis were de-
signed. The cell viability results showed that knockdown of STK16 
dramatically suppressed the viability of the H1299 (Figure 2C) and 
H1975 (Figure 2D) cell lines. Further study confirmed that STK16 si-
lencing could also promote apoptosis in H1299 and H1975 cell lines 
(Figure 2E,F). GSEA indicated that high STK16 gene expression was 
enriched in apoptosis signaling (Figure S1B). Knockdown of STK16 
could decrease the expression of p-AKT1 but did not have an effect 
on AKT1 expression in STK16-silenced cell lines H1299 and H1975 
(Figure 2G). GSEA also inferred that the expression of STK16 was 
enriched in the ATK1 pathway (Figure  S1C). Therefore, compared 
with the negative control group, knockdown of STK16 was capable 
of downregulating the AKT1 signaling pathway.

To determine the effects of STK16 on tumor growth in vivo, 
H1975 cells were transduced with sh-NC or sh-STK16 vector and 
then subcutaneously injected into nude mice. The tumors derived 
from the STK16-silencing group were smaller and lighter than those 
of the negative control group, which demonstrated that knockdown 
of STK16 suppressed tumor growth (Figure  3A–C). We also per-
formed TUNEL staining of STK16 knockdown LUAD cells in nude 
mice (Figure 3D). We also evaluated the expression of p-AKT1 and 
AKT1. Similar to the in vitro results, we found that STK16 silencing 
was able to downregulate the expression of p-AKT1 rather than the 
expression of AKT in tumorous tissues (Figure 3E).

3.3  |  Serine/threonine kinase 16 promotes cell 
viability and inhibits cell apoptosis through the AKT1 
signaling pathway

To confirm our conclusion, we then overexpressed STK16 in A549 
cells and verified by qRT-PCR (Figure  S2E) and western blotting 
(Figure S2F) that it could specifically increase STK16 expression. In 
A549 cells, overexpression of STK16 significantly increased LUAD 
cell proliferation, and when using the AKT inhibitor, A-674563 
reversed the proliferation induced by STK16 overexpression 
(Figure 4A). STK16 overexpression also inhibited apoptosis in A549 
cells, which was reversed by A-674563 (Figure  4B,C). Finally, we 
evaluated the expression of p-AKT1 and AKT1 in A549 cells trans-
duced with the STK16 expression vector and treated with A-674563 
by western blotting (Figure 4D). Unsurprisingly, we found that over-
expression of STK16 could increase the expression of p-AKT1 and 
that p-AKT1 expression was decreased when A-674563 was used 
(Figure 4E).
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3.4  |  Exosomes from M1-polarized macrophages 
inhibit viability and promote apoptosis by inhibiting 
serine/threonine kinase 16

To trace the function of STK16 and identify its mechanism in 
LUAD, we explored the TME, which might be associated with the 
regulation of STK16. To investigate the relationship between mac-
rophages and STK16, we examined STK16 expression in H1975 
cells treated with exosomes derived from M0 macrophages 
(M0-exo) or M1 macrophages (M1-exo) with or without the exo-
some inhibitor GW4869 by qRT-PCR and western blotting. M0 
macrophages can be induced toward M1 polarization by vari-
ous environmental signals. Electron microscopy images of ex-
osomes isolated from M0 and M1 macrophages reveal small round 
nanometer-sized particles with bilayer membranes (Figure  S4A). 
In addition, western blotting confirmed the presence of the ex-
osomal marker proteins TSG101, CD63, and ALIX (Figure  S4B). 
Confocal imaging of PKH67 (green) dye stained was also used to 
label the exosomes (Figure S4C). The expression levels of IL-1β and 

inducible nitric oxide synthase (iNOS) were analyzed in Mo-exos 
and M1-exos using qRT-PCR and western blotting analysis. IL-1β 
and iNOS were more highly expressed in M1-exos than in M0-
exos (Figure S3A,B). We found that STK16 expression was signifi-
cantly decreased when H1975 cells were treated with exosomes 
derived from M1 macrophages, while there were no differences 
when cells were treated with exosomes from M0 macrophages 
(Figure  5A,B). We also found that the gene and protein expres-
sion levels of STK16 decreased gradually over time when H1975 
cells were treated with exosomes derived from M1 macrophages 
(Figure S3C,D). However, qRT-PCR and western blotting analysis 
indicated that STK16 expression in the M1-exo group could be re-
instated with the application of GW4869, an inhibitor of exosome 
biogenesis (Figure 5C,D). To further validate the mechanism, we 
evaluated the viability, apoptosis, and expression of p-AKT1 and 
AKT1 in H1975 cells treated with M1-exos and transduced them 
with the STK16 expression vector. The cell viability decreased in 
the M1-exo group, and the M1-exo group with the STK16 expres-
sion vector had increased cell viability compared with the M1-exo 

F I G U R E  1  Serine/threonine kinase 16 
(STK16) expression is associated with lung 
adenocarcinoma (LUAD) progression and 
survival rate. STK16 mRNA expression 
in (A) TCGA database and (C) tumor 
and paired normal tissues from 20 
LUAD patients in hospital cohort 1. (D) 
immunohistochemistry (IHC) analysis 
for STK16 protein expression in tumor 
and normal tissues from LUAD patients 
in hospital cohort 2. Scale bars: 100 μm. 
The overall survival of LUAD patients in 
(B) Kaplan-Meier plotter database and (E) 
hospital cohort 2. ***P < .001 compared 
with N
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group (Figure 5E). The percentage of apoptotic cells increased in 
the M1-exo group, and the M1-exo group with the STK16 expres-
sion vector had a decreased percentage compared with the M1-
exo group (Figure 5F,G). Finally, we found that M1-exos with the 
STK16 expression vector increased p-AKT1 expression, and M1-
exos with the vector decreased p-AKT1 expression (Figure 5H,I).

To evaluate the effects of M1-polarized macrophages and STK16 
in vivo, H1975 cells transduced with the STK16 expression vector 
and exosomes derived from M1 macrophages (M1-exos) were sub-
cutaneously implanted into nude mice, and tumor size was moni-
tored every 3 days. M1-exos suppressed tumor growth and reduced 

tumor size and weight compared to the control group (Figure 6A–
D). Overexpression of STK16 could promote tumor growth to some 
extent. We also performed TUNEL staining of tumors in nude mice 
and found that the percentage of TUNEL-positive cells in the M1-exo 
group was much higher than in the control group, while STK16 over-
expression could reduce the percentage (Figure 6E,F). In addition, we 
evaluated the expression of p-AKT1 and AKT1. We found that M1-
exo exerted a strong influence in decreasing STK16 expression, that 
overexpression of STK16 could increase the expression of p-AKT1, 
and that AKT1 had no change. The fold change of p-AKT1/AKT1 was 
significantly different from that of the control (Figure 6G,H).

F I G U R E  2  Serine/threonine kinase 16 (STK16) silencing inhibits cell viability and promotes cell apoptosis. (A, B) STK16 expression in lung 
adenocarcinoma (LUAD) cell lines and 16HBE cells. (C, D) Cell viability, (E, F) apoptosis, and (G) expression of p-AKT1 and AKT1 in H1299 
and H1975 cells transduced with STK16 shRNA vector. *P < .05, **P < .01, ***P < .001 compared with 16HBE or shNC
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3.5  |  miR-181a-5p regulates cell viability and 
apoptosis by inhibiting serine/threonine kinase 16

To investigate the mechanism by which M1-exos regulate the ex-
pression of STK16, we detected the expression levels of several 
miRNAs in Mo-exos and M1-exos, and the results showed that 
miR-125a-5p, miR-181a-5p and miR-193a-5p were more highly ex-
pressed in M1-exos (Figure S5A,B). The mRNA and protein levels of 
STK16 were decreased when H1975 cells were treated with miR-
181a-5p mimics rather than miR-125a-5p mimics and miR-193a-5p 
mimics compared with those treated with miR-NC (Figure S5C,D). 
To further verify miR-181a-5p in exosomes derived from M1-exos 
and its relationship with STK16, we evaluated the cell viability, ap-
optosis, and expression of p-AKT1 and AKT1 in H1975 cells treated 
with miR-181a-5p mimic and transduced with the STK16 expression 
vector. The cell viability decreased in the miR-181a-5p mimic group, 
and the miR-181a-5p mimic group with the STK16 expression vector 

recovered and increased cell viability (Figure  7A). The percentage 
of apoptotic cells increased in the miR-181a-5p mimic group, and 
the miR-181a-5p mimic group with the STK16 expression vector 
had a decreased percentage compared with the miR-181a-5p mimic 
group (Figure  7B,C). We found that the miR-181a-5p mimic with 
the STK16 expression vector increased the expression of p-AKT1, 
and the miR-181a-5p mimic with the vector decreased STK16 and 
p-AKT1 expression. While AKT1 had no change, the fold change of 
p-AKT1/AKT1 was significantly different compared with that of the 
control (Figure 7D,E). In contrast, cell viability increased in the miR-
181a-5p inhibitor group, and the miR-181a-5p inhibitor group with 
the STK16 shRNA vector exhibited reduced and decreased cell via-
bility (Figure 7F). The percentage of apoptotic cells decreased in the 
miR-181a-5p inhibitor group, and the miR-181a-5p inhibitor group 
with the STK16 shRNA vector increased in percentage compared 
with the miR-181a-5p inhibitor group (Figure 7G,H). We found that 
the miR-181a-5p inhibitor with the STK16 shRNA vector decreased 

F I G U R E  3  Serine/threonine kinase 
16 (STK16) silencing inhibits tumor 
cell growth in vivo. After H1975 cells 
transduced with STK16 shRNA or shNC 
vector were injected into the nude mice, 
the (A) tumor volume, (B) formation, 
(C) weight, (D) TUNEL staining, and 
(E) expression of STK16, p-AKT1, and 
AKT1 was measured. Scale bars: 50 μm. 
**P < .01, ***P < .001 compared with 
shNC
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the expression of p-AKT1, and the miR-181a-5p inhibitor with the 
vector increased STK16 and p-AKT1 expression. While the expres-
sion of AKT1 did not change, the fold change of p-AKT1/AKT1 was 
significantly different compared with that of the control (Figure 7I,J).

3.6  |  miR-181a-5p inhibits serine/threonine kinase 
16 by directly targeting ETS1

To uncover the molecular mechanism underlying the inhibitory ef-
fect of miR-181a-5p on LUAD viability, we combined bioinformatics 
approaches to identify the targets of miR-181a-5p. Although miR-
181a-5p could inhibit STK16 expression, miR-181a-5p could not di-
rectly bind to the 3′UTR region of STK16 (Figure S5E-G), suggesting 
that STK16 is not a direct target of miR-181a-5p. Therefore, other 
target candidates were selected based on the predictive binding of 
miR-181a-5p, among which ETS proto-oncogene 1 transcription fac-
tor (ETS1), which has been shown to be significantly associated with 
LUAD progression, was the selected candidate (Figure 8A). To verify 
whether ETS1 is the direct target of miR-181a-5p, a 3′UTR element 
of ETS1 with wild-type or mutated sequences was designed, con-
structed, cloned into a dual-luciferase reporter, and then cotrans-
fected with miR-181a-5p inhibitor and mimics into HEK-293T cells. 
The luciferase activities were significantly increased and decreased 
in the reporter with wild-type binding sites along with miR-181a-5p 
inhibitor and mimics but not with mutant (P  <  .001, Figure  8B), 
suggesting that miR-181a-5p regulated ETS1 expression in a 

site-specific manner. Furthermore, the mRNA and protein levels of 
ETS1 in miR-181a-5p inhibitor-transfected H1975 cells were mark-
edly elevated but were reduced in miR-181a-5p mimic-transfected 
H1975 cells compared with their control counterparts (Figure 8C,D). 
We also found that the miR-181a-5p mimic-induced decreases in cell 
viability and apoptosis could be reversed by ETS1 overexpression 
(Figure S6A–E). Moreover, STK16 had an identical variation in H1975 
cells transfected with miR-181a-5p mimic and transduced with an 
ETS1 expression vector (Figure 8E).

Bioinformatics analysis revealed the ETS1 binding site in the 
STK16 promoter schematic diagram (Figure 8F). To further validate 
STK16 as a bona fide ETS1-mediated target, a chromatin immuno-
precipitation assay was performed and analyzed with qRT-PCR. The 
results showed that the ETS1-specific antibody significantly enriched 
the ETS1 promoter compared with the immunoglobulin G pull-down 
control (Figure  8G). Notably, we observed significant inverse cor-
relations between EST1 expression and miR-181a-5p levels and pos-
itive correlations between EST1 expression and STK16 expression in 
LUAD tissues (Figure 8H–I). Taken together, exosomes derived from 
M1 macrophages could inhibit viability and promote apoptosis in 
LUAD via the miR-181a-5p/ETS1/STK16 axis (Figure 8J).

4  |  DISCUSSION

Over the past few years, the emerging landscape of immunotherapy 
in the treatment of lung cancer has become of increasing interest, 

F I G U R E  4  Serine/threonine kinase 16 (STK16) overexpression promotes cell viability and inhibits cell apoptosis through the AKT1 
signaling pathway. (A) Cell viability, (B, C) apoptosis, and (D, E) expression of p-AKT1 and AKT1 in A549 cells transduced with STK16 
expression vector and treated with 10 nM A-674563. ***P < .001 compared with Vector+Vehicle. ###P < .001 compared with STK16+Vehicle
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and the impact of TME has been appreciated progressively.29,30 
Crosstalk between lung cancer cells and the TME plays a vital role 
in contributing to the development of cancer; thus, investigating the 
possible mechanisms of the TME that regulate lung cancer initiation, 
progression, and evolution appears to be particularly significant.31-33 
TAM are immune cells in the TME with high heterogeneity and 

complicated functions for regulating tumor immunity and mediating 
immunotherapy.34 Initially, we focused on the role of STK16 in LUAD 
and found that STK16 expression was higher in cancer tissues than 
in normal tissues, and higher expression of STK16 was intimately 
associated with worse prognosis. Then, we explored the possible 
upstream mechanisms of STK16 and found the breakthrough point; 

F I G U R E  5  Exosome derived from M1 macrophages inhibits cell viability and promotes cell apoptosis by inhibiting serine/threonine kinase 
16 (STK16). (A-D) STK16 expression in H1975 cells treated with exosomes derived from M0 macrophages (M0-exo) or M1 macrophages 
(M1-exo) with or without 20 μM GW4869. (E) Cell viability, (F, G) apoptosis, and (H, I) expression of p-AKT1 and AKT1 in H1975 cells treated 
with M1-exo and transduced with STK16 expression vector. ***P < .001 compared with control. ###P < .001 compared with M1-exo or M1-
exo+Vector

F I G U R E  6  Exosome derived from M1 macrophages inhibits tumor cell growth in vivo. After mice were injected with H1975 cells 
transduced with serine/threonine kinase 16 (STK16) expression vector and exosome derived from M1 macrophages (M1-exo), the (A) tumor 
volume, (B) formation, (C, D) weight, (E, F) TUNEL staining, and (G, H) expression of STK16, p-AKT1 and AKT1 was measured. Scale bars: 
50 μm. *P < .05, ***P < .001 compared with Vector+Vehicle. ###P < .001 compared with Vector+M1-exo
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F I G U R E  7  miR-181a-5p regulates cell viability and apoptosis through serine/threonine kinase 16 (STK16). (A) Cell viability, (B, C) 
apoptosis, and (D, E) expression of p-AKT1 and AKT1 in H1975 cells transfected with miR-181a-5p mimic and transduced with STK16 
expression vector. (F) Cell viability, (G, H) apoptosis, and (I, J) expression of p-AKT1 and AKT1 in A549 cells transfected with miR-181a-5p 
inhibitor and transduced with STK16 shRNA vector. ***P < .001 compared with NC. ###P < .001 compared with miR-181a-5p mimic+Vector 
or miR-181a-5p inhibitor+shNC
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FIGURE 8  Legend on next page
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namely, that STK16 expression is closely related to exosomes derived 
from M1 macrophages. In the present study, the data demonstrated 
that exosomes derived from M1 macrophages inhibit the progres-
sion and promote the apoptosis of LUAD via the miR-181a-5p/ETS1/
STK16 axis. To the best of our knowledge, our study is the first to 
investigate the mechanism of STK16 and reveal how STK16 is medi-
ated by exosomes derived from M1 macrophages in LUAD.

Emerging evidence and experimental studies have reported that 
TAM play crucial roles in the proliferation, invasion, and angiogene-
sis of solid tumors.35 Normally, TAM can be polarized to either M1 
or M2 macrophages.36 A considerable number of studies have in-
dicated that M1 macrophages have a proinflammatory phenotype, 
acting as a secretor of multiple proinflammatory cytokines, such as 
IL-1β, IL-6, IL-23, TNF-α, and iNOS, and, thus, participate in immune 
activity as an immune monitor.35 However, M2 macrophages mainly 
secrete anti–inflammatory cytokines, such as IL-10, IL-4, and TGF-β, 
which have suppressive effects on inflammation and tumor growth 
promotion.37 A wide array of studies have reported that M1 mac-
rophages can also secrete exosomes in addition to cytokines, and 
exosomes exert essential roles in regulating inflammatory processes, 
mediating cell metabolism, and promoting cell differentiation and 
progression.38-40 Exosomes are a subset of membrane-encased ves-
icles secreted by many cell types, including immune cells.41 Multiple 
components, including proteins, mRNAs, microRNAs, circRNAs, and 
cholesterol, in the vesicles were delivered and selectively taken up 
by the targeted cells.42 Exosomes derived from M1 macrophages 
are involved in multiple pathophysiological processes, including in-
tercellular communication and signal transduction. Therefore, they 
play a seminal role in the growth, angiogenesis, metastasis, invasion, 
and drug resistance of cancer cells.39 A previous study revealed that 
M1 macrophage-derived exosomes delivered the chemotherapeu-
tic agent paclitaxel, serving as a transporter and antitumor effector 
by activating the NF-κB pathway.43 A strong relationship between 
macrophage-derived exosomes and neointimal hyperplasia has been 
reported in the literature. For example, exosomes derived from M1 
macrophages can promote the progression of neointimal hyperplasia 
through the miR-222/CDKN1B/CDKN1C pathway.44 Prior studies 
have noted the importance of M1 macrophage-derived exosomes 
in lung cancer and stated that M1 macrophage-derived exosomes 
not only possess the potential to suppress tumor growth but also 
facilitate cisplatin to enhance its antitumor effect in lung cancer,45 
which is consistent with our current results that exosomes from 
M1-polarized macrophages inhibit viability and promote apoptosis. 
Therefore, M1 macrophage-derived exosomes might represent a 
promising target for the treatment of lung cancer.

MicroRNAs (miRNAs) are noncoding RNA molecules that have 
been reported to mediate cellular signals or interactions between 
cancer cells and macrophages.46 The effect of exosomal miRNAs 
from TAM on cancer cell invasion, growth, and anticancer drug resis-
tance reminds us that miRNAs are expected to be biotargets for the 
development of clinical drugs.47 Cobos Jiménez et al48 analyzed the 
expression signatures of miRNAs in Mo and polarized macrophages, 
and the results indicated that miR-125a-5p, miR-181a-5p, miR-
145-5p, miR-146a-5p, miR-193a-5p, miR-29b-3p, and miR-99b-5p 
are expressed more in M1-polarized macrophages. Our results 
showed that miR-125a-5p, miR-181a-5p, and miR-193a-5p were 
more highly expressed in M1-exos. The expression of STK16 was 
decreased when H1975 cells were treated with miR-181a-5p mim-
ics rather than miR-125a-5p mimics and miR-193a-5p mimics. Thus, 
miR-181a-5p, the functional molecule in M1 macrophage-derived 
exosomes, was selected as a candidate to function STK16. Previous 
work has highlighted the biological function of miR-181-5p in certain 
types of tumors. Serum miR-181a-5p is a potential noninvasive bio-
marker for the diagnosis and prognosis of patients with NSCLC.28 
Moreover, overexpression of miR-181a-5p possesses an antitumor 
effect on the progression of NSCLC cells.49 The expression of miR-
181a-5p was dramatically decreased in lung cancer tissues and cell 
lines, and LUAD cells overexpressing miR-181a-5p could significantly 
inhibit the proliferation and migration of the LUAD cell line A549.50 
In our present study, we demonstrated the tumor-suppressor role 
of miR-138-5p delivered from exosomes in LUAD tumorigenesis in 
a gain-of-function experiment. Exosomes can be employed as an 
effective vehicle to transport miR-138-5p, regulating downstream 
gene expression.

STK16 is a member of the numb-associated family of protein 
kinases and a membrane-associated kinase that is involved in the 
regulation of cell proliferation, apoptosis, signaling pathways, 
and metabolism.9 To date, the biological functions of STK16 have 
not been well elucidated. Thus, we first analyzed the expres-
sion of STK16 from the TCGA database and verified our predic-
tion using two cohorts from the hospital. We then confirmed that 
STK16 is more highly expressed in LUAD tissues and cancer cells. 
Furthermore, higher expression of STK16 is closely associated with 
worse outcomes of survival in patients with LUAD, suggesting that 
STK16 is a potential biomarker for predicting survival in LUAD. 
Previous studies have indicated that STK16 can directly bind and 
regulate actin dynamics to regulate the cell cycle.11 STK16 is also 
involved in the regulation of many different cellular processes, such 
as the transcription of TGF-β and VEGF.51 In this study, it was found 
that knockdown of STK16 significantly inhibited cell proliferation 

F I G U R E  8  miR-181a-5p inhibits serine/threonine kinase 16 (STK16) expression through directly targeting ETS1. (A) The predictive 
binding of miR-181a-5p and ETS1. (B) The luciferase activity of mutant or wild-type ETS1 mRNA 3′UTR in H1975 cells transfected with miR-
181a-5p mimic or inhibitor. (C, D) Expression of ETS1 in H1975 cells transfected with miR-181a-5p mimic or inhibitor. (E) Expression of ETS1 
and STK16 in H1975 cells transfected with miR-181a-5p mimic and transduced with ETS1 expression vector. (F) ETS1 binding site (BS) in 
STK16 promoter schematic diagram. (G) Chromatin immunoprecipitation assay of ETS1 binding with STK16. (H, I) Pearson correlation scatter 
plots in lung adenocarcinoma (LUAD) tissues (n = 20). *P < .05, **P < .01, ***P < .001 compared with NC or IgG. ###P < .001 compared with 
miR-181a-5p mimic+Vector. (J) Schematic representation showing the mechanism that exosomes from M1-polarized macrophages inhibit 
viability and promote apoptosis in LUAD via the miR-181a-5p/ETS1/STK16 axis
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and promoted cell apoptosis in vitro, and silencing of the STK16 
gene markedly reduced the weight of nodules in a subcutaneously 
implanted tumor model. We further explored the underlying mech-
anism of STK16 in LUAD and found that STK16 promotes cell viabil-
ity and inhibits cell apoptosis through the AKT1 signaling pathway. 
Thus, STK16 plays an indispensable role in the progression of LUAD.

Subsequently, we also demonstrated that miR-138-5p inhibits 
STK16 by targeting ETS1. ETS1 is a transcription factor that plays 
a crucial role in directly regulating the expression of cytokine and 
chemokine genes.52 ETS1 is demonstrated to be involved in cell de-
velopment, differentiation, and proliferation.53,54 Previously, studies 
have identified multiple miRNAs that downregulate ETS1 expression 
by directly targeting the 3′UTR of ETS1.55 Despite the lack of compre-
hensive investigations of the miR-181a-5p-associated downstream 
mechanism in LUAD, the current study showed that miR-181a-5p 
inhibits STK16 expression by targeting ETS1 and might regulate the 
progression of LUAD through the AKT1 signaling pathway.

In conclusion, the finding that miR-181a-5p in exosomes from 
M1-polarized macrophages inhibits STK16 by targeting ETS1 to reg-
ulate cell viability and apoptosis in LUAD provides guidance for the 
treatment of LUAD and deserves attention in the clinical practice of 
precision medicine.
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