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Original Article

miR-183-5p regulates ECM and EMT to promote non-small cell 
lung cancer progression by targeting LOXL4 
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Background: Non-small cell lung cancer (NSCLC) progression is mediated by changes in gene expression 
induced by microRNAs. However, the underlying mechanisms remain to be elucidated. In this study, we 
investigated the roles of miR-183-5p and its target gene in lung cancer development.
Methods: Relative levels of miR-183-5p and lysyl oxidase-like 4 (LOXL4) expression in lung cancer 
cells or tissues were measured by quantitative reverse transcription-polymerase chain reaction (RT-PCR), 
immunofluorescence or Western blotting as appropriate. The binding of miR-183-5p to LOXL4 sequences 
was verified by a dual luciferase reporter assay, and cell proliferation was assessed by Cell Counting Kit-
8 (CCK-8) and Edu staining. The cell cycle stage and apoptosis were detected by flow cytometry, and 
Transwell assays were performed to evaluate cell migration and invasion capabilities. The tumorigenic 
capability of cancer cells was analyzed using a cancer cell line-based xenograft nude mouse model.
Results: miR-183-5p expression was decreased in the lung cancer tissues and cell lines and was negatively 
correlated with elevated LOXL4 expression. Treatment with miR-183-5p mimics suppressed LOXL4 
expression, while treatment with an miR-183-5p inhibitor promoted LOXL4 expression in A549 cells. 
miR-183-5p was found to directly bind to the 3’ UTR of the LOXL4 gene in A549 cells. Overexpression 
of LOXL4 enhanced cell proliferation, cell cycle progression, migration, and invasion, but repressed their 
apoptosis, and activated extracellular matrix (ECM) and the epithelial mesenchymal transition (EMT) 
process in A549 cells, while LOXL4 knockdown produced the opposite effects. Treatment with an miR-183-
5P inhibitor promoted the proliferation, cell cycle progression, migration, and invasion of A549 cells but 
suppressed their apoptosis, and activated the ECM and EMT process, while all these effects were abrogated 
by LOXL4 knockdown. The tumorigenic capability of A540 cells in nude mice was greatly impaired by 
treatment with miR-183-5p mimics. 
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Introduction

Non-small cell lung cancer (NSCLC) is a common 
human cancer, and is estimated to account for >84% of 
total lung cancer cases worldwide (1-3). The histology of 
NSCLC can be categorized into two main subtypes: lung 
adenocarcinoma (LUAD) and lung squamous cell carcinoma 
(LUSC) (2). Previous studies have shown the development 
of NSCLC is collectively associated with multiple risk 
factors, such as tobacco smoking, and inherited genetic 
mutations, as well as exposure to environmental carcinogens 
such as radon, asbestos, arsenic compounds, and mustard 
gas (2,4). Surgery, adjuvant therapy, chemotherapy, and 
radiotherapy have been the most widely applied methods 
for treating NSCLC in recent decades (2,4). The initiation 
and pathogenic progression of NSCLC are driven by a 
series of gene mutations, epigenetic modifications, immune 
alterations, and metabolic events that involve the Kirsten 
rat sarcoma (KRAS) gene, epidermal growth factor receptor 
(EGFR), anaplastic lymphoma kinase (ALK), and histone 
deacetylases (HDACs) (1,2,5). As a result of this knowledge, 
targeted treatments and immunotherapy regimens are 
now used to treat NSCLC patients (3,5-7). However, the 

widespread acquisition of multiple resistance to targeted 
treatments has become a new obstacle for achieving an ideal 
outcome of clinical treatment (8,9). 

In recent years, epigenetic aberrations and chromatin 
status have been identified as essential players in cancer 
initiation and progression (10,11). Epigenetic alterations 
substantially contribute to the pathogenesis of NSCLC 
by regulating pleiotropic cellular processes and signaling 
pathways such as the epithelial mesenchymal transition 
(EMT) pathway (12-14). MicroRNAs (miRNAs) are 
non-coding RNA molecules consisting of approximately  
21 nucleotides, and are critical epigenetic components due 
to their potent ability to induce the degradation or inhibit 
the translation of specific target mRNAs (15). Due to their 
widespread involvement in regulating gene expression, 
miRNAs play essential roles in various cellular events 
associated with cancer development and progression, such 
as the EMT process (16-18), and their pathogenic roles 
during NSCLC development have also been revealed by 
extensive research conducted in recent decades (19,20). For 
example, miR-21, as one of the most intensively studied 
oncogenic miRNAs associated with NSCLC pathogenesis, 
can possibly be used for purposes of NSCLC diagnosis 
and treatment (19). The proliferation, survival, migration, 
and chemotherapy resistance of cancers were also recently 
shown to be regulated by many other miRNAs, such as 
miR-421, miR-409-3p, and miR-195, suggesting key roles 
for miRNAs in NSCLC pathogenesis (21-23). In addition, 
miR-183-5p was reported to be differentially expressed 
in NSCLC tissues and to modulate cancer growth and 
metastasis (24,25). However, little is known about the target 
genes of miR-183-5p and cellular mechanisms that regulate 
NSCLC progression.

Lysyl oxidase-like 4 (LOXL4) belongs to the LOX 
(lysyl oxidase) protein family, which mainly consists of 
copper-dependent monoamine oxidase enzymes found in 
extracellular spaces and catalyze the oxidative deamination 
of collagen and elastin lysine residues. These enzymes are 
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critical for the production of soluble collagen and elastin 
crosslinking occurring during extracellular matrix (ECM) 
remodeling (26,27). The remodeling of ECM plays an 
essential role in allowing epithelial cell detachment from 
the basement membrane, which further promotes EMT 
progression and cancer metastasis (28,29). Hence alterations 
of ECM components such as collagen type I alpha1 chain 
(COL1A1) and fibronectin 1 (FN1) are commonly observed 
in cancer cells of different origins (30). LOX and its four 
isozymes (LOXL1-4) have also been reported to exert key 
effects on the proliferation, migration, and metastasis of 
cancer cells by regulating ECM and EMT processes (26,27). 
For instance, the stabilization and deposition of collagens in 
ECM induced by LOXL2 contribute to the migration and 
metastasis of lung cancer (31). 

Changes in LOXL4 expression can also alter the 
proliferation, migration, invasion, and cycle progression 
of NSCLC cells (30,32). More importantly, the expression 
of LOXL4 during NSCLC development was found to be 
targeted by multiple miRNAs such as miR-135a-5p, miR-
210 (30,32) and miR-328-5p (33). However, the possibility 
of a direct interaction between miR-183-5p and LOXL4 
and its effect on cancer development has not been studied. 
In the present study, we used cellular and animal models 
to test our hypothesis that miR-183-5p might regulate 
NSCLC development and progression by targeting 
expression of the LOXL4 gene. The potential effects of 
miR-183-5p/LOXL4 interaction on ECM remodeling and 
EMT progression were further assessed in the context 
of NSCLC. Our findings provide new insights into the 
pathogenic mechanisms that drive NSCLC development 
and progression. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://jtd.amegroups.com/article/view/10.21037/jtd-23-
329/rc).

Methods

Clinical sample collection

Samples of lung cancer tissue and adjacent normal lung 
tissue were surgically collected from 30 patients diagnosed 
and treated with surgical segments in the Department of 
Respiratory Medicine, Xiangya Hospital, Central South 
University (Changsha, China) between March 5, 2019 
and August 8, 2020. The study protocol was approved in 
advance by the Medical Ethical Committee of Xiangya 
Hospital (No. 202110993), and written informed consent 

for study participation was obtained from each patient prior 
to surgery. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The collected 
samples of NSCLC and adjacent non-cancerous lung tissue 
were immediately placed in liquid nitrogen for subsequent 
analysis.

Cell culture and transfection

Normal human bronchial epithelial cells and human 
NSCLC cell lines A549, 95D, H1299, and H1650 were 
obtained from the cell bank affiliated with the Chinese 
Academy of Sciences (Shanghai, China). The short tandem 
repeat (STR) method was used for cell line verification. All 
cell lines were cultured in DMEM (Dulbecco’s Modified 
Eagle Medium; Thermo Fisher Scientific, Waltham, MA, 
USA) containing 10% FBS (fetal bovine serum) at 37 ℃ in 
a standard humidified cell culture chamber with 5% CO2. 
miR-183-5P mimics, an miR 183 5P inhibitor, and si-
LOXL4 (5'-AGACUUUCCUGUAGUAGUGGC-3') were 
synthesized by the RiboBio Company (Guangzhou, China) 
and transfected into cells using Lipofectamine 3000 Reagent 
(Thermo Fisher Scientific) according to the manufacturer’s 
instructions. The LOXL4 gene coding sequences were 
amplified by PCR, ligated with pcDNA 3.1 plasmids, then 
transfected into lung cancer cells as described above.

Reverse transcription and microRNA quantitation

For quantitation of miR-183-5p expression, total RNA was 
extracted from clinical samples of lung tissue, cultured cell 
lines, and mouse tissues using a Trizol kit (#9109; TAKARA, 
Tokyo, Japan) according to the manufacturer’s instructions. 
After determining the RNA concentration in the extract, 
a 2 ug sample of total RNA from each extract was reverse 
transcribed into cDNA using a Bestar qPCR RT kit (#2220; 
DBI, Shanghai, China) as instructed by the manufacturer. 
Relative levels of miR-183-5p expression were subsequently 
detected via real-time quantitative PCR performed using 
a Bestar qPCR MasterMix kit (#2043; DBI) according to 
the manufacturer’s instructions. U6 expression served as an 
internal standard for microRNA quantitation, which was 
performed using the 2−∆∆Ct method. The sequences of primers 
used for miR-183-5p detection are shown in Table S1.
 

Western blotting

The total proteins were extracted from cultured NSCLC 
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cell lines, clinical lung cancer tissues, and mouse tumor 
tissues using a ProteoPrep Total Extraction Sample Kit 
(#PROTTOT-1KT; Merck Millipore, Billerica, MA, 
USA) as instructed by the manufacturer. The total protein 
concentration in extract was measured using the BCA 
method. Proteins were then denatured by boiling at 100 ℃  
for 5 min, after which an equal amount of total protein from 
each sample (2 µg/µL, 15 µL) was separated by 12% SDS-
PAGE. The separated protein bands were then transferred 
onto PVDF membranes (Merck Millipore), which were 
subsequently blocked with 5% BSA solution for 2 h at room 
temperature. The PVDF membranes were then incubated 
with primary antibodies dilated as appropriate for 2–3 h 
at room temperature, after which the membranes were 
incubated with secondary antibodies for 1–2 h at room 
temperature. A Pierce ECL Western Blotting Substrate 
kit (#32106; Thermo Fisher Scientific) was used to detect 
the immunostained protein bands, and GAPDH protein 
expression served as an internal standard. The primary 
antibodies used for Western blotting included anti-LOXL4 
(#ab88186), anti-beta Catenin (#ab32572), anti-Vimentin 
(#ab92547), and anti-GAPDH (#ab8245) (all purchased 
from Abcam, Cambridge, MA, USA), and anti-N-cadherin 
(#2131), E-cadherin (#3236), anti-LOX (#58135), anti-
COL1A1 (#72026), and anti-Fn (#26836), (all purchased 
from CST, Danvers, MA, USA). 

Immunofluorescence (IF) and immunohistochemistry 
(IHC)

To assess LOXL4 protein expression, cultured NSCLC 
cells grown on glass slides or sections of mouse tumor 
tissue (5 um-thick) were fixed with 4% formaldehyde for 
25 min at room temperature. Cells and tumor sections 
were then blocked with 5% BSA solution for approximately 
1 h, incubated overnight with anti-LOXL4 antibodies 
(#ab88186; Abcam; 1:500) or anti-Ki-67 (#ab15580; Abcam; 
1:500) at 4 ℃, then incubated in the dark with Alexa Fluor-
conjugated anti-Rabbit IgG H&L antibodies (#ab150077; 
Abcam) for 45 min at room temperature. After counter-
staining with DAPI solution, LOXL4 expression in NSCLC 
cells was assessed by observation under a fluorescence 
microscope. 

Dual luciferase reporter assay

A commercially available dual luciferase reporter assay kit 
(#E1910; Merck Millipore) was used to verify the binding 

of miR-183-5p to the promoter region of the LOXL4 
gene in NSCLC cells according to instructions provided 
by the manufacturer. Briefly, the wild-type (WT) and 
mutant (MUT) versions of LOXL4 promoter sequences 
were ligated with the pGl4 luciferase reporter vectors 
then transfected into NSCLC cells using Lipofectamine 
3000 Reagent as described above. NSCLC cells were 
simultaneously transfected with miR-183-5p mimics and/
or inhibitors. After cell lysis, the luciferase activity of 
transfected NSCLC cells was detected with a GloMax 
luminometer (Promega, Madison, WI, USA). 

Cell proliferation

Cell Counting Kit-8 (CCK-8) and Edu staining methods 
were used to detect the proliferation rates of NSCLC cells. 
CCK-8 assays were performed using a commercial kit 
(#CK04; Dojindo, Japan) as instructed by the manufacturer. 
Briefly, NSCLC cells were cultured in 96-well plates 
(Corning, Inc., Corning, NY, USA) at 37 ℃ for 24, 48, 
and 72 h, respectively, then mixed with 10 uL of CCK-
8 solution and cultured at 37 ℃ for an additional 2.5 h. 
Finally, the OD450 (absorbance at 450 nm) value of each 
culture well was measured using a plate reader. The Edu 
staining of NSCLC cells was performed using a commercial 
kit (#ab219801; Abcam) according to the manufacturer’s 
instructions. Briefly, cultured NSCLC cells were incubated 
at room temperature with EdU solution (10 µM) for 12 
h, after which they were fixed for 15 min in the dark at 
room temperature, permeabilized in the dark for 12 min, 
then incubated in the dark with the Reaction mixture and 
Hoechst 33342 (Beyotime, Shanghai, China) solution for 20 
min. Cells were then observed with a confocal microscope. 

Cell cycle and apoptosis

The cell cycle progression of NSCLC cells was examined 
using a Tall Cell Cycle Analysis Kit (#A10798; Thermo 
Fisher Scientific) according to the manufacturer’s 
instructions. Briefly, cultured NSCLC cells were mixed 
with 10 uL of Cell Cycle solution then incubated in the 
dark for 20 min at 37 ℃, before being analyzed by flow 
cytometry. A Dead Cell Apoptosis Kit (#V13242; Thermo 
Fisher Scientific) was used to analyze NSCLC cell apoptosis 
according to the manufacturer’s instructions. Briefly, 
1.5×105 NSCLC cells resuspended in annexin solution were 
mixed with 1× annexin V FITC solution and 1 μg/mL of 
PI solution then incubated in the dark for 15 min at room 



Chen et al. miR-183-5p regulates NSCLC progression by targeting LOXL41738

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2023;15(4):1734-1748 | https://dx.doi.org/10.21037/jtd-23-329

temperature. The percentages of apoptotic NSCLC cells 
were then determined by flow cytometry. 

Cell migration and invasion

The migration and invasion capabilities of NSCLC cells 
were analyzed using Transwell assay (Corning) as described 
in the manufacturer’s instructions. Briefly, NSCLC 
cells were seeded into the upper chambers of Transwell 
plates filled with serum-free DMEM then incubated 
for approximately 48 h. After incubation, cells that had 
migrated into the lower chambers were stained with 0.01% 
crystal violet solution for 15 min then observed and counted 
under a microscope. For analysis of cell invasion, the same 
procedures were used as described above, except that the 
inner sides of the upper Transwell chambers were pre-
coated with Matrigel (Corning). NSCLC cell migration 
was also analyzed by wound healing assay. Briefly, NSCLC 
cells were cultured in 6-well plates for approximately 48 h,  
after which a scratch line was created in the middle of the 
NSCLC cell mono-layer with a sterilized needle. The 
narrowing of the wound line in each culture well was then 
closely observed and photographed under a microscope. 

Cell line-based xenograft model

The tumorigenesis of NSCLC cells was evaluated in vivo 
using a cell line-based xenograft nude mouse model. A 
protocol was prepared before the study without registration. 
All experimental procedures performed with mice were 
approved by the Experimental Animal Ethics Committee of 
Xiangya Medical College, Central South University (No. 
No. 202110993), in compliance with institutional guidelines 
for the care and use of animals. Briefly, 10 female BALB/c 
mice (age =6 weeks, 20–25 g) were randomly assigned to a 
negative control group (NC, n=5) or an miR-183-5p mimics 
group (n=5), and both were raised in specific pathogen-
free animal rooms at 25 ℃ with 50% humidity. NSCLC 
cells transfected with the miR-183-5p mimics (1×106) were 
collected, resuspended in PBS, then subcutaneously injected 
into the nude mice. The formation of tumor xenografts 
in the mice was closely observed for one month after cell 
injection. LOXL4 and Ki-67 expression in the tumor tissues 
was detected by IHC as described above, and the apoptosis 
of tumor cells was analyzed by TUNEL staining (#ab66110; 
Abcam) performed according to the manufacturer’s 
instructions. 

Statistical analysis

All data were analyzed using IBM SPSS Statistics for 
Windows, Version 20 software, and results represent the 
mean value ± standard deviation of data obtained from at 
least three independent experiments. Differences between 
two groups were analyzed by the Student t-test, and 
differences between more than two groups were analyzed 
by ANOVA (analysis of variance). A P value <0.05 was 
considered statistically significant.

Results

miR-183-5p expression negatively correlated with LOXL4 
expression in NSCLC tissues

To investigate the pathogenic roles of miR-183-5p and 
LOXL4 in NSCLC development, we first analyzed the 
changes in miR-183-5p and LOXL4 expression occurring 
in the cancerous tissues and adjacent non-cancerous lung 
tissues collected from 30 NSCLC patients. Quantitative 
RT-PCR data showed the levels of miR-183-5p expression 
in the cancerous tissues were significantly lower than in 
the corresponding non-cancerous lung tissues (Figure 1A). 
In contrast, the levels of LOXL4 mRNA in cancerous 
tissues were much higher than in adjacent non-cancerous 
lung tissues (Figure 1B). Moreover, Western blot results 
confirmed the levels of LOXL4 protein in the cancerous 
tissues were significantly elevated when compared with 
adjacent non-cancerous tissues (Figure 1C). These results 
indicated the levels of miR-183-5p expression in NSCLC 
tissues were negatively correlated with LOXL4 expression. 

miR-183-5p targeted and suppressed LOXL4 expression in 
NSCLC cells

The binding site between miR-183-5p and LOXL4 3’UTR 
is shown in the TargetScan Database (Figure 2A). To study 
the specific interaction between miR-183-5p and LOXL4 
in NSCLC cells, we analyzed the expression of miR-183-
5p in multiple NSCLC cell lines. Our results revealed the 
levels of miR-183-5p expression in the 95D, A549, H1299, 
and H1650 cells were all significantly lower than in human 
bronchial epithelial cells (HBEs) (Figure 2B). However, the 
levels of LOXL4 protein in the 95D, A549, H1299, and 
H1650 cells were all significantly higher than in the HBE 
cell line, which further confirmed the negative correlation 
between miR-183-5p and LOXL4 expression in the context 
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Figure 1 Opposite expression changes of miR-183-5p and LOXL4 in NSCLC tissues. (A) miR-183-5p expression in human NSCLC tissues 
was greatly decreased when compared with its expression in adjacent non-cancerous tissues. The expression of miR-183-5p in human cancer 
tissues was detected by quantitative RT-PCR. (B) LOXL4 mRNA expression was significantly increased in the cancer tissues collected from 
NSCLC patients. (C) Changes in LOXL4 protein levels in the cancer tissues of NSCLC patients. LOXL4 protein levels in lung tissues 
were analyzed by Western blotting and using GAPDH as an internal standard. ***, P<0.001. NSCLC, non-small cell lung cancer; RT-PCR, 
reverse transcription-polymerase chain reaction. LOXL4, lysyl oxidase-like 4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

of NSCLC (Figure 2C). Moreover, a dual luciferase reporter 
assay showed treatment with miR-183-5p mimics greatly 
suppressed luciferase activity in A549 cells expressing wild 
type LOXL4 promoter sequences but did not suppress 
luciferase activity in A549 cells with mutant LOXL4 
promoter sequences (Figure 2D). Subsequently, we altered 
the expressional levels of miR-183-5p in A549 cells by 
transfection with specific mimics or the inhibitor and found 
transfection caused a great increase or decrease in miR-
183-5p expression (Figure 2E). Interestingly, we also found 
the levels of LOXL4 gene expression in A549 cells were 
significantly increased by the miR-183-5p inhibitor, and 
remarkably repressed by the miR-183-5p mimics, when 
compared with the negative control group (Figure 2F). 
These results indicated miR-183-5p could suppress LOXL4 
expression in NSCLC cells by directly binding to the 
LOXL4 gene promoter region. 

LOXL4 promoted the proliferation and suppressed the 
apoptosis of A549 cells

To assess the pathogenic roles of LOXL4 in NSCLC 
development, we altered expression of the LOXL4 gene 

in A549 cells by transfecting them with an overexpression 
vector or specific siRNA (Figure 3A). Our data showed 
LOXL4 expres s ion  was  grea t ly  e l eva ted  by  the 
overexpressing vector and repressed by LOXL4 siRNA, 
when compared with the negative controls (Figure 3B). 
Moreover, CCK-8 assays showed the proliferation of 
A549 cells was significantly promoted by overexpression 
of the LOXL4 gene but greatly repressed by treatment 
with LOXL4 siRNA (Figure 3C). The changes in A549 
cell proliferation induced by LOXL4 overexpression or 
knockdown were further validated by the results of Edu 
staining (Figure 3D). Moreover, we found the percentage 
of G1-stage A549 cells was decreased and the percentage 
of  G2-stage A549 cel ls  was increased by LOXL4 
overexpression when compared with the control group 
(Figure 3E). Opposite changes in the percentages of G1- 
and G2-stage A549 cells were induced by transfection 
with LOXL4 siRNA (Figure 3E), indicating the promotive 
effect of LOXL4 expression on cell cycle progression in 
A549 cells. In addition, flow cytometry studies revealed 
the percentages of apoptotic A549 cells were substantially 
reduced by LOXL4 overexpression but were significantly 
increased by treatment with LOXL4 siRNA (Figure 3F). 
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These results showed LOXL4 could effectively promote the 
proliferation and cell cycle progression of NSCLC cells and 
inhibit their apoptosis. 

LOXL4 promoted migration, invasion, ECM 
accumulation, and EMT in A549 cells

We examined the influence of LOXL4 expression on 
A549 cell migration, invasion, ECM accumulation, and 
EMT progression. Our data showed the migration ability 
of A549 cells was significantly increased by LOXL4 

overexpression, but greatly decreased by treatment with 
LOXL4 siRNA (Figure 4A). Additionally, Transwell assays 
showed the invasive ability of A549 cells was increased by 
LOXL4 overexpression and decreased by LOXL4 silencing  
(Figure 4B). Moreover, the levels of β-catenin, N-cadherin, 
and vimentin proteins in A549 cells were significantly 
increased by LOXL4 overexpression but remarkably 
reduced by LOXL4 siRNA (Figure 4C). On the contrary, the 
level of E-cadherin protein in A549 cells was decreased by 
LOXL4 overexpression and increased by LOXL4 silencing 
(Figure 4C). Furthermore, the levels of lysyl oxidase (LOX), 
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Figure 4 Promotion of A549 cell migration, invasion, ECM deposition, and EMT progression by LOXL4 expression. (A, B) Migration and 
invasive capabilities of A549 cells as regulated by LOXL4 overexpression or siRNA-mediated LOXL4 knockdown. Changes in A549 cell 
migration (A) and invasion (B) were assessed using Transwell assays. Cells were stained with crystal violet. (C) Changes in ECM component 
proteins in A549 cells caused by LOXL4 overexpression or silencing. The levels of β-catenin, N-cadherin, vimentin, and E-cadherin 
proteins in A549 cells were detected by Western blotting. (D) Changes in EMT marker proteins in A549 cells caused by E overexpression 
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lysyl oxidase-like 2 (LOXL2), and collagen type I alpha 
1 (COL1A1) in A549 cells were significantly increased 
by LOXL4 overexpression and decreased by treatment 
with LOXL4 siRNA (Figure 4D). Finally, the levels of 
Fn (fibronectin) protein in A549 cells were reduced by 
LOXL4 overexpression and increased by LOXL4 silencing  
(Figure 4D). These results showed the extensive effects that 
LOXL4 expression has on NSCLC cell migration, invasion, 
ECM accumulation, and EMT progression. 

miR-183-5p regulated A549 cell proliferation, apoptosis, 
migration, invasion, ECM accumulation, and EMT by 
suppressing LOXL4 expression

To test the mediating effect of LOXL4 expression on 
miR-183-5p-regulated NSCLC progression, we silenced 
LOXL4 gene expression in A549 cells transfected with 

the miR-183-5p inhibitor. Our resultant data showed 
miR-183-5p expression in A549 cells transfected with the 
miR-183-5p inhibitor was greatly increased by LOXL4 
overexpression (Figure 5A). The proliferation of A549 
cells transfected with the miR-183-5p inhibitor was also 
significantly suppressed by LOXL4 siRNA when compared 
with negative control cells (Figure 5B,5C). Moreover, the 
cell cycle progression of A549 cells transfected with the 
miR-183-5p inhibitor was also reduced by LOXL4 siRNA 
(Figure 5D). On the contrary, the apoptosis rate of miR-
183-5p inhibitor-transfected A549 cells was significantly 
increased by LOXL4 knockdown (Figure 5E), while both 
the migration and invasion capabilities of A549 cells 
transfected with the miR-183-5p inhibitor were remarkably 
reduced by transfection with LOXL4 siRNA (Figure 5F,5G).  
Importantly, the levels of β-catenin, N-cadherin, vimentin, 
LOX, LOXL2, and COL1A1 proteins in A549 cells 
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Figure 5 Mediating roles of LOXL4 in miR-183-5p-regulated A549 cellular changes. (A) Changes in LOXL4 expression in A549 cells transfected 
with the miR-183-5p inhibitor and LOXL4 siRNA. LOXL4 expression in A549 cells was assessed by quantitative RT-PCR. (B,C) Proliferation 
rates of A549 cells transfected with the miR-183-5p inhibitor and LOXL4 siRNA. The rates of A549 cell proliferation were assessed via the CCK-
8 assay (B) and Edu staining (C). (D) Effects of LOXL4 silencing on the cell cycle progression of A549 cells transfected with the miR-183-5p 
inhibitor. A549 cell cycle progression was evaluated by flow cytometry. (E) Regulation of the apoptosis of A549 cells transfected with miR-183-
5p inhibitor and A549 siRNA. Flow cytometry was used to assess A549 cell apoptosis. (F, G) Influence of LOXL4 siRNA on the migration and 
invasion of A549 cells transfected with the miR-183-5p inhibitor. The migration (F) and invasion (G) rates of A549 cells were determined via the 
Scratch test and Transwell assay, respectively. Cells were stained with crystal violet. (H) Regulation of ECM components and EMT marker proteins 
in A549 cells transfected miR-183-5p inhibitors by LOXL4 knockdown. (I) Levels of LOX, LOXL2, COL1A1, and Fn proteins in A549 cells 
were detected by Western blotting. NC: negative control; ***, P<0.001, vs. miR-183-5p inhibitor + si-NC group. RT-PCR, reverse transcription-
polymerase chain reaction; ECM, extracellular matrix; EMT, epithelial mesenchymal transition; LOXL4, lysyl oxidase-like 4; OD, optical density.
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transfected with the miR-183-5p inhibitor were all 
significantly reduced by LOXL4 siRNA (Figure 5H,5I). In 
contrast, the expression of E-cadherin and Fn proteins in 
A549 cells transfected with the miR-183-5p inhibitor was 
greatly increased by LOXL4 silencing (Figure 5H,5I). These 
results showed LOXL4 expression mediated the regulation 
of A549 cell proliferation, apoptosis, migration, invasion, 
ECM accumulation, and EMT progression via miR-183-5p. 

miR-183-5p enhanced the tumorigenicity of A549 cells via 
ECM accumulation and EMT progression

To evaluate the effects of miR-183-5p on the tumorigenicity 
of NSCLC cells, we injected A549 cells transfected with 
miR-183-5p mimics into nude mice to establish a cell line-
based xenogenic model (Figure 6A). When compared with 
negative control mice, the size of tumors formed from 
A549 cells were significantly reduced by the miR-183-5p 
mimics (Figure 6B). A subsequent IHC assay showed the 
expression levels of LOXL4 and Ki-67 proteins in tumors 
formed by A549 cells transfected with miR-183-5p mimics 
were significantly lower than in the negative control groups 
(Figure 6C). However, the percentages of apoptotic cells 
in tumor tissues from the miR-183-5p mimics group were 
significantly higher than in the negative control groups 
(Figure 6C), while the levels of β-catenin, N-cadherin, 
vimentin, LOX, LOXL2, and COL1A1 protein expression 
in tumors from the miR-183-5p mimics group were much 
lower than in the negative controls (Figure 6D,6E). On the 
contrary, the E-cadherin and Fn protein levels in tumors 
from the miR-183-5p mimics group were much higher 
than in the negative control group (Figure 6D,6E). These 
results showed miR-183-5p could substantially promote 
the tumorigenicity of NSCLC cells by enhancing ECM 
accumulation and EMT progression. 

Discussion

Epigenetic regulation of functional gene expression by 
microRNAs has been shown to perform critical pathogenic 
roles in lung cancer development (16,18). Recent 
investigations reported that miR-183-5p expression was 
significantly altered in NSCLC cells, and those alterations 
contributed to the development and progression of 
NSCLC (24,25). However, the downstream molecular 
events underlying the tumorigenic effect of miR-183-
5p in NSCLC remain largely unknown. In the present 
study, we found for the first time, that decreased miR-

183-5p expression had a significant negative correlation 
with one ECM remodeling protein (LOXL4) in clinical 
cancer tissues, which validates the targeting of LOXL4 
expression by miR-183-5p in NSCLC cells. Overexpression 
or knockdown of the LOXL4 gene substantially altered 
proliferation, cell cycle progression, apoptosis, migration, 
and invasion in NSCLC cells. Importantly, we showed 
ECM deposition and EMT progression in NSCLC cells 
was greatly promoted by LOXL4 overexpression but 
repressed by LOXL4 knockdown. More importantly, the 
proliferation, cell cycle progression, apoptosis, migration, 
and invasion, as well as the ECM accumulation and EMT 
progression in NSCLC cells transfected with miR-183-
5p mimics was effectively altered by LOXL4 knockdown. 
Finally, we validated the inhibitory effects of miR-183-
5p on ECM deposition, EMT progression, and NSCLC 
cell tumorigenicity in a cell line-based xenograft model. 
Our findings provide new insights into the pathogenic 
mechanism of miRNA-mediated NSCLC.

The possible involvement of miRNAs in NSCLC 
initiation and development has attracted great attention due 
to the recent discovery of their important pathogenic roles 
(21-23). It has been extensively investigated whether miR-
183-5p acts as a critical epigenetic regulator during cancer 
development and progression. For instance, the progression 
of colorectal cancer (CRC) and its resistance to radiotherapy 
were found to be greatly enhanced by miR-183-5p, and 
its effects were mediated by its targeting and suppression 
of Autophagy-related gene 5 (ATG5) expression (34). 
Moreover, the levels of miR-183-5p were recently reported 
to be greatly reduced in gastric cancer (GC) tissue and cell 
lines. The reduction in GC tissue was closely associated 
with its staging and metastasis, suggesting mRNA-183-5p as 
a potential non-coding RNA biomarker for GC progression 
and prognosis prediction (35). Moreover, the involvement 
of miR-183-5p in cancer development, progression, and 
treatment was also evidenced in the context of several other 
cancer types, such as renal cancer and bladder cancer (35,36). 
In this study, we clearly showed miR-183-5p was expressed 
at significantly lower levels in both NSCLC tissues and cell 
lines. We also verified the tumor suppression role of miR-
183-5p in NSCLC cells by using an in vivo tumorigenicity 
model, and those data further supported its many functions 
in tumor development and progression. The tissue-specific 
roles and underlying mechanisms of miR-183-5p in various 
cancer types deserve further investigation. 

The pleiotropic biological and pathogenic roles of 
miRNAs are known to be mainly mediated by its regulation 
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of functional gene expression achieved via association with 
their promoter regions. The tumorigenesis-regulating 
functions of miR-183-5p were also recently shown to be 
realized by its ability to regulate the expression of several 
different genes, including eukaryotic elongation factor 2 
(eEF2), phosphatidylinositol-4,5-bisphosphate 3-kinase 
catalytic subunit alpha (PIK3CA), and ATG5 (34,35,37). In 
this study, we showed miR-183-5p could directly bind to the 
promoter region of the LOXL4 gene, and its overexpression 
or knockdown resulted in a completely opposite alteration 
of LOXL4 gene expression in NSCLC cells. Regarding 
the pathogenic roles of LOXL4, we found LOXL4 
overexpression exerted positive effects on the proliferation, 
cell cycle progression, apoptosis, migration, and invasion 
capabilities of NSCLC cells, while the opposite effects 
were produced by LOXL4 knockdown. In Figure 3E,  
overexpression of LOXL4 does not lead to a higher 
percentage of cells in S-phase compared to the control 
condition. However, the percentage in G0/G1-phase 
and S-phase (the summation) was significantly reduced 
by overexpression of LOXL4. It suggested that LOXL4 
promotes the transition of cells from G0/G1-phase to 
S-phase, or from S-phase to G2/M phase. Conversely, when 
we koncked the LOXL4 down, the percentage in G0/G1-
phase was significantly increased and that in S-phase was 
significantly decreased. Therefore, it’s almost certain that 
the expression of LOXL4 could inluenced the transition 
of cells from G0/G1-phase to S-phase. More importantly, 
we verified the roles played by LOXL4/miR-183-5p 
interaction in NSCLC development by silencing LOXL4 
expression in NSCLC cells transfected with an miR-183-
5p inhibitor. These results convincingly proved that the 
effects of miR-183-5p in inhibiting NSCLC initiation and 
progression were mediated by its suppression of LOXL4 
expression achieved by targeting the LOXL4 gene promoter 
region. However, a newly published study reported plasma 
miR-183-5p in CRC patients with lymph node metastasis 
was abnormally overexpressed (38). More importantly, Mo 
et al. (39) found miR-183-5p plays an oncogenic role in lung 
adenocarcinoma by targeting LATS1 and inhibiting the 
Hippo/YAP pathway . When taken together, these findings 
suggest the multiple pathogenic roles of miR-183-5p in 
various human cancer types and its use in tumor staging 
might be closely linked with its specific binding to different 
target genes. 

LOXL4 is an lysyl oxidase enzyme possessing widespread 
biological and pathogenic functions due to its substantial 
regulation of collagen and elastin crosslinking and ECM 

deposition (26,27). LOXL4 has also been established 
as an essential mediator of cancer cell migration and 
metastasis because of the significant roles it plays in 
ECM remodeling during EMT progression (26,27). As 
an important component of tumor microenvironment, 
ECM alterations affected EMT progression. Conversely, 
cancer cells entering the EMT process can promote ECM 
alterations through multiple signal pathways. As mentioned 
above, LOXL4 and its isozymes (LOX and LOXL2) might 
synergistically modulate the accumulation and assembly of 
ECM components such as COL1A1 and Fn (30). However, 
previous studies have reported the function of LOXL4 
in cancer cells to be controversial. LOXL4 was found to 
promote tumor development in laryngeal squamous cell 
carcinoma (40), liver cancer (41,42), and breast cancer (43), 
while Zhang (32) and Xie et. al (30) reported it may have 
tumor suppressive properties in lung cancer. In contrast, 
our current study showed LOXL4 enhanced NSCLC 
proliferation, migration, ECM deposition, and the EMT 
process. Our study proved the expression of LOX, LOXL2, 
COL1A1, and Fn proteins in NSCLC cells was greatly 
altered by overexpression or knockdown of the LOXL4 
gene. Moreover, we also showed the expression of EMT 
biomarker proteins β-catenin, E-cadherin, N-cadherin, 
and vimentin was increased by LOXL4 overexpression in 
NSCLC cells, while expression of the epithelial marker 
protein E-cadherin was greatly decreased by LOXL4 
overexpression. More importantly, the expression of these 
ECM and EMT biomarker proteins was remarkably 
changed in NSCLC cells co-transfected with the miR-
183-5p inhibitor and LOXL4 siRNA, as well as in tumors 
derived from NSCLC cells transfected with miR-183-5p 
mimics in nude mice. Hence, we proved the pathogenic 
effects of the newly discovered miR-183-5p/LOXL4 
interaction in NSCLC development were mediated by their 
regulation of ECM accumulation and EMT progression. 

Conclusions

In summary, this study revealed that miR-183-5p, the 
expression of which was greatly repressed in NSCLC cells, 
serves as essential tumor suppression factor in NSCLC cells 
via its direct targeting of LOXL4 expression to regulate 
ECM deposition and EMT progression. 
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Supplementary

Table S1 Primers used for quantitative RT-PCR 

Gene ID Primer sequence (5'- 3')

U6 F CTCGCTTCGGCAGCACA

U6 R AACGCTTCACGAATTTGCGT

All R CTCAACTGGTGTCGTGGA

miR-183-5p R
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGT
TGAGAGTGAATT

miR-183-5p F ACACTCCAGCTGGGTATGGCACTGGTAGAATT

RT-PCR, reverse transcription polymerase chain reaction.


