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Background: KDM5C, a histone H3K4-specific demethylase, possess various biological 
functions in development of cancers. However, its relation to the microRNA (miRNA) 
regulation in lung cancer remains unknown. This study aims to study the regulatory role 
of KDM5C on modification of miR-133a in the progression of lung cancer.
Methods: Differentially expressed miRNAs were filtered from 34 paired lung cancer and 
paracancerous tissues. The correlation between miR-133a expression and the prognosis of 
lung cancer patients was determined by a bioinformatics website. Furthermore, malignant 
aggressiveness of lung cancer cells was detected after miR-133a upregulation by CCK-8, 
flow cytometry, and Transwell assays and in vivo tumorigenesis and metastasis experiments. 
Subsequently, we analyzed mRNA downregulated in cells overexpressing miR-133a 
using m microarray analysis and expounded the upstream regulatory mechanism of miR- 
133a using bioinformatics website prediction and functional validation.
Results: miR-133a was reduced in lung cancer tissues, and patients with low expression of 
miR-133a have worse survival rates. miR-133a restoration curtailed growth and metastasis of 
lung cancer cells in vitro and in vivo. Moreover, miR-133a downregulated PTBP1 expres-
sion, whereas overexpression of PTBP1 attenuated the suppressive effect of miR-133a on 
lung cancer cell aggressiveness. The level of methylation modification of miR-133a was 
reduced in lung cancer cells. KDM5C inhibited the expression of miR-133a by promoting the 
demethylation modification of its promoter histone.
Conclusion: Histone demethylase KDM5C inhibits the expression of miR-133a by elevat-
ing the demethylation modification of the promoter histone of miR-133a, thereby promoting 
the expression of PTBP1, which finally accelerates lung cancer cell growth and metastasis.
Keywords: KDM5C, microRNA-133a, lung cancer, PTBP1, histone methylation 
modification

Introduction
In the last century, lung cancer has progressed from an infrequent and obscure 
disease towards the most frequent malignancy in the world and the leading cause 
of death from cancer,1 accounting for 11.6% of the total diagnoses and 18.4% of 
the total deaths related to cancers in 2018 worldwide.2 Lung cancer is classified 
into two main categories: non-small cell lung carcinoma (85% of new lung 
cancer diagnoses), which can further be allocated into lung adenocarcinoma 
(LUAD), lung squamous-cell carcinoma (LUSC), and large-cell carcinoma, as 
well as small-cell lung carcinoma (15% of new lung cancer diagnoses).3 Notable 
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RETRACTED ARTICLE: KDM5C Expedites Lung
Cancer Growth and Metastasis Through Epigenetic
Regulation of MicroRNA-133a
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declines in mortality from lung cancer have been wit-
nessed thanks to incidence reduction because of smoking 
cessation and decreasing rates of smoking uptake, and 
further reductions in mortality might be accomplished 
through treatment, particularly if the disease is diagnosed 
at an early stage when curative therapy is possible.4 

Therefore, it is of paramount importance to elucidate 
the mechanisms underlying lung cancer development 
and to identify novel prognostic biomarkers and thera-
peutic target options for improving the diagnosis and 
treatment.

MicroRNAs (miRNAs) are a big family of post- 
transcriptional mediators of gene expression which are about 
21 nucleotides in length and govern many developmental and 
cellular events.5 Moreover, miRNAs are inclined to be loca-
lized in fragile chromosomal regions which are prone to dele-
tions, translocations and amplifications and are frequently 
altered in different cancers.6 Among them, a comprehensive 
study based on meta-analysis and The Cancer Genome Atlas 
(TCGA) database revealed that miR-133a is significantly 
lower in lung cancer tissues than in normal tissues, making it 
an independent prognostic and diagnostic biomarker for non- 
small cell lung cancers.7 In addition, miR-133a has also been 
revealed to exhibit tumor suppressive roles by targeting dif-
ferent mRNAs in lung cancer.8,9 However, the upstream 
mechanism of miR-133a in lung cancer is gaining more inter-
ests. For instance, Cryptotanshinone, a natural quinoid diter-
pene, has been reported to inhibit lung cancer invasion via 
upregulating miR-133a.10 From the perspective of molecular 
mechanism, lysine methylation is one of the histone posttran-
slational modifications that alters chromatin structure, and 
alterations in histone lysine methylation have been implicated 
in cancer formation, which is believed as a consequence of the 
dysregulation of histone lysine methyltransferases or the 
demethylases.11 Even though the lysine demethylase 5 
(KDM5) demethylases act as targets in cancer, KDM5C, 
a gene not inactivated on the X chromosome, was relatively 
less studied relative to its counterparts KDM5A, KDM5B and 
KDM5D.12 In this investigation, we expounded the regulation 
of KDM5C on miR-133a during lung cancer progression and 
further studied the potential downstream target of miR-133a.

Materials and Methods
Clinical Samples and Follow-Up Studies
Tumor tissues and the corresponding adjacent tissues 
were collected from 37 patients with lung cancer in 
People’s Hospital of Zhengzhou University. All 

participants did not receive preoperative chemotherapy, 
radiation, or other anti-cancer therapy before enrollment. 
Immediately after surgical excision, the tissues were 
immersed in liquid nitrogen and kept in liquid nitrogen 
until use. We obtained the written informed consent from 
each participant before surgery. The Research Ethics 
Committee of People’s Hospital of Zhengzhou 
University approved the study protocol. The study was 
implemented in compliance with the ethical guidelines of 
the 1975 Declaration of Helsinki.

miRNA-Based Microarray
Total RNA was isolated from tissues or A549 and H1299 
cells after transfection with the help of TRIzol reagent 
(Invitrogen Inc., Carlsbad, CA, USA). Total RNA concen-
tration and purity were assessed using a NanoDrop ND- 
2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA), 
and RNA integrity was verified using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). Total RNA was dephosphorylated, denatured, and 
labeled with cyan-3-CTP. Oebiotech (Shanghai, China) 
was commissioned to perform miRNA microarray assays. 
Labeled RNA samples were competitively hybridized to 
miRNA microarray (Agilent Human miRNA microarray, 
Design ID: 070156). After being washed, the microarray 
was scanned with an Agilent scanner G2505C (Agilent 
Technologies).

Analysis of Public Databases
StarBase bioinformatics prediction website (http://starbase. 
sysu.edu.cn/) was utilized to predict target mRNAs of miR- 
133a. miR-133a was found to be located on chromosome 18 
at chr18:21825698–21825785 using the UCSC (http://bio. 
lundberg.gu.se/courses/vt13/ucsc.html) website. The corre-
lation of KDM5C with miR-133a or PTBP1 was analyzed in 
TCGA-LUAD database (https://cancergenome.nih.gov/). 
The staining intensity of six genes, including PTPB1, SP1, 
ANXA5, DUSP1, LDLR and NME4, was analyzed in lung 
cancer or normal lung tissues via the HPA website (https:// 
www.proteinatlas.org/). Expression of PTP1B in a variety of 
cancer tissues and cells were analyzed by the CCLE data-
base (https://portals.broadinstitute.org/ccle/about). PTBP1 
and KDM5C expression profiles were detected using the 
Oncomine database (https://www.oncomine.org/) in Garber 
Lung,13 Hou Lung,14 Okayama Lung,15 Selamat Lung,16 

Stearman Lung,16 and Talbot Lung.17
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Reverse Transcription Quantitative PCR 
(RT-qPCR)
Following total RNA extraction using TRIzol reagent 
(Invitrogen), cDNA was synthesized using Mir-X miRNA 
First-Strand Synthesis Kit (Takara Holdings Inc., Kyoto, 
Japan) with extracted total RNA (2 μg). The miRNA expres-
sion was measured by qPCR with SYBR Advantage qPCR 
Premix (Takara) on CFX133a Real-Time PCR Detection 
System (Bio-Rad Laboratories, Hercules, CA, USA). 
Relative expression was determined with a U6 control through 
the 2−ΔΔCt method. The primers used are depicted in Table 1.

Cell Culture, Transfection and Infection
Human lung cancer cell lines, including H522, H460, SK- 
MES-1, and A549, and a human bronchial epithelial cell 
line BEAS-2B, were from the Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences 
(Shanghai, China). Cell lines H522, H460, and A549 
were cultivated in RPMI-1640 medium (Gibco; Thermo 
Fisher Scientific), while SK-MES-1 cells were in minimal 
medium (Gibco). Both media contained 10% FBS 
(Gibco) and 1% penicillin-streptomycin mixture 
(Gibco). BEAS-2B cells were exposed to bronchial 
epithelial growth medium (Lonza/Clonetics, 
Walkersville, MD, USA) containing 0.5 ng/mL epidermal 
growth factor, 500 ng/mL hydrocortisone, 0.035 ng/mL 
bovine pituitary extract, 500 mM ethanolamine, 500 ng 
ethanolamine phosphate, 0.01 mg/mL epinephrine and 
0.1 g/mL retinoic acid. All cells were maintained at 37° 
C in the presence of 5% CO2.

The synthesized miR-133a mimic and negative control 
(NC) mimic (GenePharma, Shanghai, China) were resus-
pended in 20 µM diethyl pyrocarbonate water. Briefly, NC 
mimic, miR-133a mimic, and Lipofectamine 3000 
(Invitrogen) were each diluted with 100 µL serum-free 
medium. The diluted Lipofectamine 3000 was added to the 
diluted NC mimic or miR-133a mimic, respectively, and 
incubated at ambient temperature for 30 min. The mixture 
was subsequently added to cell suspensions of A549 and 
H1299. Subsequently, A549 and H1299 cells stably over-
expressing miR-133a were infected with lentiviral vectors of 
overexpression (oe)-NC, oe-PTBP1 or oe-KDM5C for 2 
days. The expression of miR-133a, PTBP1, and KDM5C 
in cells were verified using RT-qPCR or Western blot to 
confirm successful infection/transfection in the cells.

Cell Viability Assay
The viability of lung cancer cells was evaluated using cell 
counting kit-8 (CCK-8, Beyotime, Shanghai, China). Lung 
cancer cells were plated into 96-well plates and cultured at 
37°C in an incubator for 24, 48, and 72 h. A total of 10 μL 
CCK8 reagent was loaded onto each well, and cells were 
cultured for another 3 h. The optical density (OD) value at 
450 nm was detected to assess the cell viability.

Flow Cytometric Analysis
The cells were detached with 0.25% trypsin (90058, Thermo 
Scientific). After detachment, 100 μL binding buffer was 
added to prepare cell suspension (1 × 106 cells/mL). 
Annexin V-fluorescein isothiocyanate (FITC, 40302ES20, 

Table 1 Primer Sequences

Targets Forward (5ʹ-3ʹ) Reverse (5ʹ-3ʹ)

miR-133a TTTGGTCCCCTTCAACC GAACATGTCTGCGTATCTC

miR-376b TCATAGAGGAAAATCCATG GAACATGTCTGCGTATCTC
miR-103 CAGCATTGTACAGGGCT GAACATGTCTGCGTATCTC

miR-410 TATAACACAGATGGCCTG GAACATGTCTGCGTATCTC

miR-720 TCTCGCTGGGGCCTC GAACATGTCTGCGTATCTC
miR-1914 TGTAACAGCAACTCCATGTG GAACATGTCTGCGTATCTC

miR-135 TGGCTTTTTATTCCTATGTG GAACATGTCTGCGTATCTC

miR-1226 GTGAGGGCATGCAGGC GAACATGTCTGCGTATCTC
miR-107 CAGCATTGTACAGGGCT GAACATGTCTGCGTATCTC

miR-379 TGGTAGACTATGGAACGT GAACATGTCTGCGTATCTC

U6 CTCGCTTCGGCAGCACAT TTTGCGTGTCATCCTTGCG
PTP1B TGTCTGGCTGATACCTGCCTCT ATCAGCCCCATCCGAAACTTCC

KDM5C ACTGCTGACCATTGCTGAACGC CCTCCTTGAGAGCCTGGATGTT

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Abbreviations: miR, microRNA; KDM5C, lysine-specific histone demethylase 5C; PTBP1, polypyrimidine tract-binding protein 1; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Yeasen Biotechnology Co., Ltd., Shanghai, China) and pro-
pidium iodide (PI) were added sequentially for a 5-min incu-
bation in darkness at ambient temperature. The FC500MCL 
flow cytometer (FACS Canto II, BD Biosciences, San Jose, 
CA, USA) system was applied to assess apoptosis.

Transwell Assays
Cell migration and invasion were examined by Transwell 
assays. In Transwell invasion assay, porous membranes 
were pre-coated with Matrigel (BD Biosciences). A549 and 
H1299 cells suspended in serum-free medium (200 μL) was 
transferred to the pre-coated apical chamber. The basolateral 
chamber was added with 500 μL medium plus 10% FBS. 
After 24 h of incubation, cells left on the upper side of the 
membrane were removed. Invasive cells were stained with 
crystal violet. Cells in the five random fields were counted 
using a microscope. Migration assay was performed using 
uncoated apical chambers according to a similar protocol.

In vivo Tumorigenesis Experiments
All experiments regarding animals were implemented 
with the approval of the Animal Care and Use 
Committee of People’s Hospital of Zhengzhou 
University. The report of animal experiments is in com-
pliance with the Guide for the Care and Use of 
Laboratory animals published by the US National 
Institutes of Health. Adequate measures were taken to 
minimize the number of rats used and to ensure minimal 
pain or discomfort. Twenty-four immunodeficient mice 
(male, 5 weeks, Hunan SJA Laboratory Animal Co., 
Ltd., Changsha, Hunan, China) were reared in SPF 
grade environment. Lung cancer cells overexpressing 
miR-133a were resuspended in phosphate-buffered saline 
(2 × 106 cells/mL) and mixed with Matrigel (1:1). The 
mixture (0.1 mL) was injected subcutaneously into the 
flanks of the mouse. Tumor volume was tested every 5 
d with vernier calipers across using the equation: V = 1/2 
× a ×b2. After 5 weeks and mouse euthanasia, the tumors 
were harvested and weighed. Tumor samples were eval-
uated histologically.

Immunohistochemistry
The excised tumor tissues were dehydrated by formalin, 
paraffin-embedded, and cut into 4-μm thickness sections. 
The sections were dewaxed, rehydrated, and microwaved 
to remove antigen. The activity of endogenous peroxidase 

was eliminated using H2O2 (3%). After a 20 min treatment 
in 5% BSA (A1128; Gentihold, Beijing, China), the sec-
tions were subjected to an overnight incubation with pri-
mary antibody (1:200) at 4°C, and a 1-h incubation with 
biotinylated secondary antibody (1:500) at 37°C. The sec-
tions were then stained with diaminobenzidine, counter- 
stained with hematoxylin and incubated in alcohol and 
xylene. An inverted fluorescence microscope (Olympus 
Optical Co., Ltd., Tokyo, Japan) was used for visualization 
in five random fields (400×). Stained cells were calculated, 
and positive staining rates were analyzed by Image J.

Terminal Deoxynucleotidyl Transferase 
(TdT)-Mediated dUTP-Biotin Nick End 
Labeling (TUNEL)
Tumor tissue sections were routinely dewaxed, rehydrated 
and tested according to the TUNEL assay conforming to 
the manufacturer’s instructions (Roche Diagnostics, Co., 
Ltd., Rotkreuz, Switzerland). Briefly, sections were first 
incubated in a TdT reaction cocktail for 45 min at 37°C, 
followed by treatment with a Click-iT reaction cocktail. 
Hematoxylin was applied for nuclei staining.

Tail Vein Metastasis Model in vivo
Twenty-four male immunodeficient mice (5 weeks of age) 
were reared in specific-pathogen-free grade environment. 
Cells overexpressing miR-133a (2 × 107) were injected into 
the tail vein of nude mice. After 45 d, mice were euthanized by 
overdose pentobarbital sodium. Liver and lung tissues were 
surgically removed and fixed in formalin for further analysis.

Hematoxylin-Eosin (HE) Staining
The liver and lung tissues were fixed in 4% paraformalde-
hyde (BOSTER, Wuhan, Hubei, China) for 2 d at ambient 
temperature, dehydrated in a graded series of alcohols, 
washed in xylene, and paraffin-embedded. A rotating 
microscope knife was used to cut the paraffin block into 
4-μm sections. Sections were de-paraffinized and stained 
with HE. Stained tissue sections were examined using an 
optical microscope (Olympus).

Dual-Luciferase Assays
Prediction of interactions between miR-133a and PTBP1 
3ʹuntranslated region (3ʹUTR) was conducted via the 
StarBase bioinformatics prediction website (http://star 
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base.sysu.edu.cn/). The sequences of PTBP1 3ʹUTR wild- 
type (wt) or mutant (mt) were constructed by GenScript 
(Nanjing, Jiangsu, China). Cells were transfected with 
miR-133a mimic and PTBP1 3ʹUTR (wt) or PTBP1 
3ʹUTR (mt) with the help of Lipofectamine 2000 
(Invitrogen). After 48 h, luciferase activity was assessed 
using the dual-luciferase reporter assay system (Promega 
Corporation, Madison, WI, USA). Firefly luciferase activ-
ity was normalized to Renilla luciferase activity.

RNA Immunoprecipitation (RIP)
A Magna RNA-binding protein immunoprecipitation kit 
(Invitrogen) was applied in this experiment as per the 
protocol provided by the manufacturer. Lysates in RIP 
buffer were co-cultured with magnetic beads containing 
anti-IgG (NC) or anti-Ago2. Afterwards, the immunopre-
cipitated RNAs were assessed by RT-qPCR.

Chromatin Immunoprecipitation (ChIP)
ChIP-qPCR assays were conducted as per standard proto-
cols. Briefly, the cross-linked cell lysates were sonicated and 
subjected to immunoprecipitation reactions. 
Immunoprecipitated DNA was purified using the universal 
DNA purification kit (TIANGEN Biotech Co., Ltd., Beijing, 
China). One percent of each sample volume was taken as 
“input”, separately. KDM5C antibody (1:400) was applied 
as the primary antibody (Abcam, Cambridge, MA, USA). 
Purified DNA was analyzed by qPCR.

Statistics
SPSS version 22.0 (IBM Corp. Armonk, N.Y., USA) was 
applied for statistical analysis. The data was displayed as 
mean ± standard deviation (SD) and analyzed using paired 
t test, one-way or two-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test. Difference at p-value <  
0.05 was considered significant.

Results
miR-133a is Poorly Expressed in Lung 
Cancer Patients and Correlates with 
Dismal Prognosis
We first analyzed the differentially expressed miRNAs in 37 
lung cancer tissues and paracancerous tissues using 
miRNA-based microarray. Using the R Limma package, 
with screening thresholds set at |Log Fold Change > 2| 

and p value < 0.05, we screened 368 differentially 
expressed miRNAs, of which 97 miRNAs were signifi-
cantly downregulated and 271 were upregulated 
(Figure 1A). The heatmap shows the top 100 differentially 
expressed miRNAs (Figure 1B). Table 2 shows the top 60 
differentially expressed miRNAs. We further used RT- 
qPCR to measure the expression of the top ten differentially 
expressed miRNAs in lung cancer tissues and paracancer-
ous tissues. miR-133a was revealed as the most signifi-
cantly downregulated one in lung cancer tissues (75.43 ± 
5.97%) (Figure 1C). We observed that miR-133a was sig-
nificantly under-expressed in TCGA-LUAD and TCGA- 
lung squamous cell carcinoma (LUSC) (Figure 1D and E). 
We then analyzed miR-133a via the Kaplan-Meier Plotter 
website and found that lung cancer patients with higher 
expression of miR-133a had prolonged survival period 
(Figure 1F). We further examined the miR-133a expression 
profile in BEAS-2B cells and lung cancer cells. miR-133a 
expression was notably reduced in H1299 (77.13 ± 9.42%) 
and A549 (68.15 ± 7.64%) cells (Figure 1G). Thus, we 
speculated that miR-133a may have the ability to act as 
a tumor suppressor in lung cancer.

Overexpression of miR-133a Inhibits the 
Growth and Aggressiveness of Lung 
Cancer Cells in vitro
To further validate the tumor suppressive effect of miR- 
133a, we transfected miR-133a mimic (Figure 2A) in 
A549 and H1299 cells. First, we assayed the prolifera-
tive activity of cells using the CCK-8 assay. Significant 
declines were observed in cell activity of A549 and 
H1299 after miR-133a mimic transfection (Figure 2B). 
Among the three indicated time points, the cellular 
activities of A549 and H1299 decreased by 20.51 ± 
2.43% and 19.76 ± 1.85% at the 24th h, 70.42 ± 
6.91% and 66.39 ± 6.53% at the 48th h, and at the 
72nd h, the cellular activities of A549 and H1299 
decreased by 69.42 ± 7.68% and 63.66 ± 6.59%. 
Moreover, we further used flow cytometry to detect 
apoptosis rate and found that miR-133a significantly 
promoted a significant increase in PI+ Annexin-V+ and 
PI− Annexin V+ cells (Figure 2C). The total number of 
apoptotic cells in A549 cells elevated from 8.14 ± 
0.82% to 26.45 ± 2.65% and in H1299 cells increased 
from 6.93 ± 0.71% to 23.91 ± 2.36% after 
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overexpression of miR-133a. Transwell experiments 
were then performed to assess the effect of miR-133a 
on the aggressiveness of lung cancer cells, and we found 
that A549 and H1299 cells with miR-133a mimic had 
a remarkable reduction in the number of cells migrated 
and invaded into the basolateral chamber (Figure 2D 

and E). In A549 cells, the number of migrated cells 
reduced from 136.25 ± 15.42 to 41.74 ± 5.26 and the 
number of invaded cells decreased from 96.55 ± 8.57 to 
35.38 ± 4.19 after overexpression of miR-133a. In 
H1299 cells, the number of migrated cells diminished 
from 158.97 ± 16.23 to 53.36 ± 7.48, while the number 

Figure 1 miR-133a is reduced in lung cancer patients and correlates with unsatisfactory prognosis. (A) the volcano map showing differentially expressed miRNAs in lung 
cancer tissues and paracancerous tissues; (B) the heatmap showing the top 100 differentially expressed miRNAs; (C) RT-qPCR detection of expression of the top ten 
miRNAs in 37 paired lung cancer tissues and paracancerous tissues; (D) miR-133a expression in the TCGA-LUAD database; (E) expression of miR-133a in the TCGA-LUSC 
database; (F) Kaplan-Meier Plotter website analyzing the correlation between miR-133a and survival in lung cancer patients; (G) expression of miR-133a in BEAS-2B cells and 
lung cancer cells by RT-qPCR. Data are presented as the mean ± SD. **p < 0.01. All results are from three independent experiment. Paired t test was applied for two-sample 
comparisons (C), while one-way ANOVA followed by Tukey post hoc test was utilized for multiple comparisons (G). 
Abbreviations: hsa, Homo sapiens; miR, microRNA; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; RT-qPCR, 
reverse transcription quantitative PCR; ANOVA, analysis of variance; SD, standard deviation.
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of invading cells decreased from 129.26 ± 11.12 to 
45.63 ± 4.15. The above results tentatively suggest that 
miR-133a inhibits the growth and aggressiveness of 
lung cancer cells in vitro.

miR-133a Upregulation Hampers the 
Growth and Metastasis in Lung Cancer
A549 and H1299 cells stably overexpressing miR-133a or 
mimic control were implanted into the axilla of nude mice by 
subcutaneous injection. The volume of the xenograft tumor 
was measured every 5 days from 5 days after implantation to 
assess its growth rate. We found that mice injected with A549 
or H1299 cells overexpressing miR-133a showed signifi-
cantly reduced tumor growth rates in vivo. At day 35, the 
volume and weight of xenograft tumors formed by A549 
cells overexpressing miR-133a decreased by 43.17 ± 5.22% 
and 46.17 ± 3.73%, respectively compared to those formed 

by cells expressing mimic NC, while the volume and weight 
of xenograft tumors formed by H1299 cells after overexpres-
sion of miR-133a decreased by 40.55 ± 5.04% and 39.63 ± 
3.81%, respectively (Figure 3A–C). Furthermore, the posi-
tive rate of KI67 decreased by 55.04 ± 4.83% after over-
expression of miR-133a in A549-forming xenograft tumors, 
while the positive rate of TUNEL increased from 5.47 ± 
0.56% to 17.43 ± 1.82%. Consistently, the positive rate of 
KI67 after overexpression of miR-133a in xenograft tumors 
formed by H1299 decreased by 52.32 ± 5.64%, and the 
positive rate of TUNEL increased from 4.19 ± 0.42% to 
15.37 ± 1.54% (Figure 3D and E). Subsequently, A549 and 
H1299 cells stably overexpressing miR-133a or mimic con-
trol were injected into mice via the tail vein to assess the 
effects of miR-133a on lung cancer metastasis in vivo. Forty- 
five days after inoculation, we extracted liver and lung tissues 
from mice after death and used HE staining to detect the 

Table 2 Differentially Expressed miRNAs Between Lung Cancer Tissues and Normal Lung Tissues

Targets Log Fold Change p value Targets Log Fold Change p value

hsa-miR-30e* −1.05 0.000186192** hsa-miR-498 −0.79 0.006897349**
hsa-miR-365 −0.8 0.000237485** hsa-miR-3127 −1.02 0.007062561**

hsa-miR-410 −0.91 0.000578197** hsa-miR-125a-3p −0.79 0.007368496**

hsa-miR-493* −0.76 0.000589149** hsa-miR-452 0.88 0.007387207**
hsa-miR-1914* −1.21 0.000760287** hsa-miR-335 0.82 0.007422249**

hsa-miR-1226* −1.38 0.001001076** hsa-miR-149 −1.15 0.007425284**

hsa-let-7g 0.75 0.00136076** hsa-miR-543 −1.53 0.007445407**
hsa-miR-3652 −0.85 0.001867851** hsa-miR-3937 −1.58 0.00745166**

hsa-miR-718 −0.83 0.001977127** hsa-miR-181d 0.75 0.007594213**
hsa-miR-133a −1.39 0.002064881** hsa-miR-371-5p 1.3 0.007709963**

hsa-miR-720 −0.82 0.002141302** hsa-miR-23a* −0.91 0.007935064**

hsa-miR-1274b 1.02 0.002356211** hsa-miR-409-3p 1.04 0.00952764**
hsa-miR-487b 0.82 0.002410418** hsa-miR-125b-2* −1.3 0.009867288**

hsa-miR-103 0.75 0.002431426** hsa-miR-1225-3p −0.8 0.009889021**

hsa-miR-181a-2* −0.98 0.002583682** hsa-miR-187* −0.86 0.010380745**
hsa-miR-137 −0.89 0.002721293** hsa-miR-3137 −0.82 0.010433333**

hsa-miR-154* −1.09 0.003207005** hsa-miR-454 −0.85 0.010535843**

hsa-miR-200b* −1.16 0.003698269** hsa-miR-432 −0.88 0.010706312**
hsa-miR-3648 −0.96 0.003803141** hsa-miR-210 −0.77 0.011910802**

hsa-miR-2355-5p −0.77 0.004010746** hsa-miR-193a-5p 0.77 0.011969383**

hsa-miR-575 −0.92 0.004718477** hsa-miR-548c-3p 0.79 0.012915799**
hsa-miR-299-5p 0.82 0.004861099** hsa-miR-548q −0.8 0.013351085**

hsa-miR-379 −0.77 0.004938248** hsa-miR-373* −1.35 0.016161197**

hsa-miR-549-3p −0.86 0.005070784** hsa-miR-4270 −0.92 0.017476469**
hsa-miR-107 −0.8 0.005214198** hsa-miR-298 −0.91 0.018544204**

hsa-miR-200a* −0.79 0.005244754** hsa-miR-4322 −0.86 0.018802218**

hsa-miR-30c 0.76 0.005524125** hsa-miR-224* −0.91 0.01898823**
hsa-miR-135a* −0.95 0.005757253** hsa-miR-200c* −1.08 0.019046734**

Abbreviations: hsa, Homo sapiens; miRNA, microRNA; **p < 0.01.
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number of metastatic nodules. The results displayed that the 
number of metastatic nodules formed by A549 cells in lung 
tissues decreased from 12.74 ± 1.22 to 3.26 ± 0.33, in liver 
tissues from 10.46 ± 1.19 to 2.39 ± 0.28, and the number of 
metastatic nodules formed by H1299 cells in lung tissues 
decreased from 14.07 ± 1.42 to 5.12 ± 0.48 and in liver tissue 
decreased from 13.09 ± 1.27 to 4.11 ± 0.36 (Figure 3F 
and G).

miR-133a Targets the Negatively 
Regulates PTBP1
To clarify the downstream mechanism of miR-133a, we 
further employed microarray analysis to screen out 
differentially expressed mRNAs in A549 and H1299 
cells with overexpression of miR-133a. Totally 344 
genes were found to be significantly differentially 
expressed, of which 186 were significantly 

downregulated (Figure 4A). Table 3 shows the top 60 
differentially expressed mRNAs. Subsequently, we 
further used the StarBase bioinformatics prediction 
website to predict target mRNAs for miR-133a and 
intersected with 186 downregulated genes with six 
genes, including PTPB1, SP1, ANXA5, DUSP1, 
LDLR, and NME4 in the intersection (Figure 4B). We 
then analyzed the staining intensity of these six genes 
in lung cancer or normal lung tissues via the HPA 
website, and we found that PTBP1 had the highest 
staining intensity in lung cancer tissue (Figure 4C). 
No significant difference in the expression of these 
six genes was found between lung cancer tissues and 
paracancerous tissues in the TCGA-LUSC database 
(Figure 4D). We then used the Kaplan-Meier Plotter 
website in order to further analyze the impact of these 
six genes on the prognosis of lung cancer patients. 

Figure 2 miR-133a upregulation hampers the viability and aggressiveness of lung cancer cells. miR-133a mimic or mimic control was transfected into A549 and H1299 cells. 
(A) RT-qPCR detection of miR-133a expression in lung cancer cells A549 and H1299 after transfection; (B) CCK-8 assays for cell proliferation activity; (C) flow cytometry 
analysis of apoptotic proportions of cells; (D) Transwell analysis of the migratory capacity of lung cancer cells; (E) Transwell analysis of the invasive capacity of lung cancer 
cells. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001. All results are from three independent experiment. Two-way ANOVA followed by Tukey post hoc test 
was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; RT-qPCR, reverse transcription quantitative PCR; CCK-8, cell counting kit-8; ANOVA, analysis of variance; SD, standard deviation.
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Figure 3 miR-133a upregulation suppresses the growth and metastasis of lung cancer. A549 and H1299 cells stably overexpressing miR-133a or mimic control were administrated into 
the axilla of mice by a subcutaneous injection. (A) volume growth rate of tumors; (B) representative tumor images; (C) tumor weight; (D) immunohistochemical detection of KI67- 
positive cells in tumor tissues; (E) TUNEL staining detection of the proportion of apoptotic cells in xenograft tumors. Similarly, A549 and H1299 cells stably overexpressing miR-133a or 
mimic control were injected into mice through the tail vein. (F) HE staining for the number of metastatic nodules in lung tissues of mice; (G) HE staining for the number of metastatic 
nodules in liver tissues of mice. Data are presented as the mean ± SD. **p < 0.01. All results are from three independent experiment. Two-way ANOVA followed by Tukey post hoc test 
was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling; HE, hematoxylin-eosin; ANOVA, analysis of 
variance; SD, standard deviation.
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Only PTBP1 and SP1 showed significant influence on 
the prognosis of lung cancer patients (Figure 4E). To 
further clarify the targeting mechanism of miR-133a 
with SP1 or with PTBP1, we further analyzed the 
correlation between miR-133a and SP1 or PTBP1 in 
the TCGA-LUAD database, and we found that miR- 
133a had a significant correlation with PTBP1 and 
a poor correlation with SP1 (Figure 4F). Moreover, 
PTBP1 expression was observed to be significantly 
higher in lung cancer cells than in other cancer cells 
(Figure 4G) through the CCLE database. Thus, we 
retrieved PTBP1 expression in lung cancer tissues as 
well as in corresponding normal tissues using the 
Oncomine database. We found a significant increase 
in the expression of PTBP1 in lung cancer tissues 
relative to normal paracancerous tissues in the Garber 
Lung,13 Hou Lung,14 Okayama Lung,15 Selamat 
Lung,16 Stearman Lung,16 and Talbot Lung17 datasets 
(Figure 4H). To determine the possible binding rela-
tionship between miR-133a and PTBP1, we performed 
RIP experiments using an antibody against Ago2 in 
A549 and H1299 cells, and noted that more PTBP1 
could be enriched in cells with miR-133a mimic 
(Figure 4I). We further performed dual-luciferase 
experiments and noted that in 293T cells with miR- 
133a mimic, only cells co-transfected with PTBP1-wt 
had a significant decline in luciferase activity, whereas 
no significant difference in luciferase activity was 
observed in cells with PTBP1-mt (Figure 4J and K). 
We further examined the mRNA and protein expression 
of PTBP1 in A549 and H1299 cells overexpressing 
miR-133a using RT-qPCR and Western blot. After 
overexpression of miR-133a, PTBP1 mRNA level 
decreased by 69.41 ± 7.24% and protein expression 
reduced by 57.63 ± 6.08% in A549 cells. While in 
H1299 cells, PTBP1 mRNA level diminished by 
60.73 ± 5.49% and protein expression decreased by 
51.16 ± 5.27% (Figs 4L and M).

Overexpression of PTBP1 Promotes 
Growth and Aggressiveness of Lung 
Cancer Cells in vitro
To further determine whether miR-133a inhibits the malig-
nant biological behavior of lung cancer cells by targeting 
PTBP1, we further overexpressed PTBP1 in cells over-
expressing miR-133a (Figure 5A). We found that after 
overexpression of PTBP1, the cellular viability of A549 

and H1299 increased by 17.78 ± 1.63% and 21.05 ± 2.32% 
at 24th h, by 46.88 ± 4.93% and 32.35 ± 3.41% at 48th h, 
and by 46.51 ± 5.11% and 39.90 ± 4.17% at 72nd 
h (Figure 5B). The number of early and late apoptotic 
cells was also significantly reduced from 27.16 ± 2.72% 
to 12.67 ± 1.28%, and from 24.08 ± 2.41% to 10.33 ± 
1.06%, respectively for A549 and H1299 cells (Figure 
5C). Transwell assays disclosed that the invasion and 
migration capacities of A549 and H1299 cells increased 
significantly after overexpression of PTBP1, as shown by 
increased number of cells in the basolateral chamber 
(Figure 5D and E). In A549 cells, the number of migrated 
cells increased from 59.57 ± 5.06 to 95.77 ± 9.61 and the 
number of invaded cells augmented from 40.23 ± 4.15 to 
88.91 ± 6.76 after overexpression of PTBP1. In H1299 
cells, the number of migrated cells increased from 68.24 ± 
6.38 to 126.43 ± 13.28 and the number of invaded cells 
elevated from 48.54 ± 4.62 to 93.57 ± 8.39 following 
PTBP1 upregulation.

miR-133a Promoter Histone Has 
Significant Methylation Modifications
Aforementioned results have shown that miR-133a inhib-
ited lung cancer growth and metastasis by binding to 
PTBP1, therefore we shifted our attention upon upstream 
of miR-133a. We first discovered via the UCSC browser 
website that miR-133a is located at chromosome 18, posi-
tion chr18:21825698–21825785, and belongs to the same 
transcript as MIR133A1HG (Figure 6A and B). Moreover, 
the promoter sequence of miR-133a exhibits significant 
histone methylation modifications (Figure 6C), with the 
most pronounced levels of histone H3 lysine 4 tri- 
methylation (H3K4me3) and H3K4me2 modifications. 
Thus, we further used anti-H3K4me3 or anti-H3K4me2 
antibodies to detect the H3K4me3 or H3K4me2 modifica-
tion levels of the miR-133a promoter in BEAS-2B cells 
and lung cancer cells. The H3K4me2 modification levels 
of miR-133a were significantly reduced in lung cancer 
cells (Figure 6D), while H3K4me3 levels were not signif-
icantly changed.

KDM5C Downregulates H3K4me2 
Modification of the miR-133a Promoter 
Histone
It was noted by Glanzner et al that KDM5C mutation 
may inhibit H3K4me2 demethylation modifications of 
histones.18 So, we speculated whether KDM5C 
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Figure 4 miR-133a targets and negatively regulates PTBP1. (A) volcano map showing differentially expressed mRNAs in A549 and H1299 cells with overexpression of miR- 
133a; (B) Venn map representing the target mRNAs predicted by the StarBASE website for miR-133a were screened against 186 differentially expressed mRNAs 
downregulated in the microarray results; (C) analysis of the staining intensity of PTPB1, SP1, ANXA5, DUSP1, LDLR, and NME4 in lung cancer or normal lung tissues 
via the HPA website (https://www.proteinatlas.org/); (D) expression of PTPB1, SP1, ANXA5, DUSP1, LDLR, and NME4 in lung cancer tissues and normal lung tissues from 
the TCGA-LUSC database; (E) Kaplan-Meier Plotter website analyzing the impact of PTPB1, SP1, ANXA5, DUSP1, LDLR, and NME4 on the prognosis of lung cancer 
patients; (F) Correlation of miR-133a with SP1 or PTBP1 analyzed in TCGA-LUAD database; (G) CCLE database predicting PTBP1 expression in various tumor cells; (H) 
PTBP1 expression in Garber Lung, Hou Lung, Okayama Lung, Selamat Lung, Stearman Lung, and Talbot Lung datasets in the Oncomine database; (I) RIP assay for miR-133a 
and PTBP1 binding relationship in A549 and H1299 cells; (J) predicted binding sites between miR-133a and PTBP1; (K) dual-luciferase assay detecting the binding relationship 
between miR-133a and PTBP1; (L) RT-qPCR assay for PTBP1 mRNA expression in A549 and H1299 cells; (M) Western blot assay for PTBP1 protein expression in A549 and 
H1299 cells. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001. All results are from three independent experiment (I, K–M). Two-way ANOVA followed by 
Tukey post hoc test was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; PTBP1, polypyrimidine tract-binding protein 1; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; LUSC, lung squamous 
cell carcinoma; RT-qPCR, reverse transcription quantitative PCR; RIP, RNA immunoprecipitation; ANOVA, analysis of variance; SD, standard deviation.
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similarly represses transcription by demethylation mod-
ification of the miR-133a promoter histone. To test our 
conjecture, we first constructed a luciferase reporter 
vector containing the miR-133a promoter and co- 
transfected into 293T cells with different doses of 
KDM5C overexpression vectors. We found that the 
luciferase activity was decreased as the doses of 
KDM5C overexpression vectors increased (Figure 
7A). To further verify the binding relationship between 
KDM5C and the miR-133a promoter histone, we per-
formed ChIP-qPCR experiments. We found signifi-
cantly higher enrichment levels of the miR-133a 
promoter in the complexes pulled-down by the anti- 
KDM5C antibody than that by IgG (Figure 7B). 
Moreover, we further transfected the KDM5C 

overexpression plasmids into A549 and H1299 cells 
at different doses. A negative correlation was displayed 
between miR-133a expression in the cells and the 
doses of KDM5C overexpression vectors (Figure 7C). 
PTBP1, on the other hand, was positively correlated 
with the doses of KDM5C overexpression vectors 
(Figure 7D). Thus, we further analyzed the correlation 
between KDM5C and PTBP1 in the TCGA-LUAD and 
TCGA-LUSC databases, and we found that KDM5C 
was positively correlated with PTBP1 (Figure 7E and 
F). Subsequently, we further analyzed the expression of 
KDM5C in these databases. The expression of KDM5C 
in lung cancer tissues were higher than those in normal 
tissues in the half of the databases except in the data-
bases of Garber Lung, Okayama Lung, and Talbot 

Table 3 Differentially Expressed mRNAs in Both A549 and H1299 Cells Overexpressing miR-133a

Targets Log Fold Change p value Targets Log Fold Change p value

CRNN −7.94 0.000186192 HOXA10 2.5 0.007368496
HOXB7 3.28 0.000237485 CXCR2 −4.56 0.007387207

ANXA5 5.04 0.000578197 NUCB2 −3 0.007422249

SIM2 −2.77 0.000589149 CYP3A43 −1.87 0.007425284
CRISP3 −8.3 0.000760287 CRYL1 −1.9 0.007445407

PTBP1 7.2 0.001001076 EMP1 −2.73 0.00745166

HOXD11 3.53 0.00136076 TRAV12-2 −3.32 0.007594213
SP1 4.22 0.001867851 DNAH17 3.37 0.007709963

RHCG −5.23 0.001977127 LDLR 2.43 0.007935064
ENDOU −6.06 0.002064881 GPD1L −2.13 0.00952764

TGM3 −5.36 0.002141302 PPL −2.69 0.009867288

CLCA4 −5.53 0.002356211 GPX3 −3.48 0.009889021
MFHAS1 2.51 0.002410418 MSRA −1.31 0.010380745

SERPINB1 −3.11 0.002431426 CRABP2 −2.77 0.010433333

C2orf54 −3.38 0.002583682 CLIC3 −5.4 0.010535843
ACOX3 −1.97 0.002721293 TFAP2B −4.51 0.010706312

PARP12 1.84 0.003207005 FOXM1 2.03 0.011910802

RRAGD −2.73 0.003698269 CYP3A5 −3.82 0.011969383
MYC 3.08 0.003803141 SERPINB3 −4.07 0.012915799

SNAI2 2.71 0.004010746 CYP4B1 −6.03 0.013351085

ID4 −2.98 0.004718477 PLAGL1 −2.22 0.016161197
MAL −5.48 0.004861099 RMND5B −1.71 0.017476469

CES2 −2.39 0.004938248 NME4 4.49 0.017591122

SLURP1 −4.56 0.005070784 APOL1 2.42 0.017718714
BLNK −2.74 0.005214198 AIM1 −1.88 0.017862179

HPGD −4.42 0.005244754 SCIN −2.57 0.017956494

MET 1.63 0.005524125 KRT4 −6.14 0.018173813
CWH43 −4.2 0.005757253 MCM2 2.21 0.018312306

CTSL 2.24 0.006496643 ELOVL6 −2.23 0.018544204
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Lung where there was no significant difference 
between the lung cancer tissues and normal tissues 
(Figure 7G).

Overexpression of KDM5C Promotes 
Malignant Biological Behavior of Lung 
Cancer Cells
To further validate the regulatory effect of KDM5C on 
the miR-133a/PTBP1 axis, thereby influencing lung 
cancer growth and metastasis, we further overexpressed 
KDM5C in cells stably overexpressing miR-133a. The 
expression of miR-133a decreased significantly after 
overexpression of KDM5C, while PTBP1 expression 
increased significantly (Figure 8A and B). Moreover, 
we found that the methylation modification level of 
miR-133a promoter was significantly reduced by 

49.43 ± 5.07% in A549 cells and 57.79 ± 6.18% in 
H1299 cells after overexpression of KDM5C (Figure 
8C). Overexpression of KDM5C was followed by sig-
nificant augments in the cellular activity of A549 
(28.03 ± 2.91%, 27.95 ± 3.11%, and 28.71 ± 2.79% 
by the 24th, 48th and 72nd h, respectively) and H1299 
(24.26 ± 2.47%, 35.79 ± 4.28%, and 36.62 ± 3.75% by 
the 24th, 48th and 72nd h, respectively) (Figure 8D), 
accompanied by significant decreases in the number of 
apoptotic cells in A549 (from 26.83 ± 2.64% to 13.07 
± 1.31%) and H1299 (from 23.58 ± 2.36% to 9.87 ± 
0.95%) cells (Figure 8E). We also found that A549 and 
H1299 cell migration and invasion were enhanced after 
overexpression of KDM5C. In A549 cells, the number 
of migrated cells increased from 51.27 ± 5.13 to 84.05 
± 9.55 and the number of invaded cells promoted from 

Figure 5 Overexpression of PTBP1 promotes growth and aggressiveness of lung cancer cells in vitro. oe-PTBP1 or oe-NC was transfected into lung cancer cells in the 
presence of miR-133a. (A) RT-qPCR detection of PTBP1 mRNA expression in A549 and H1299 after co-transfection; (B) CCK-8 assays for cell proliferation activity after co- 
transfection; (C) flow cytometry analysis of apoptotic proportions of cells after co-transfection; (D) Transwell experiments analysis of the migratory capacity of lung cancer 
cells after co-transfection; (E) Transwell experiments analysis of the invasive capacity of lung cancer cells after co-transfection. Data are presented as the mean ± SD. **p < 
0.01, ***p < 0.001. All results are from three independent experiment. Two-way ANOVA followed by Tukey post hoc test was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; oe, overexpression; PTBP1, polypyrimidine tract-binding protein 1; NC, negative control; RT-qPCR, reverse transcription quantitative 
PCR; CCK-8, cell counting kit-8; ANOVA, analysis of variance; SD, standard deviation.
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31.62 ± 3.49 to 72.04 ± 7.22 after overexpression of 
KDM5C. Consistently, in H1299 cells, the number of 
migrated cells elevated from 55.36 ± 6.54 to 121.47 ± 
12.05, while the number of invaded cells increased 
from 33.83 ± 3.49 to 106.29 ± 11.63 (Figure 8F and 
G). The above results indicate that the histone 
demethylase, KDM5C, promotes the expression of 
PTBP1 and thus the growth and metastasis of lung 
cancer through the demethylation modification of the 
miR-133a promoter histone.

Discussion
Various factors contributed to the dismal prognosis of 
patients with lung cancer, involving late diagnosis and 
local and systematic metastasis.19 As a consequence, 
metastasis continues to be a major obstacle in the effective 
treatment of lung cancer, and there is an urgency to iden-
tify molecular drivers to the invasiveness and metastasis in 
lung cancer. In present study, we identified that miR-133a 
was poorly expressed in lung tissues versus adjacent tis-
sues, which predicts poor survival. Besides, miR-133a is 
involved in the phenotypic modulation of lung cancer cells 
by interacting with PTBP1. Moreover, we verified that 

KDM5C, as an oncoprotein, accelerated lung cell growth 
and metastasis by modulating the miR-133a promoter his-
tone methylation. These data indicate that KDM5C may 
function as an oncogene in lung cancer.

The tumor suppressor role of miR-133a has been 
well-established in osteosarcoma,20 thyroid cancer,21 as 
well as in gastric cancer.22 More specifically, upregula-
tion of miR-133a remarkably repressed cell growth, 
while induced apoptosis and caspase-3 activity in non- 
small cell lung cancer cells.23 In consistence, our 
miRNA-based microarray on collected 37 pairs of lung 
cancer and adjacent tissues revealed that miR-133a was 
the most significantly downregulated miRNA in lung 
cancer. RT-qPCR results exhibited that miR-133a 
declined by 75.43 ± 5.97% in our collected lung cancer 
tissues relative to normal lung tissues. The subsequent 
bioinformatics inquiries further corroborated the asso-
ciation between miR-133a depletion and poor survival 
in lung cancer patients. In line with our findings, 
declines in miR-133a expression was found to share 
a close relation to hostile advancement in pancreatic 
cancer.24 The anti-proliferatory (decreased by 20.51 ± 
2.43% and 19.76 ± 1.85%, 70.42 ± 6.91% and 66.39 ± 

Figure 6 miR-133a promoter histone has significant methylation modifications. (A) the location of miR-133a on the chromosome predicted by UCSC website; (B) location 
of miR-133a in relation to its host gene; (C) UCSC website predicts histone methylation levels in the miR-133a promoter region; (D) ChIP-qPCR detection of H3K4me3 or 
H3K4me2 modification of the miR-133a promoter in BEAS-2B cells and lung cancer cells. Data are presented as the mean ± SD. **p < 0.01. All results are from three 
independent experiment (D). Two-way ANOVA followed by Tukey post hoc test was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; ChIP, chromatin immunoprecipitation.
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6.53%, as well as 69.42 ± 7.68% and 63.66 ± 6.59% at 
the 24th, 48th h, and 72nd h, respectively), anti-invasive 
(from 96.55 ± 8.57 to 35.38 ± 4.19 and from 129.26 ± 
11.12 to 45.63 ± 4.15), anti-migratory (from 136.25 ± 
15.42 to 41.74 ± 5.26 and from 158.97 ± 16.23 to 53.36 
± 7.48) and pro-apoptotic (from 8.14 ± 0.82% to 26.45 
± 2.65% and from 6.93 ± 0.71% to 23.91 ± 2.36%) 
properties of miR-133a have been underscored in further 
functional experiments in A549 and H1299 cells. More 
importantly, the anti-metastatic role of miR-133a in vivo 
has also been highlighted in glioma25 and gastric 
cancer,26 which were largely consistent with our results.

Integrated bioinformatics prediction and mRNA- 
based microarray helped us to determine that PTBP1 
was both a target of miR-133a and a downregulated 
mRNA in lung cancer cells overexpressing miR-133a. 
The involvement of PTBP1 in some cancers, such as 
colorectal cancer, breast cancer, glioma as well as 
pancreatic cancer has been reported.27,28 For instance, 
PTBP1 knockdown led to constrained cell migration 

and invasion in addition to reduced metastasis in 
renal cell carcinoma.29 Moreover, Kang et al provided 
evidence that miR-194 negatively regulated PTBP1 
expression by binding to PTBP1 3ʹUTR in hepatocel-
lular carcinoma.30 Similarly, our RIP and dual- 
luciferase experiment verified the binding relation 
between PTBP1 and miR-133a in lung cancer. 
Furthermore, our observation from rescue experiments 
substantiated the tumor supporting role of PTBP1 in 
A549 and H1299 cells. Thereafter, we sought to 
explore the upstream mechanism of miR-133 downre-
gulation in lung cancer.

Intriguingly, miR-133a-3p was validated to be knocked- 
down by DNA hypermethylation in breast cancer cells and 
tissue samples, which was in tight correlation with unsatisfac-
tory prognosis of breast cancer patients.31 Hence, we resorted 
to the UCSC browser website and noted that the promoter 
sequence of MIR133A1HG, which shares the same transcript 
with miR-133a, has distinct histone methylation modifications. 
In addition, it was noted by Glanzner et al that KDM5C 

Figure 7 KDM5C reduces histone H3K4me2 demethylation of the miR-133a promoter. (A) luciferase reporter assay detecting the transcriptional binding of KDM5C to the 
miR-133a promoter; (B) binding of KDM5C to the miR-133a promoter histone verified using ChIP-qPCR experiments; (C) RT-qPCR analysis of the miR-133a expression in 
response to KDM5C overexpression vectors in A549 and H1299 cells; (D) RT-qPCR analysis of the expression of PTBP1 at mRNA level in response to KDM5C 
overexpression vectors in A549 and H1299 cells; (E) analysis of the correlation between KDM5C and PTBP1 in the TCGA-LUSC database; (F) analysis of the correlation 
between KDM5C and PTBP1 in the TCGA-LUAD database; (G) KDM5C expression in Garber Lung, Hou Lung, Okayama Lung, Selamat Lung, Stearman Lung, and Talbot 
Lung datasets in the Oncomine database. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001. All results are from three independent experiment (A–D). Two- 
way ANOVA followed by Tukey post hoc test was utilized for multiple comparisons. 
Abbreviations: miR, microRNA; KDM5C, lysine-specific histone demethylase 5C; ChIP, chromatin immunoprecipitation; RT-qPCR, reverse transcription quantitative PCR; 
TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PTBP1, polypyrimidine tract-binding protein 1; ANOVA, analysis of 
variance; SD, standard deviation.
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mutation may inhibit H3K4me2 demethylation modifications 
of histones.18 Thus, we speculated whether KDM5C similarly 
repressed transcription of miR-133a through demethylation 
modification of the its promoter histone. A series of regulatory 
experiments helped us confirm our speculation. We further 
tested the involvement of KDM5C in the miR-133a/PTBP1- 
mediated lung cancer malignant phenotype by rescue experi-
ments. KDM5C, similar to PTBP1, plays a tumor-initiating 
role in lung cancer. In the same vein, the beneficial effects of 
KDM5C in sustaining cancer cell malignant aggressiveness 

has been witnessed in prostate cancer,32 breast cancer,33 gastric 
cancer34 as well as hepatocellular carcinoma.35

Conclusion
In conclusion, the findings in this investigation elucidated 
that miR-133a, regulated by KDM5C, played a tumor 
suppressor role in lung cancer through regulation of 
PTBP1 (Figure 9). In spite of the fact that we acknowl-
edged that miR-133a expression was mediated by 
KDM5C, and that miR-133a could suppress the 

Figure 8 Overexpression of KDM5C promotes the malignant biological behavior of lung cancer cells. oe-KDM5C or oe-NC was transfected into lung cancer cells in the 
presence of miR-133a. (A) RT-qPCR detection of miR-133a expression in A549 and H1299 after co-transfection; (B) RT-qPCR detection of PTBP1 mRNA expression in 
A549 and H1299 after co-transfection; (C) ChIP-seq detection of H3K4me3 modification level of miR-133a promoter after overexpression of KDM5C; (D) CCK-8 assays 
for cell proliferation activity after co-transfection; (E) flow cytometry analysis of apoptotic proportions of cells after co-transfection; (F) Transwell experiments analysis of 
the migratory capacity of lung cancer cells after co-transfection; (G) Transwell experiments analysis of the invasive capacity of lung cancer cells after co-transfection. Data are 
presented as the mean ± SD. **p < 0.01. All results are from three independent experiment. Two-way ANOVA followed by Tukey post hoc test was utilized for multiple 
comparisons. 
Abbreviations: miR, microRNA; KDM5C, lysine-specific histone demethylase 5C; oe, overexpression; NC, negative control; RT-qPCR, reverse transcription quantitative 
PCR; ChIP, chromatin immunoprecipitation; CCK-8, cell counting kit-8; ANOVA, analysis of variance; SD, standard deviation.
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development and metastases of lung cancer by targeting 
PTBP1, there may be other upstream molecules and down-
stream targets of miR-133a affecting carcinogenesis of 
lung cancer. Further studies are essential to probe more 
mechanisms upstream and downstream of miR-133a in 
lung cancer.
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