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Abstract. Aberrantly expressed miRNAs play a crucial role 
in the progression of lung adenocarcinoma. However, to date, 
the role of miR-888 in lung adenocarcinoma progression 
is unclear. In the present study, the biological function of 
miR-888 and its underlying mechanism in lung adenocarci-
noma progression were explored. RT-qPCR was performed to 
detect the expression of miR-888 in 38 matched lung adeno-
carcinoma samples respectively. Next, the effects of miR-888 
on the proliferation, invasion and migration of lung adeno-
carcinoma A549 cells were evaluated by a series of gain- and 
loss-of-function assays. Our results revealed that miR-888 was 
significantly upregulated in lung adenocarcinoma tissues, and 
its expression was markedly associated with clinical staging in 
patients. Moreover, ectopic expression of miR-888 in vitro was 
revealed to function as a double-edged sword in the progres-
sion of lung adenocarcinoma A549 cells by targeting multiple 
targets. Overexpression of miR-888 promoted the invasion and 
migration of lung adenocarcinoma A549 cells by targeting 
E-cadherin and tissue inhibitor of metalloproteinase 2. In addi-
tion, ectopic expression of miR-888 inhibited the proliferation 
of lung adenocarcinoma A549 cells by targeting cell division 
cycle 7 (CDC7). In addition, the immunohistochemical results 
and The Cancer Genome Atlas (TCGA) database revealed that 
CDC7 was significantly upregulated in lung adenocarcinoma 
tissues, suggesting that miR-888 may function as an oncogene 
in the progression of lung adenocarcinoma patients, and the 

miR-888/CDC7 axis was not the dominant pathway for CDC7 
regulation in patients with lung adenocarcinoma. In conclu-
sion, our findings indicated that miR‑888 may act as a potential 
new therapeutic target for patients with lung adenocarcinoma.

Introduction

Lung cancer is the most frequent malignancy, causing 
1.6 million deaths/year worldwide (1). Approximately 85% 
of lung cancers consist of non-small cell lung carcinoma 
(NSCLC). NSCLC is generally categorized into three major 
histological subtypes: Lung adenocarcinoma, lung squamous 
cell carcinoma and large cell carcinoma, and lung adenocarci-
noma is the most prevalent form of lung cancer (2). Although 
treatment strategies for NSCLC have markedly increased in 
recent years, the estimated 5-year overall survival (OS) remains 
only 16% (3). Thus, understanding the molecular mechanisms 
which regulate the progression of lung adenocarcinoma would 
lead to improved treatment of patients.

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs that negatively regulate genes at the post-transcriptional 
level by directly binding to the 3'-untranslated region (UTR) 
of target mRNAs; resulting in the degradation of mRNA 
molecules or the inhibition of their translation (4,5). Moreover, 
miRNAs are involved in the regulation of multiple biological 
processes involving cancer, such as tumorigenesis and 
development, cell proliferation, metastasis, invasion and apop-
tosis (6,7). In recent years, increasing evidence has revealed 
the relationships between miRNAs and disease progression 
of NSCLC. For example, miR-30a/c reduction maintained 
self-renewal and promoted tumorigenesis in NSCLC-initiating 
cells by targeting oncogene TM4SF1 (8), while Song et al 
reported that miR-409 inhibited human non-small cell lung 
cancer progression by directly targeting SPIN1 (9). Although 
the function of numerous miRNAs has been reported in lung 
cancer, the molecular regulatory mechanisms of miRNAs 
and their effects on lung cancer progression are still not well 
understood.

Recently, miR-888 was revealed to be upregulated in 
several types of cancer, such as endometrial and colorectal 
cancer, and the upregulated levels of miR-888 were corre-
lated with the poor outcome in patients with endometrial and 
colorectal cancer (10-12). In addition, several studies revealed 
that miR-888 functioned as an oncogene and modulated cancer 
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cell proliferation, invasion and migration (13-16). However, the 
biological role of miR-888 in lung adenocarcinoma is not fully 
elucidated.

In the present study, the expression, roles, and mechanisms 
of miR-888 in the progression of lung adenocarcinoma in 
A549 cells and human lung adenocarcinoma tissues were 
investigated, and the results revealed that miR-888 may be a 
potential new therapeutic target in lung adenocarcinoma.

Materials and methods

Tissue samples for patients with lung adenocarcinoma. A 
total of 38 pairs of primary lung adenocarcinoma and adjacent 
non‑tumor tissues were obtained from the Affiliated Zhongshan 
Hospital of Xiamen University (between January 2014 and 
June 2016). The clinical characteristics of 38 lung adenocar-
cinoma patients were as follows: Mean age (range): 62.9 years 
(45-81 years). Sex: Male, 26 cases; female, 12 cases. Clinical 
staging: Stage I-II, 16 cases; and stage III-IV, 22 cases. All 
patients provided informed consent, and all specimens were 
confirmed by a pathologist. The study was approved by the 
Research Ethics Committee of Xiamen University (Xiamen, 
China).

Immunohistochemistry (IHC). For IHC, 4-µm thick slides 
were deparaffinized in xylene and rehydrated in a descending 
graded series of alcohol dilutions. Antigen retrieval was 
performed in 10 mM citrate buffer (pH 6.0) in a microwave 
oven at maximum power (800 W) for 3 min, followed by 
15 min at medium power, and cooling to room temperature. 
After phosphate-buffered saline (PBS) washes, the slides 
were blocked with 3% H2O2 for 10 min and blocked with goat 
serum for 30 min at room temperature. The sections were 
incubated with a primary mouse anti-human antibody against 
cell division cycle 7 (CDC7) (dilution 1:100; cat. no. sc-56275; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight 
at 4˚C. The slides were washed thrice with PBS and then 
incubated with an HRP-conjugated secondary antibody 
(dilution 1:250; cat. no. ZDR-5307; ZSGB-BIO, Beijing, 
China) for 30 min at room temperature. For all slides, the 
immune reaction was assessed using diaminobenzidine, and 
the sections were then counterstained with hematoxylin. For 
the semiquantitative analysis of CDC7 immunoreactivity, the 
immunohistochemical score (IHS) was used. Briefly, IHS=SI 
(staining intensity) x PP (percentage of positive cells). The 
staining intensity (SI) was categorized into 4 groups (0-3), 
where 0 was negative, 1 was weak, 2 was moderate, and 3 was 
strong. The PP was estimated and classified on a five‑point 
positive range score as follows: 0, ≤5% staining; 1, 6‑25% 
staining; 2, 26‑50% staining; 3, 51‑74% staining; and 4, ≥75% 
staining. Cases were categorized into two groups: IHS=0, 
negative and IHS ≥1, positive (17).

Cell culture. The human non-small cell lung cancer 
(NSCLC) cell line A549 was obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). Cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM) with 10% fetal bovine serum (FBS; HyClone, 
Thermo Scientific, Inc., Waltham, MA, USA) and grown at 
37˚C in 5% CO2.

Plasmid generation, small interfering RNA (siRNAs), and 
transfection. The pcDNA3.1-CDC7 construct was kindly 
provided by Dr Peter Cherepanov (Imperial College London, 
London, UK). For the construction of luciferase reporter plas-
mids, the full length CDC7 3'-UTR, truncated versions of this 
UTR, or constructs containing 3'-UTR point mutations were 
amplified by PCR and inserted into the pMiR‑reporter plasmid. 
Primers were as follows: CDC7 full-length 3'-UTR forward, 
5'-GGA CTA GTC CTA ATG GAT CTT CAT TTA ATG TTT AC-3' 
and reverse, 5'-CCC AAG CTT GGG TAA AAA ATA TAA AAG 
GAT AAC TTT ATT G-3'; Fragment A forward, 5'-GGA CTA 
GTC CTA ATG GAT CTT CAT TTA ATG TTT AC-3' and reverse, 
5'-CCC AAG CTT AAC AGA AAC TTT GTG GTC AG-3'; Mut 
A forward, 5'-CTA ACA ACA TGA TCT TCT TTC CTT TAA 
ACC TAC CTA AGT A-3' and reverse, 5'-TAC TTA GGT AGG 
TTT AAA GGA AAG AAG ATC ATG TTG TTA G-3'; Fragment 
B forward, 5'-GGA CTA GTA AGT TTC TGG ATG TTT TA-3' 
and reverse, 5'-CCC AAG CTT GGG TAA AAA ATA TAA 
AAG GAT AAC TTT ATT G-3'; Mut B forward, 5'-CCA AAT 
GCT TTT CTT TTT TCC TTT GTA TAT TTT TTC ACA C-3' and 
reverse, 5'-GTG TGA AAA AAT ATA CAA AGG AAA AAA 
GAA AAG CAT TTG G-3'. The CDC7, E-cadherin and TIMP2 
siRNA target sequences, miR-888 mimics and inhibitors were 
synthesized by Shanghai GenePharma Co., Ltd., (Shanghai, 
China), and the sequences were as follows: CDC7, 5'-AAG CAG 
UCA AAG ACU GUG GAU-3'; E-cadherin, 5'-CAG ACA AAG 
ACC AGG ACU A-3'; TIMP2-1, 5'-GGA AAG AAG GAA UAU 
CUC A-3'; TIMP2-2, 5'-GGA AGU GGA CUC UGG AAA C-3', 
both TIMP2-1 and TIMP2-2 targeted TIMP2, and in order to 
enhance the efficacy of knockdown, TIMP2‑1 and TIMP2‑2 
were mixed together. For siRNA, miR-888 mimic and inhibitor 
transfection, 50 nM of synthesized sequences were delivered to 
the cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions.

RNA isolation and RT‑qPCR. Total RNA was isolated from 
tissues and cell lines using TRIzol (Invitrogen; Thermo Fisher 
Scientific, Inc.). For mRNA detection, cDNA was prepared 
using RevertAid™ First Strand cDNA Synthesis kit (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Gene expression was quantified by using the Power 
SYBR-Green PCR Master Mix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). Relative gene expression was assessed 
by standard curves and quantified using the 2-ΔΔCq method (18). 
The primers were as follows: CDC7 forward, 5'-AGT GCC 
TAA CAG TGG CTG G-3' and reverse, 5'-CAC GGT GAA CAA 
TAC CAA ACT GA-3'; GAPDH forward, 5'-TGT CAG TGG 
TGG ACC TGA CCT-3' and reverse, 5'-AGG GGA GAT TCA 
GTG TGG TG-3'; miR-888 forward, 5'-ACA CTC CAG CTG 
GGT ACT CAA AAA GCT GTC-3' and reverse, 5'-TGG TGT 
CGT GGA GTC G-3'; U6 forward, 5'-CCT GCT TCG GCA 
GCA CA-3' and reverse, 5'-TGG AAC GCT TCA CGA A-3'. A 
stem-loop RT primer for miR-888, 5'-CTC AAC TGG TGT 
CGT GGA GTC GGC AAT TCA GTT GAG TGA CTG AC-3' and 
a specific RT primer for U6, 5'‑AAA ATA TGG AAC GCT TCA 
CGA ATT TGC-3' were used. GAPDH or U6 were used for 
normalization.

Western blotting. Whole-cell extracts were prepared in 
RIPA lysis buffer (Beyotime Institute of Biotechnology, 
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Beijing, China). The protein concentrations were determined 
using the BCA Protein Assay reagent kit (Thermo Fisher 
Scientific, Inc.). Thirty micrograms of the sample were 
separated by 10% SDS-PAGE and transferred onto nitrocel-
lulose membranes. Then, the membranes were incubated in 
blocking solution consisting of 5% w/v non-fat milk in TBST 
at room temperature for 1 h, immunoblotted with primary 
antibodies at 4˚C overnight, and subsequently incubated with 
a secondary antibody (dilution 1:1,000; cat. nos. ZDR-5306 
and ZDR-5307; ZSGB-BIO) for 1 h at room temperature. The 
protein band was visualized using SuperSignal West Pico 
Chemiluminescent Substrate (Pierce Biotechnology, Inc.; 
Thermo Fisher Scientific, Inc.) and the chemiluminescent 
image system (ChemiDoc Touch; Bio-Rad Laboratories, 
Hercules, CA, USA) and the densitometry of western blot-
ting was quantified using the ImageJ 1.52a software program 
(NIH; National Institutes of Health, Bethesda, MD, USA). The 
antibodies used for western blotting were as follows: CDC7 
(dilution 1:1,000; cat. no. sc-56275; Santa Cruz Biotechnology), 
TIMP2 (dilution 1:1,000; cat. no. CST-5738; Cell Signaling 
Technology, Danvers, MA, USA), E-cadherin (dilution 1:1,000; 
cat. no. CST-14472; Cell Signaling Technology) and α-tubulin 
(dilution 1:2,000; cat. no. PM054; MBL, Medical & Biological 
Laboratories, Nagoya, Japan).

Luciferase reporter assay. For the luciferase reporter assay, 
A549 cells were co-transfected with luciferase reporter 
plasmids and miR-888 mimics in 24-well plates. Cells were 
harvested 48 h after transfection. The luciferase reporter 
assay was performed using the Dual-Luciferase reporter assay 
system (Promega Corporation, Madison, WI, USA) according 
to the manufacturer's instructions.

Wound‑healing assay. Cell migration was assayed using a 
wound healing assay. A549 cells were transfected with the 
indicated molecules, such as miR-888 mimics, miR-888 
inhibitors and CDC7 siRNA. Forty-eight hours after transfec-
tion, A549 cells were seeded into 6-well plates. A scratch was 
generated in the cell monolayer using a 10-µl pipette tip after 
A549 cells had grown to a confluence of 80‑90%. Cells were 
gently washed three times with PBS to remove the cellular 
debris and incubated in serum-free DMEM. Wound areas were 
captured at the indicated time-points (0 and 24 h) using light 
microscopy, and the migration distance was quantified using 
the ImageJ 1.52a software program (NIH; National Institutes 
of Health).

Invasion assay. Cell invasion was assayed using 24-well 
Transwell chambers coated with 250 µg/ml Matrigel. A549 
cells were transfected with the indicated molecules, such 
as miR-888 mimics, miR-888 inhibitors and CDC7 siRNA. 
Forty-eight hours after transfection, a total of 1x104 cells in 
200 µl serum-free medium were added into the upper chamber, 
and 500 µl DMEM with 10% FBS was added to the lower well. 
After 24 h of incubation, the non-invaded cells on the upper 
chamber membrane were removed, and the invaded cells on 
the lower surface of the chamber membrane were fixed with 
4% paraformaldehyde and stained with 0.1% crystal violet. 
Cells were counted in five random fields using an inverted 
microscope. Each assay was repeated at least three times.

Cell proliferation assay. A549 cells were seeded into 96-well 
plates and treated with the indicated molecules, such as 
transfected with miR-888 mimics, miR-888 inhibitors, or 
cotransfected with miR-888 mimics and pcDNA3.1-CDC7. 
The effect of miR-888 on cell proliferation was measured 
by CellTiter 96® AQueous Non-Radioactive Cell Proliferation 
Assay (MTS) (Promega Corporation) according to the manu-
facturer's instructions.

Colony formation assay. For the colony formation assay, 
A549 cells after transfection were seeded in 6-well plates 
(5x102 cells/well). After incubation for 10 days, the colonies 
were washed three times with PBS and fixed with 4% para-
formaldehyde for 15 min, then stained with 0.1% crystal violet 
for 15 min. Visible cell colonies (ranging in number from 
65 to 362) were imaged and counted.

Statistical analysis. All statistical analyses were performed 
using the software GraphPad Prism 5 (GraphPad Software, 
Inc., La Jolla, CA, USA). Data are presented as the mean ± SD. 
The paired Student's t-test was used to compare the difference 
in paired lung adenocarcinoma tissue samples and adjacent 
non-tumor tissues obtained from the same patient, and other 
statistical analyses were conducted using unpaired Student's 
t-test for two comparisons. One-way analysis of variance 
(ANOVA) followed with Bonferroni post hoc test was used 
for three and more comparisons. All statistical tests were 
two-tailed. A P-value of <0.05 was considered to indicate a 
statistically significant difference.

Results

miR‑888 is upregulated in the tumors of patients with lung 
adenocarcinoma. To explore the biological function of 
miR-888 in lung adenocarcinoma, the expression levels of 
miR-888 in 38 pairs of lung adenocarcinoma tissues was 
detected. RT-qPCR revealed that the expression levels of 
miR‑888 in lung adenocarcinoma tissues were significantly 
higher than in adjacent non‑tumor tissues (median=0.427 
and 0.163 respectively, Fig. 1A; P<0.001). In addition, an 
increase in the level of miR‑888 was significantly associated 
with the clinical stage of patients. The results revealed that 
patients in advanced stages (stage III and IV, n=22) had a much 
higher miR‑888 expression (median=0.163, 0.330 and 0.498, 
respectively) than patients in early stages (stage I and II, n=16; 
P<0.001, P=0.0063, P<0.001, respectively; Fig. 1B). These 
results indicated that miR-888 may play a crucial role in lung 
adenocarcinoma progression.

Effect of miR‑888 on the proliferation of lung adenocarci‑
noma cells. To investigate the biological function of miR-888 
in the progression of lung adenocarcinoma, miR-888 was over-
expressed or silenced in A549 cells transfected with miR-888 
mimics and inhibitor. MTS assays were performed to assess 
the effect of miR-888 on lung adenocarcinoma cell prolif-
eration. The results revealed that overexpression of miR-888 
significantly inhibited the proliferation of A549 cells (Fig. 2A; 
miR‑888 mimics vs miR‑NC: P=0.0117, P=0.0158, P=0.0286; 
miR‑888 inhibitor vs miR‑NC: P=0.0187, P=0.0048, P=0.0165, 
respectively), while knockdown of miR-888 in A549 cells 
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revealed the opposite effect. In addition, colony formation 
assays also revealed that upregulation of miR-888 inhibited 
the colony formation capacity of A549 cells and knockdown 
of miR-888 promoted the colony formation capacity of 
A549 cells (Fig. 2B; P=0.0460, P=0.0305, respectively). 
Collectively, these results indicated that miR-888 suppressed 
the proliferation of lung adenocarcinoma cells.

Effect of miR‑888 on invasion and migration of lung adeno‑
carcinoma cells. To further assess the effect of miR-888 on the 
invasion and migration potential of A549 cells, Transwell and 
wound-healing assays were performed. As revealed in Fig. 3A, 
the Transwell assay revealed that overexpression of miR-888 
in A549 cells significantly increased the invasive abilities, 
while downregulation of miR-888 markedly decreased the 
invasive abilities (Fig. 3A; P=0.0028, P=0.0081, respectively). 
In addition, wound-healing assays revealed that overexpres-
sion of miR-888 in A549 cells significantly increased the 
wound-healing in the miR-888 mimic-transfected A549 cells 
after 24 h, while downregulation of miR-888 in A549 cells 
revealed the opposite effect (Fig. 3B, P=0.0439, P=0.0252, 
respectively). Collectively, these results demonstrated that 
overexpression of miR-888 promoted the invasion and 
migration of lung adenocarcinoma A549 cells.

miR‑888 downregulates CDC7 expression by targeting the 
CDC7 3'‑UTR. To further explore the mechanisms underlying 
miR-888-mediated inhibition of proliferation in lung adeno-
carcinoma A549 cells, four bioinformatics tools (miRanda, 
MirTarget2, PITA and RNA hybrid) in the miRecords data-
bases (http://c1.accurascience.com/miRecords/) were used to 
predict its potential target genes and focused on CDC7 as a 
potential target gene for miR-888. It has been reported that 
CDC7 was involved in the proliferation of cancer cells and 
can act as an oncogene in cancer progression (19-21). To vali-
date whether miR-888 could target CDC7, A549 cells were 
transfected with miR-888 mimics and miR-888 inhibitors. 
RT-qPCR was employed to ascertain the transfection effi-
ciency (Fig. 4A and D; P=0.0002, P=0.0219, respectively) and 
CDC7 expression. RT-qPCR and western blotting revealed that 
both the CDC7 mRNA and protein levels were significantly 
reduced following miR-888 overexpression (Fig. 4B and C; 

P=0.0218) whereas they were increased following miR‑888 
inhibition (Fig. 4E and F; P=0.0219).

To further assess whether CDC7 is a target of miR-888, 
luciferase reporter assays were performed. Wild-type (WT) 
CDC7 containing a full-length 3'-UTR, the 3'-UTR fragments 
‘A’, ‘B’ (containing one putative miR-888 target site, respec-
tively) and their mutants (Fig. 4G) were inserted downstream 
of the pMiR-Reporter vector to generate a series of reporter 
constructs. Each of these constructs was co-transfected with 
scrambled siRNA or miR-888 mimics. It was observed that 
miR‑888 mimics significantly decreased luciferase activity in 
cells transfected with the WT miR-888 binding site, but not in 
cells transfected with a construct containing the mutant CDC7 
3'‑UTR (Fig. 4H; P=0.0012, P=0.0119, P=0.0279, respectively). 
These results indicated that miR-888 downregulates CDC7 
expression by directly binding to the CDC7 3'-UTR.

CDC7 is required for miR‑888‑mediated inhibition of 
proliferation in lung adenocarcinoma A549 cells. To 
clarify whether miR-888 inhibited A549 cell proliferation 
by targeting CDC7, rescue experiments were performed. 
miR-888 mimics, and CDC7 overexpression plasmid 
without the 3'-UTR were co-transfected into A549 cells, 
and miR-888 inhibitor and small interfering RNAs targeting 
CDC7 (siCDC7) were co-transfected into A549 cells. MTS 
assays and western blotting revealed that overexpression of 
CDC7 abolished the miR-888‑mediated inhibition of prolif-
eration in A549 cells (Fig. 5A and C; P=0.0260, P=0.0035, 
respectively), while knockdown of CDC7 markedly attenu-
ated miR-888 inhibitor-mediated promotion of proliferation 
in A549 cells (Fig. 5B and D; P=0.0057, P=0.0015, respec-
tively). These results indicated that CDC7 was required for 
miR-888-mediated inhibition of proliferation in lung adeno-
carcinoma A549 cells.

Effect of CDC7 on invasion and migration of lung adeno‑
carcinoma cells. To clarify whether miR-888 promoted A549 
cell invasion and migration by targeting CDC7, the effect 
of CDC7 on cell invasion and migration was first assessed 
through gain- and loss-of-function experiments. CDC7 was 
overexpressed or silenced in A549 cells by transfection 
with pcDNA3.1-CDC7 and CDC7 siRNA. Transwell and 

Figure 1. miR-888 is upregulated in lung adenocarcinoma tissues. (A) Expression levels of miR-888 were assessed by RT-qPCR in 38 paired lung adenocar-
cinoma tissues. (B) The expression levels of miR‑888 were significantly higher in patients with advanced stage (stage III and IV, n=22) than in patients with 
early stage (stage I and II, n=16). **P<0.01; ***P<0.001.
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wound-healing assays were performed to explore the effects 
of CDC7 on invasion and migration in A549 cells. The results 

revealed that overexpression of CDC7 promoted the inva-
sion and migration of A549 cells (Fig. 6A and B; P=0.0319, 

Figure 2. Effect of miR-888 on the proliferation of lung adenocarcinoma A549 cells. (A) The effect of miR-888 on the proliferation in A549 cells was assessed 
by MTS assays at different time-points. (B) The effect of miR-888 on the proliferation in A549 cells was assessed by colony formation assays. Data are 
presented as the mean ± SD. (n≥3). *P<0.05; **P<0.01.

Figure 3. Effects of miR-888 on the invasion and migration of lung adenocarcinoma A549 cells. (A) The effect of miR-888 on the invasion in A549 cells was 
assessed by Transwell assays. The number of invaded cells were counted and compared in the right diagram. (B) The effect of miR-888 on the migration 
in A549 cells was assessed by wound-healing assays. The relative distances were calculated and compared in the right diagrams. Data are presented as the 
mean ± SD. (n=3). *P<0.05; **P<0.01.
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P=0.0219, respectively), and downregulation of CDC7 
revealed the opposite effects (Fig. 6A and B; P=0.0463, 
P=0.0355, respectively). These results indicated that the 

miR-888/CDC7 axis was not the dominant pathway driving 
the regulation of cell migration and invasion via miR-888 in 
A549 cells.

Figure 5. CDC7 is required for miR-888-mediated inhibition of proliferation of lung adenocarcinoma A549 cells. (A and B) A549 cells were co-transfected 
with (A) miR-888 mimics and CDC7 expression plasmids, and (B) A549 cells were co-transfected with miR-888 inhibitor and CDC7 siRNA. MTS assays 
were performed to detect cell proliferation in each group. (C and D) The protein expression of CDC7 in A549 cells with different treatments was assessed by 
western blotting. Data are presented as the mean ± S00D. (n=3). *P<0.05; **P<0.01. CDC7, cell division cycle 7. 

Figure 4. miR‑888 downregulates the expression of CDC7 by targeting the CDC7 3'‑UTR. Ascertainement of the transfection efficiency of (A) upregulated 
or (D) downregulated miR-888 expression in A549 cells by RT-qPCR. RT-qPCR analysis of the mRNA level of CDC7 in A549 cells transfected with 
(B) miR-888 mimics or (E) miR-888 inhibitor. Western blot analysis of CDC7 expression in A549 cells transfected with (C) miR-888 mimics or (F) miR-888 
inhibitor. (G) Schematic of the predicted miR-888 binding sequences in the CDC7 3'-UTR and in the mutant ‘A’ and ‘B’ CDC7 3'-UTR fragments. (H) Relative 
luciferase activities of the reporter plasmids in A549 cells. Data are presented as the mean ± SD. (n=3). *P<0.05; **P<0.01; ***P<0.001. CDC7, cell division 
cycle 7; 3' UTR, 3'-untranslated region.
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Figure 6. Effects of CDC7 on the invasion and migration of lung adenocarcinoma A549 cells. (A) The effect of CDC7 on the invasion in A549 cells was 
assessed by Transwell assays. The number of invaded cells were counted and compared in the diagrams. (B) The effect of CDC7 on the migration in A549 
cells was assessed by wound‑healing assays. The relative distances were calculated and compared in the diagrams. Data are presented as the mean ± SD. (n=3). 
*P<0.05. CDC7, cell division cycle 7.

Figure 7. miR-888 promotes invasion and migration of lung adenocarcinoma cells by targeting E-cadherin and TIMP2. (A) A549 cells were transfected 
with miR-888 mimics or miR-888 inhibitor, and the relative protein levels of E-cadherin and TIMP2 were detected by western blot analysis. (B) Predicted 
binding sites of miR-888 in wild-type 3'-UTRs of E-cadherin and TIMP2, and mutant 3'-UTRs of E-cadherin and TIMP2. (C) Relative luciferase activities 
of the reporter plasmids in A549 cells. (D) A549 cells were co-transfected with miR-888 inhibitor and E-cadherin siRNA, and A549 cells were co-trans-
fected with miR-888 inhibitor and TIMP2 siRNA. Transwell assays were performed. The number of invaded cells were counted and compared in the right 
diagrams. (E) Wound-healing assays were performed. The relative distances were calculated and compared in the right diagrams. (F) The protein expression 
of E‑cadherin and TIMP2 in A549 cells with different treatments was assessed by western blotting. Data are presented as the mean ± SD. (n=3). *P<0.05; 
**P<0.01. TIMP2, tissue inhibitor of metalloproteinase 2; 3'-UTRs, 3'-untranslated regions.
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miR‑888 promotes invasion and migration of lung adeno‑
carcinoma cells by targeting E‑cadherin and TIMP2. 
E-cadherin and TIMP2 have been reported to be targets of 
miR-888 to promote invasion and migration in breast cancer 
cells and prostate cancer cells respectively (15,16). Thus, it 
was speculated that miR-888-induced invasion and migration 
may be linked to E-cadherin and TIMP2. To demonstrate 
this hypothesis, a series of experiments were performed. The 
protein expression of E-cadherin and TIMP2 in A549 cells 
transfected with miR-888 mimics and inhibitor was first 
assessed using western blotting assay. The results revealed that 
overexpression of miR-888 in A549 cells reduced the protein 
levels of E-cadherin and TIMP2 and knockdown of miR-888 
increased the expression of E-cadherin and TIMP2 in A549 
cells (Fig. 7A; P=0.0402, P=0.0320, P=0.0019, P=0.0182, 
respectively). To further assess if miR-888 directly targeted 
E-cadherin and TIMP2, the putative binding site of miR-888 
was predicted and luciferase reporter assays were performed 
to ascertain the prediction (Fig. 7B). Luciferase reporter assays 
revealed that miR‑888 mimics significantly decreased lucif-
erase activity in cells transfected with the wild-type miR-888 
binding site, but not in cells transfected with a construct with 
the mutant miR‑888 binding site, (Fig. 7C; P=0.0154, P=0.0309, 
P=0.0026, P=0.0024, respectively). It was next assessed 
whether miR-888 induced invasion and migration in A549 cells 
by targeting E-cadherin and TIMP2, by performing rescue 
experiments. miR-888 inhibitor and small interfering RNAs 
targeting E-cadherin (siE-cadherin) or TIMP2 (siTIMP2) were 
co-transfected into A549 cells. Transwell and wound-healing 
assays revealed that knockdown of E-cadherin markedly 
attenuated miR-888 inhibitor-mediated suppression of inva-
sion and migration in A549 cells (Fig. 7D and E; P=0.0085, 
P=0.0146, respectively). Similar results were observed in 
A549 cells co-transfected with miR-888 inhibitor and TIMP2 

siRNA (Fig. 7D and E, right panel; P=0.0294, P=0.0341, 
respectively). In addition, western blotting was performed to 
detect the expression of E-cadherin and TIMP2 in A549 cells 
co-transfected with miR-888 inhibitor and small interfering 
RNAs targeting E-cadherin or TIMP2 (Fig. 7F). The data indi-
cated that miR-888 promoted invasion and migration of lung 
adenocarcinoma cells by targeting E-cadherin and TIMP2.

CDC7 is upregulated in the tumors of patients with lung 
adenocarcinoma. Our data revealed that ectopic expression 
of miR-888 in A549 cells exhibited a tumor suppressive func-
tion by targeting CDC7, while ectopic expression of miR-888 
in A549 cells exhibited an oncogenic function by targeting 
E-cadherin and TIMP2. Furthermore, our data revealed that 
miR-888 was upregulated in the tumors of patients with lung 
adenocarcinoma and markedly associated with clinical stage 
progression in patients. Given that CDC7 plays a critical role 
in ‘overexpression of miR-888 as a double-edged sword in 
the progression of A549 cells’, the expression of CDC7 in 38 
pairs of lung adenocarcinoma tissues was detected to investi-
gate the role of miR-888 in the tumors of patients with lung 
adenocarcinoma. IHC results revealed that the protein level of 
CDC7 was high in lung adenocarcinoma tissues but was low 
or undetectable in normal lung tissues (Fig. 8A). Furthermore, 
quantitation data of the IHC score revealed that the protein 
expression level of CDC7 was high in lung adenocarcinoma 
tissues (Fig. 8B; P<0.001), however, the expression of CDC7 
was not associated with clinical stage in patients (Fig. 8C). 
Similar results were observed from UALCAN (http://ualcan.
path.uab.edu/), an online database which performs in-depth 
analyses of TCGA gene expression data (Fig. 8D; P<0.001). 
Collectively, our data indicated that the miR-888/CDC7 
axis did not work in the tumors of patients with lung 
adenocarcinoma.

Figure 8. CDC7 is upregulated in lung adenocarcinoma tissues. (A) Representative microphotographs of CDC7 staining in lung adenocarcinoma tissues and 
adjacent non-tumor tissues, as detected by IHC. (B) The IHC score of CDC7 was determined in lung adenocarcinoma and matched adjacent non-tumor tissues. 
(C) Expression levels of CDC7 in patients with early stage (stage I and II, n=16) and advanced stage (stage III and IV, n=22). (D) Boxplot revealing the relative 
expression of CDC7 in normal and lung adenocarcinoma tissues from TCGA database. ***P<0.001. CDC7, cell division cycle 7; IHC, immunohistochemistry. 
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Discussion

Accumulating evidence has demonstrated that dysregula-
tion of miRNAs (microRNAs) plays essential roles in the 
development and progression of cancers, such as lung 
cancer (22). However, the molecular mechanisms of miRNAs 
that contribute to lung cancer progression have not been 
fully elucidated. miR-888 was revealed to be upregulated in 
several tumors such as colorectal cancer, endometrial cancers 
and an MCF-7 side population of human breast cancer 
cells (10,11,15). Consistent with previous studies, the present 
study study revealed that the expression of miR-888 was 
significantly upregulated in lung adenocarcinoma samples 
than in matched non-tumor tissues. Moreover, its expression 
was asscoiated with the pathologic stage. These findings 
indicated that miR-888 may function as an oncogene in the 
progression of lung adenocarcinoma.

It has been reported that the targets of miRNA are vital 
to the function of miRNA in cells, and one miRNA usually 
targets multiple genes. Therefore, a miRNA may function 
as an oncogene or tumor suppressor gene depending on the 
type of target gene and the gene expression patterns on the 
tissue and the cell type. For instance, Chen et al reported that 
miR-766 attenuated cell cycle progression of renal cell carci-
noma (RCC) cells by downregulating SF2 expression (23), 
while Yang et al reported that miR-766 promoted the prolif-
eration and metastasis of hepatocellular carcinoma (HCC) 
cells by directly decreasing the NR3C2 expression (24). 
miR-888 has been reported to function as an oncogene in 
the progression of several cancers. For example, Gao et al 
reported that miR-888 functioned as an oncogene and 
predicted poor prognosis in colorectal cancer (11). Huang et al 
reported that miR-888 promoted cell migration and invasion 
in breast cancer by targeting E-cadherin (15). Lewis et al 
reported that miR-888 promoted cell proliferation in prostate 
cancer by targeting RBL1 and SMAD4 (13). Hasegawa et al 
reported that miR-888 promoted cell migration and invasion 
in prostatic cancer by targeting tissue inhibitor of metallo-
proteinase 2 (TIMP2) (16). However, the role of miR-888 has 
never been reported in lung adenocarcinoma. In this study, the 
results revealed that ectopic expression of miR-888 functioned 
as a double-edged sword in the progression of lung adeno-
carcinoma A549 cells. On the one hand, ectopic expression 
of miR-888 not only promoted the migration and invasion of 
lung adenocarcinoma cells by targeting E-cadherin or TIMP2, 
but also inhibited the migration and invasion of lung adeno-
carcinoma cells by targeting CDC7. Finally, the function of 
miR-888 as a promoter in the migration and invasion of lung 
adenocarcinoma cells suggested that the miR-888/CDC7 axis 
was not the dominant pathway driving the regulation of cell 
migration and invasion via miR-888. This result was consis-
tent with the role of miR-888 in colorectal, breast and prostate 
cancer (11,14,16).

On the other hand, ectopic expression of miR‑888 signifi-
cantly inhibited the proliferation of lung adenocarcinoma cells 
by targeting CDC7, while previous studies in colorectal and 
prostate cancer indicated that miR-888 promoted cellular 
proliferation by targeting multiple targets (11,13). These 
distinct results may indicate that miR-888 regulates cell 
proliferation depending on the type of cancer cell or the gene 

expression patterns on the tissue and the cell type. CDC7 is a 
conserved serine-threonine kinase which plays a crucial role 
in the initiation of DNA replication (25,26). Thus, miR-888 
may exert its inhibitory effect on cell proliferation by blocking 
CDC7-mediated initiation of DNA synthesis and by inducing 
G1 arrest. In addition, accumulating data has indicated that 
CDC7 is overexpressed in many human cancers and tumor 
cell lines, but has low or undetectable expression in normal 
tissues and cell lines (19,27) and the overexpression of CDC7 
was revealed to be associated with advanced clinical tumor 
stages, poor survival and chemoresistance (21,28). Therefore, 
ectopic expression of miR-888 revealed a tumor suppressive 
function by targeting CDC7 in A549 cells. However, our 
results revealed that both miR‑888 and CDC7 were signifi-
cantly upregulated in lung adenocarcinoma samples indicating 
that other potential pathways may involve regulation of CDC7 
in lung adenocarcinoma patients, and that the miR-888/CDC7 
axis was not the dominant pathway for CDC7 regulation in 
patients with lung adenocarcinoma. Furthermore, rescue 
experiments demonstrated that overexpression of CDC7 
abolished tumor suppressive function of miR-888 in A549 
cells (Fig. 5A). Thus, the aforementioned results provided 
evidence that miR-888 may function as an oncogene in the 
progression of lung adenocarcinoma patients.

There are several limitations in the present study when 
interpreting these results. First, our sample size was small, 
in order to increase the accuracy of the conclusion, increased 
sample sizes are required. Second, the mechanism underlying 
the regulation of CDC7 in lung adenocarcinoma patients 
may be complex and may involve cross-interactions of other 
signaling pathways, which requires further investigation. 
Thirdly, further studies are warranted to identify the roles 
miR-888 in the progression of lung cancer through animal 
model studies.

In conclusion, our results revealed that ectopic expression 
of miR-888 in A549 cells functioned as a double-edged sword 
in the progression of lung adenocarcinoma cells by targeting 
multiple targets. In addition, ectopic expression of miR-888 
significantly inhibited the proliferation of lung adenocar-
cinoma cells by targeting CDC7; on the other hand, ectopic 
expression of miR-888 promoted the migration and inva-
sion of lung adenocarcinoma cells by targeting E-cadherin 
and TIMP2. Furthermore, both miR-888 and CDC7 were 
upregulated in tumor tissues of patients with lung adenocarci-
noma. Thus, our data demonstrated that miR-888 functioned 
as an oncogene in the progression of lung adenocarcinoma 
and may shed light on the therapeutic strategies for lung 
adenocarcinoma treatment.
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