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sses cell growth of lung
adenocarcinoma by regulating ras homolog family member A (RhoA)
and Rho/Rho associated protein kinase (Rho/ROCK) pathway
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Abstract
Background: Microribose nucleic acids (miRNAs) are implicated in the progression of lung adenocarcinoma. MicroRNA-345-5p
(miR-345-5p) is a recently identified anti-oncogene in some human cancers, but its functional role and possible molecular
mechanism in lung adenocarcinoma remain unknown. This study aimed to identify the biological function and underlying
mechanism of miR-345-5p in lung adenocarcinoma cells.
Methods: In this study, lung adenocarcinoma tissues and adjacent tissues were collected in the First Affiliated Hospital of Anhui
Medical University between April 2016 and February 2017. The expression of miR-345-5p and ras homolog family member A
(RhoA) in lung adenocarcinoma tissues and human lung adenocarcinoma cell lines (A549, H1650, PC-9, and H441) was detected
by reverse transcription quantitative polymerase chain reaction analysis. Functional assays including colony formation, flow
cytometry analysis, wound healing, and transwell assays were performed to assess the proliferation, apoptosis, migration, and
invasion of lung adenocarcinoma cells. In addition, RNA pulldown and luciferase reporter assays were conducted to evaluate the
relationship between miR-345-5p and RhoA. Difference between the two groups was analyzed with Student’s t test, while that
among multiple groups was analyzed with one-way analysis of variance.
Results:MiR-345-5p expression displayed lower level in lung adenocarcinoma tissues (0.241 ± 0.095 vs.1.000 ± 0.233, t = 19.247,
P < 0.001) and cell lines (F = 56.992, P < 0.001) than control tissues and cells. Functional experiments demonstrated that
upregulation of miR-345-5p inhibited the malignant phenotypes of lung adenocarcinoma cells via suppressing cell proliferation,
migration, invasion, and facilitating cell apoptosis. Additionally, RhoA was verified to be the downstream target of miR-345-5p.
Expression of RhoA was downregulated by overexpression of miR-345-5p in PC-9 (0.321 ± 0.047 vs. 1.000 ± 0.127, t = 8.536,
P< 0.001) and H1650 (0.398 ± 0.054 vs. 1.000 ± 0.156, t = 4.429, P = 0.011) cells. Rescue assays revealed that overexpression of
RhoA rescued the suppressive effects of miR-345-5p upregulation on proliferation, migration, and invasion of lung adenocarcinoma
cells. Further, miR-345-5p was found to regulate the Rho/Rho-associated protein kinase (ROCK) signaling pathway by
downregulation of RhoA in lung adenocarcinoma cells.
Conclusions: MiR-345-5p plays a tumor suppressor role in lung adenocarcinoma cells by downregulating RhoA to inactivate the
Rho/ROCK pathway.
Keywords:MicroRNA-345-5p; Lung adenocarcinoma; Ras homolog family member A (RhoA); Rho/Rho-associated protein kinase
(ROCK)
Introduction

Lung cancer accounts for the highest proportion of cancer
morbidity and mortality in the world, and about 90% of
lung cancer-related deaths are caused by metastasis.[1,2]

Lung cancer can be divided into two categories, small
cell lung carcinoma and non-small cell lung carcinoma
(NSCLC). Lung adenocarcinoma is the significant histo-
logical subtype of NSCLC with high metastasis rate.[3]
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Although multiple diagnosis and treatment options have
been developed in the past few years, the 5-year survival
rate of lung adenocarcinoma is 15%.[4] Fortunately,
emerging evidence has suggested the association between
microRNAs (miRNAs) and the initiation and development
of lung adenocarcinoma. Therefore, further research
regarding the molecular mechanism underlying lung
adenocarcinoma is urgently needed to improve the
treatment of lung adenocarcinoma.
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MiRNAs are small non-coding RNAs of about 21 to 25
nucleotides that exert crucial functions in translational
suppression or post-transcriptional mRNA degradation.[5]

Dysregulated miRNAs are involved in a variety of
biological cellular processes in cancers, such as cell
stemness, differentiation, and epithelial-mesenchymal
transition (EMT) process.[6-9] In addition, many studies
indicated that miRNAs are implicated in lung adenocarci-
noma cell self-renewal,[10] metastasis,[11] and chemo-
resistance.[12] It was reported that by mediating the
hedgehog signaling, miR-182-5p targets gliotactin family
zinc finger 2 to modulate chemosensitivity of cisplatin-
resistant lung adenocarcinoma cells.[13] MiR-629-5p
contributes to the invasive capacity of lung adenocarcino-
ma by promoting the permeability of endothelial cells.[14]

MicroRNA-345-5p (miR-345-5p) expression is at a
high level in the serum of prostate cancer patients, and
serves as an oncogenic gene to promote cell migration.[15]

On the other hand, miR-345-5p serves as a tumor
suppressor to inhibit migration and EMT process of
gastric cancer cells.[16] Additionally, miR-345-5p is
underexpressed in pancreatic cancer and directly targets
C-C motif chemokine ligand 8 to suppress cell prolifera-
tion and invasion.[17] These results signified that miR-345-
5p has different biological functions in human carcinomas.
Nonetheless, the function and underlying molecular
mechanism of miR-345-5p in lung adenocarcinoma has
not been studied.

Herein, we endeavored to identify the biological function
and underlying mechanism of miR-345-5p in lung
adenocarcinoma cells.
Methods

Ethical approval

This study was approved by Medical Ethics Committee of
the First Affiliated Hospital of Anhui Medical University
(No. 2019-022). We conducted all the experiments in
conformity with relevant guidelines. Prior to the collection
of specimens, the patients or their guardians had agreed to
use the lung adenocarcinoma tissues for research. Written
informed consents were signed by all participants.
Clinical specimens

Thirty-five specimens of lung adenocarcinoma tissues were
collected from patients (21 males and 14 females, aged
from 22 to 68 years, with an average age of 44.1 ± 12.0
years) who were pathologically diagnosed with lung
adenocarcinoma and underwent resection of lung adeno-
carcinoma tumors in the First Affiliated Hospital of Anhui
Medical University between April 2016 and February
2017. Sample size was determined using G power for
power analysis. The tumor adjacent tissues were located no
less than three centimeters away from the lung adenocar-
cinoma tissues. None of the patients received any pre-
operative treatments prior to surgery. The collected
specimens were instantly frozen in liquid nitrogen and
stored at �80°C for further utilization.
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Cell culture and treatment

Cell Bank of the Chinese Academy of Sciences (Shanghai,
China) provided the human lung adenocarcinoma cell lines
(A549, H1650, PC-9, and H441) and a normal human
bronchial epithelial cell line (BEAS-2B). The above-
mentioned cells were incubated in Roswell Park Memorial
Institute (RPMI) 1640 medium (Invitrogen, Carlsbad, CA,
USA) supplementedwith 1/10 fetal bovine serum (FBS) in a
humidified atmosphere (5% CO2, 37°C). Cell transfection
was performed using Lipofectamine 2000 transfection
reagent (Invitrogen). MiR-345-5p mimics are chemically
synthesized to enhance endogenousmiR-345-5p functions.
MiR-345-5p inhibitor is chemically modified to specifically
target miR-345-5p and weaken the gene silencing effects of
endogenous miR-345-5p. Commercially obtained plas-
mids including miR-345-5p mimics (GCUGACUCCUA-
GUCCAGGGCUC), negative control (NC) mimics, miR-
345-5p inhibitor (GCUGACUCCUAGUCCAGGGCUC),
NC inhibitor, empty pcDNA3.1, and pcDNA3.1/ras
homolog family member A (RhoA) (RiboBio, Guangzhou,
China) were transfected into lung adenocarcinoma cells for
48 h as per the product manuals. Some cells were treated
with 1mmol/L of CCG-1423 (formula: C18H13ClF6N2O3),
the RhoA inhibitor, for 48 h.
Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) analysis

TRIzol reagent (Invitrogen) was applied for the extraction
of total RNA from tissues and cells. Based on the
PrimeScript RT reagent Kit (Takara, Kyoto, Japan),
reverse transcription was conducted. A SYBR Prime Script
RT-PCR Kit (Takara) was applied for RT-qPCR on a
StepOnePlus System (Applied Biosystems, Waltham, MA,
USA). The expression levels of miR-345-5p and RhoA
were calculated with the 2�DDCt method. The primer
sequences were presented as below: miR-345-5p, F: 50-
TGAGGGGCAGAGAGCGAGACTTT-30, R: 50-CTCAA-
CTGGTGTCGTGGA-30; RhoA, F: 50-TCGAGGTGG-
ATGGAAAGCAG-30, R: 50-CACAAGACAAGGCA-
CCCAGA-30; U6, F: 50-CTCGCTTCGGCAGCACA-30,
R: 50-AACGCTTCACGAATTTGCGT-30; glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), F: 50-AACG-
GATTTGGTCGTATTG-30, R: 50-GGAAGATGGTGA-
TGGGATT-30. All reactions were performed as follows:
94°C, 60 s; 94°C, 30 s; 60°C, 30 s; 72°C, 60 s; 40
cycles. GAPDH and U6 were used as the endogenous
references.
Colony formation assay

Pancreatic enzyme digestion was used to isolate the cells
which were incubated in RPMI 1640 medium. Subse-
quently, cells (1 � 103 cells/well) were plated into 6-well
plates and cultivated with 5% CO2 at 37°C. The
cultivation was terminated after observing visible cell
clones. After the cells were washed and dehydrated, they
were immobilized with methanol, and dyed with violet.
Finally, five fields were randomly selected and ImageJ
(National Institutes of Health, Bethesda, MD, USA) was
used to calculate the number of colonies.
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5-Ethynyl-20-deoxyuridine (EdU) pulse-chase incorporation

Cell proliferation was measured by the EdU assay using the
Cell-Light EdU DNA Cell Proliferation Kit (RiboBio). The
transfected cells were cultured in 30-mm Petri dishes to a
normal growth stage. In accordance with the product
manuals for a Click-iTTM EdU flow cytometry kit
(Invitrogen), cell immobilization, permeabilization, and
EdU test were conducted. Finally, ten fields of each dish
were randomly selected for counting EdU-labelled cells
and calculating the percentage.

Transwell assay

Cell invasive capability was detected by a transwell
invasion assay. As instructed by the supplier, cells were
inoculated into the upper chambers which were coated
with Matrigel and supplemented with 200 mL of serum-
free medium. As to that of the lower chambers, RPMI 1640
containing 1/10 FBS was added. Twenty-four hours after
cultivation, 4% paraformaldehyde and crystal violet were
separately used to immobilize and stain the cells for 10
min. Finally, the invaded cells were observed and counted.
Wound healing assay

Cells were cultured in RPMI 1640 containing 1/10 FBS.
After cultivating for 24 h, a sterile plastic 200 mL
micropipette tip was used to scratch the monolayer. Then,
the monolayer was washed, and incubated in serum-free
RPMI 1640. At 0 and 24 h, a low-magnification
fluorescence microscope (Olympus IX71, Tokyo, Japan)
was applied to photograph the cells. AlphaEase FC
(Version 4.0, Alpha Innotech, San Francisco, CA, USA)
was adopted to measure the widths of the wound lines.
Flow cytometry analysis

Cell apoptosis was detected by an annexin V/propidium
iodide (PI) kit (BD Bioscience, Hercules, NJ, USA). Before
flow cytometry analysis was carried out, cells were
transfected and cultured in a six-well plate. Forty-eight
hours later, the digested cells were dyed using annexin V-
fluorescein isothiocyanate from a cell apoptosis kit (BD
Bioscience), and the apoptotic rate was analyzed using a
flow cytometer.

Bioinformatics analysis

Based on the PITA (http://genie.weizmann.ac.il/pubs/
mir07/mir07_data.html) and PicTar (https://pictar.mdc-
berlin.de/) online databases which predict potential targets
of miR-345-5p, 23 mRNAs were identified. Among the 23
targets, family with sequence similarity 126 member B
(FAM126B), RhoA, kelch domain containing ten
(KLHDC10), family with sequence similarity 214 member
B (FAM214B) were found to bind with miR-345-5p based
on RNA pulldown assay.

Luciferase reporter assay

Luciferase reporter assays were conducted to explore
whether miR-345-5p directly targets RhoA 30-untranslated
regions (30-UTRs). Mutant (Mut) and wild-type (WT)
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sequences of RhoA 30-UTR were amplified and subcloned
into the pmirGLO luciferase reporter vectors (Promega,
Madison, WI, USA). Cotransfection of RhoA 30-UTR WT
vector or Mut vector and miR-345-5p mimics or NC
mimics into PC-9 and H1650 cells was performed using
Lipofectamine 2000 transfection reagent (Invitrogen). A
Dual-Luciferase Reporter Assay System (Promega) was
utilized to examine the luciferase activity.

Western blot analysis

Lung adenocarcinoma cells were harvested and extracted
using radioimmunoprecipitation assay buffer (Beyotime
Biotechnology, Shanghai, China). The extracted cells were
boiled in loading buffer, and then 12% to 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gelswere
used to separate the equal amount of cell extracts. Then, the
isolated protein samples were transferred onto the polyvi-
nylidenefluoridemembranes. According to the instructions,
the membranes were cultivated with the primary antibodies
at 4°Covernight, followed by secondary antibodies at room
temperature for 2 h. An enhanced chemiluminescence
Western blot detection kit was adopted to visualize the
immunoreactive bands based on the kit instructions. The
GAPDH antibody was utilized for normalization. The
primary antibodies are exhibited as follows: RhoA (Abcam,
Cambridge, UK, ab54835); rho associated coiled-coil
containing protein kinase 1 (ROCK1, Abcam, ab45171);
rho associated coiled-coil containing protein kinase 2
(ROCK2, Abcam, ab71598); GAPDH (Abcam, ab8245).
RNA pulldown assay

Lung adenocarcinoma cells were lysed in radio immunopre-
cipitation assay lysis buffer and cultured with biotinylated
miR-345-5p probes or non-biotinylated miR-345-5p probes
for 1 h at 4°C. Streptavidin magnetic beads were added for
harvesting the pull-down compounds, which were then
subjected to RT-qPCR analysis for enrichment detection.
Statistical analysis

We used the SPSS 20.0 (St Louis, MO, USA) for the
statistical analysis. Data are exhibited as the mean ±
standard deviation from at least three independent assays.
Levene test was used for homogeneity of variance test, and
Shapiro-Wilk test was used for normal distribution test. All
data are normally distributed. Comparison between two
groups was conducted with Student’s t test, and one-way
analysis of variance followed by Dunnett post hoc test or
Tukey post hoc test was adopted for comparison among
multiple groups. Spearman correlation analysis was applied
to analyze the expression correlation between miR-345-5p
and RhoA in lung adenocarcinoma tissues. P < 0.05 was
regarded to indicate a statistically significant difference.
Results

Upregulated miR-345-5p suppresses cell proliferation in
lung adenocarcinoma

We first detected the expression status of miR-345-5p in 35
lung adenocarcinoma tissues and tumor adjacent tissues by

http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html
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RT-qPCR. The data manifested that miR-345-5p expres-
sion was downregulated in lung adenocarcinoma tissues
relative to the tumor adjacent tissues (0.241 ± 0.095 vs.
1.000 ± 0.233, t = 19.247, P < 0.001; Figure 1A). Next,
we tested the expression of miR-345-5p in normal human
BEAS-2B and four human lung adenocarcinoma cell lines
(A549, PC-9, H1650, and H441). Results of RT-qPCR
revealed the lower miR-345-5p expression in lung
adenocarcinoma cells than that in BEAS-2B cells (all P
< 0.001; Figure 1B). As presented in Figure 1C, miR-345-
5p expression was increased in PC-9 (11.152 ± 1.362 vs.
1.000 ± 0.122, t = 9.701, P = 0.010) and H1650 (14.958
± 1.721 vs. 1.000 ± 0.109, t = 27.613, P < 0.001) cells
Figure 1: MiR-345-5p expression displayed low levels in human lung adenocarcinoma tissu
conducted to examine the expression of miR-345-5p in 35 lung adenocarcinoma tissues and tu
(A549, PC9, H1650 and H441) and in normal human BEAS-2B were detected by RT-qPCR. (C) E
qPCR analysis. (D, E) Colony formation assay measured the effects of miR-345-5p overexpression
was determined by EdU assay in PC-9 and H1650 cells transfected with NC mimics or miR-345-5
vs. NC mimics. BEAS-2B: Bronchial epithelium transformed with Ad12-SV40 2B; DAPI: 40,6-diam
Negative control; RT-qPCR: Reverse transcription quantitative polymerase chain reaction.
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after transfection of miR-345-5p mimics. Subsequently, we
tested the effects of miR-345-5p overexpression on the
proliferation and apoptosis of PC-9 and H1650 cells.
Colony formation assay revealed that the number of
colonies derived from PC-9 (47.684 ± 6.892 vs. 103.446
± 12.132, t = 5.666, P = 0.005) and H1650 (36.251 ±
6.328 vs. 95.783 ± 8.174, t = 24.267, P< 0.001) cells was
markedly decreased upon miR-345-5p upregulation
[Figure 1D and 1E]. Moreover, EdU assay demonstrated
that miR-345-5p mimics significantly reduced the percent
of EdU positive PC-9 (23.174 ± 3.166 vs. 54.173 ± 5.479,
t = 9.769, P < 0.001) and H1650 (19.230 ± 2.053 vs.
51.325 ± 6.331, t = 10.750, P < 0.001) cells [Figure 1F].
es and cell lines and inhibited lung adenocarcinoma cell proliferation. (A) RT-qPCR was
mor adjacent tissues. (B) MiR-345-5p expression levels in lung adenocarcinoma cell lines
xpression of miR-345-5p in cells transfected with miR-345-5p mimics was assayed by RT-
on the number of colonies formed by PC-9 and H1650 cells. (F) Percent of EdU positive cells
p mimics.

∗
P< 0.001 vs. adjacent tissues; †P< 0.001 vs. BESA-2B; ‡P< 0.05, xP< 0.001

idino-2-phenylindole; EdU: 5-Ethynyl-20-deoxyuridine; miR-345-5p: MicroRNA-345-5p; NC:
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Upregulation of miR-345-5p promotes cell apoptosis
whereas restrains cell migration and invasion in lung
adenocarcinoma

Next, we measured the effects of miR-345-5p over-
expression on apoptosis, migration, and invasion of PC-
9 and H1650 cells. Upregulated miR-345-5p significantly
increased the percent of apoptotic PC-9 ([2.550 ±
0.421]% vs. [14.931 ± 2.653]%, t = 12.287, P <
0.001) and H1650 ([3.112 ± 0.655]% vs. [16.507 ±
3.052]%, t = 10.409, P < 0.001) cells [Figure 2A]. The
results of wound healing assay illuminated that miR-345-
5p mimics suppressed the migratory capacities of PC-9
([21.272 ± 3.559]% vs. [54.511 ± 6.859]%, t = 6.823, P
= 0.002) and H1650 ([32.831 ± 4.557]% vs. [67.508 ±
6.532]%, t = 6.567, P = 0.003) cells [Figure 2B and 2C].
Additionally, the decreased numbers of invaded PC-9
(22.315 ± 4.736 vs. 46.325 ± 7.026, t = 33.755, P <
0.001) and H1650 (19.774 ± 5.936 vs. 52.115 ± 7.849,
t = 6.538, P = 0.003) cells were caused by upregulated
expression of miR-345-5p [Figure 2D].
RhoA serves as a direct downstream target of miR-345-5p

We searched the potential mRNAs for miR-345-5p using
PITA and PicTar online websites to clarify the underlying
molecular mechanisms of miR-345-5p in lung adenocarci-
noma cells. As a result, 23 miRNAs were identified
[Figure 3A]. RNA pulldown assay was performed in PC-9
and H1650 cells, and the results revealed that FAM126B
(PC-9: t = 84.002, P < 0.001; H1650: t = 135.239, P <
Figure 2: Effects of miR-345-5p upregulation on cell apoptosis, migration, and invasion. (A) F
transfection of NC mimics or miR-345-5p mimics. (B, C) Cell migratory capacity upon miR-345-
revealed the cell invasive ability when miR-345-5p expression was upregulated.

∗
P < 0.001, †P

NC: Negative control; PI: Prodium iodide.
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0.001), RhoA (PC-9: t = 61.342, P < 0.001; H1650: t =
176.868, P < 0.001), KLHDC10 (PC-9: t = 76.838, P <
0.001; H1650: t = 44.259, P < 0.001), and FAM214B
(PC-9: t = 229.665, P < 0.001; H1650: t = 295.480, P <
0.001) presented significant enrichment in miR-345-5p
probe-biotin group [Figure 3B]. RhoA was upregulated in
lung adenocarcinoma cell lines (all P< 0.001), while other
mRNAs (P > 0.05) exhibited no significant expression
difference in most of the cell lines [Figure 3C]. RhoA was
also upregulated in lung adenocarcinoma tumor tissues
(4.053 ± 0.354 vs. 1.000 ± 0.252, t = 33.133, P < 0.001;
Figure 3D). Additionally, we detected the influence of miR-
345-5p overexpression on RhoA expression, and found
that RhoA was downregulated in PC-9 (0.321 ± 0.047 vs.
1.000 ± 0.127, t = 8.536, P< 0.001) and H1650 (0.398 ±
0.054 vs. 1.000 ± 0.156, t = 4.429, P = 0.044) cells after
transfection of miR-345-5p mimics [Figure 3E]. The
predicted binding sequences of miR-345-5p and RhoA
were presented in Figure 3F. Based on the data from
luciferase reporter assay, luciferase activity of RhoA-WT
vector in PC-9 (0.492 ± 0.051 vs. 1.000 ± 0.136, t =
33.469, P < 0.001) and H1650 cells (0.411 ± 0.047 vs.
1.000 ± 0.164, t = 16.000, P < 0.001) was significantly
reduced after transfection of miR-345-5p mimics, while no
significant difference was found in luciferase activity of
RhoA-Mut plasmids (P > 0.05) after upregulating miR-
345-5p [Figure 3G]. Furthermore, we carried out Spear-
man correlation analysis and revealed a negative expres-
sion correlation between miR-345-5p and RhoA in lung
adenocarcinoma tissues (R2 = 0.273, P = 0.002;
Figure 3H).
low cytometry analysis was conducted to detect apoptosis of PC-9 and H1650 cells after
5p upregulation was detected via a wound healing assay. (D) The results of transwell assay
< 0.01 vs. NC mimics. FITC: Fluorescein isothiocyanate; miR-345-5p: MicroRNA-345-5p;
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Figure 3: MiR-345-5p targets RhoA in lung adenocarcinoma cells. (A) Targets of miR-345-5p predicted by two different databases (PITA and PicTar). (B) The significant enrichment of
mRNAs (FAM126B, RhoA, KLHDC10, and FAM214B) pulled down by miR-345-5p probe was tested by an RNA pulldown assay. (C) Expression levels of FAM126B, RhoA, KLHDC10, and
FAM214B in lung adenocarcinoma cells and BEAS-2B cells were examined by RT-qPCR. (D) Expression of RhoA in thirty-four tumor tissues and thirty adjacent tissues was detected. (E) RT-
qPCR detected RhoA expression in PC-9 and H1650 cells after transfection of miR-345-5p mimics. (F) TargetScan predicted the binding sequences of RhoA that were complementary to the
seed sequences of miR-345-5p. (G) Luciferase reporter assay presented the luciferase activity of PC-9 and H1650 cells which were transfected with NC mimics or miR-345-5p mimics. (H)
Spearman’s correlation analysis was applied for the analysis of the correlation between miR-345-5p and RhoA in lung adenocarcinoma tissues.

∗
P< 0.001 vs. miR-345-5p probe-no biotin;

†P < 0.001, ‡P < 0.01 vs. BESA-2B; xP < 0.001 vs. adjacent tissue; jjP < 0.001, ¶P < 0.05 vs. NC mimics. BEAS-2B: Bronchial Epithelium transformed with Ad12-SV40 2B; FAM126B:
Family with sequence similarity 126 member B; FAM214B: Family with sequence similarity 214 member B; KLHDC10: Kelch domain containing 10; miR-345-5p: MicroRNA-345-5p; mRNA:
messenger RNA; Mut: Mutant; NC: Negative control; RhoA: Ras homolog family member A; RT-qPCR: Reverse transcription quantitative polymerase chain reaction; WT: Wild type.
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MiR-345-5p inhibits cell proliferation in lung
adenocarcinoma via modulating RhoA

Expression of RhoA at the mRNA and protein levels was
elevated after transfection of pcDNA3.1 RhoA in PC-9
(16.653 ± 1.932 vs. 1.000 ± 0.140, t = 12.226, P< 0.001)
and H1650 (19.386 ± 2.374 vs. 1.000 ± 0.114, t =
57.985, P < 0.001) cells [Figure 4A]. Colony formation
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assay revealed that overexpressed RhoA reversed the
suppressive influence of miR-345-5p mimics on the
number of colonies formed by PC-9 (P = 0.004) and
H1650 (P = 0.002) cells [Figure 4 B and 4C]. In addition,
the results from EdU assay indicated that upregulation of
RhoA rescued the reduced percent of EdU positive PC-9 (P
= 0.004) and H1650 (P = 0.003) cells caused by miR-345-
5p overexpression [Figure 4D].
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Figure 4: MiR-345-5p modulates lung adenocarcinoma cell proliferation by RhoA. (A) Overexpression efficiency of RhoA in PC-9 and H1650 cells. (B, C) Number of colonies following co-
transfection with miR-345-5p mimics and pcDNA3.1/RhoA into PC-9 and H1650 cells. (D) The percent of EdU positive cells after the transfection of NC mimics, miR-345-5p mimics or miR-
345-5p mimics and pcDNA3.1/RhoA into lung adenocarcinoma cells was examined by EdU assay.

∗
P< 0.001 vs. pcDNA3.1; †P< 0.01, ‡P< 0.001 vs. NC mimics; xP< 0.01 vs. miR-345-

5p mimics. EdU: 5-Ethynyl-20-deoxyuridine; miR-345-5p: MicroRNA-345-5p; NC: Negative control; RhoA: Ras homolog family member A.
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MiR-345-5p induces apoptosis and represses cell migration
and invasion in lung adenocarcinoma by regulating RhoA

MiR-345-5p-induced suppression on apoptosis of PC-9
(P < 0.001) and H1650 (P < 0.001) cells was reversed by
pcDNA3.1/RhoA [Figure 5A]. Moreover, repressed ca-
pacities of cell migration (PC-9: P = 0.001; H1650: P =
0.002) and invasion (PC-9: P = 0.015; H1650: P = 0.002)
caused by overexpressing miR-345-5p were reversed by
upregulation of RhoA [Figure 5B and 5C].
MiR-345-5p regulates the ras homolog (Rho)/Rho-associated
protein kinase (ROCK) signaling in lung adenocarcinoma
cells

As one of the most classical signaling pathways, the Rho/
ROCK pathway participates in diverse cellular processes
including cell movement, proliferation, adhesion, and
EMT process. RhoA is one of the important key factors of
the Rho/ROCK signaling pathway. Additionally, RhoA
was validated to be the direct downstream target of miR-
345-5p in this study. We speculated that miR-345-5p
regulates the Rho/ROCK signaling pathway to influence
the cellular development in lung adenocarcinoma. In the
data presented, the protein levels of RhoA (PC-9: P =
0.006; H1650: P = 0.007), ROCK1 (PC-9: P < 0.001;
H1650: P < 0.001), and ROCK2 (PC-9: P = 0.012;
H1650: P = 0.002) were significantly suppressed upon
miR-345-5p overexpression, and were increased after
transfection of miR-345-5p inhibitor in PC-9 (RhoA:
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P = 0.001; ROCK1: P < 0.001; ROCK2: P < 0.001) and
H1650 cells (RhoA: P < 0.001; ROCK1: P < 0.001;
ROCK2: P = 0.004) [Figure 6A]. Western blot analysis
showed that the increased protein levels of RhoA (PC-9:
P = 0.001; H1650: P< 0.001), ROCK1 (PC-9: P< 0.001;
H1650: P < 0.001), and ROCK2 (PC-9: P < 0.001;
H1650: P < 0.001) induced by miR-345-5p inhibitor
were subsequently decreased by CCG-1423 treatment
[Figure 6B].
Discussion

Previous studies have demonstrated that miR-345-5p
exerts critical functions in some cancers such as prostate
cancer,[15] hepatocellular carcinoma,[18] and pancreatic
cancer.[17] In our research, miR-345-5p expression pattern
was downregulated in lung adenocarcinoma tissues and
cells. Functionally, upregulation of miR-345-5p inhibited
the malignant behaviors of lung adenocarcinoma cells by
suppressing cell proliferation, migration, and invasion as
well as promoting cell apoptosis.

As a member of Rho GTPase family, RhoA has been
recognized as a carcinogenic gene in the public eye that
facilitates the growth of various types of neoplasms.[19,20]

In addition, RhoA elicits significant functions in regulating
cellular processes including cell invasion, proliferation,
and adhesion.[21] RhoA promotes cell proliferation and
migration via its downstream mediator ROCK in plenty of
carcinomas including oral squamous cell carcinoma,[22]
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Figure 5: MiR-345-5p regulates lung adenocarcinoma cell apoptosis, migration, and invasion via RhoA. (A) Apoptosis of PC-9 and H1650 cells transfected with the indicated plasmids was
explored by flow cytometry analysis. (B, C) The migration and invasion of cells transfected with the indicated plasmids were detected by wound healing and transwell assays.

∗
P< 0.001 vs.

NC mimics; †P < 0.001 vs. miR-345-5p mimics; ‡P < 0.01 vs. miR-345-5p mimics; xP< 0.01 vs. NC mimics; jjP < 0.05 vs. miR-345-5p mimics. FITC: Fluorescein isothiocyanate; miR-
345-5p: MicroRNA-345-5p; NC: Negative control; PI: Prodium iodide; RhoA: Ras homolog family member A.
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esophageal squamous cell carcinoma,[23] liver cancer,[24]

and bladder cancer.[25] Additionally, RhoA can influence
the phenotypes of cancer stem cells by regulation of the
wingless/integrated (Wnt)/b-catenin signaling pathway,[26]

and to inhibit RhoA might be a novel strategy for
glioblastoma treatment.[27] The present study revealed that
RhoA expression was significantly elevated in lung
adenocarcinoma tissues and cell lines. In addition, RhoA
was verified to be the direct downstream target of miR-
345-5p in lung adenocarcinoma cells. A negative expres-
sion correlation between miR-345-5p and RhoA was
identified subsequently. Furthermore, overexpression of
RhoA rescued the effects of miR-345-5p on proliferation,
apoptosis, migration, and invasion of lung adenocarcino-
ma cells.
2626
The Rho/ROCK signaling pathway is a key modulator of
actomyosin contractility, which regulates cell shape and
cytoskeletal arrangement, thus regulating cellular functions
including cell proliferation, differentiation, motility, and
adhesion.[28] MiRNAs exert essential functions in cellular
processes by regulating the Rho/ROCK signaling pathway.
For example, by mediating the Rho/ROCK signaling
pathway, miR-133 facilitates apoptosis of trophoblasts in
human placenta tissues.[29] MiR-145 mediates the differen-
tiation from mesenchymal stem cell to smooth muscle cells
via the Rho/ROCK signaling pathway.[30] RhoA functions
as one of the important key factors of the Rho/ROCK
signaling pathway. In our current study, we discovered
that miR-345-5p upregulation inactivated the Rho/ROCK
signaling by downregulation of RhoA.
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Figure 6: MiR-345-5p regulates the Rho/ROCK signaling pathway in lung adenocarcinoma cells. (A) Western blot analysis detected the expression of RhoA, ROCK1, and ROCK2 proteins in
PC-9 and H1650 cells transfected with NC mimics, miR-345-5p mimics, NC inhibitor or miR-345-5p inhibitor. (B) Protein expression levels of RhoA, ROCK1, and ROCK2 of PC-9 and H1650
cells after treatment of NC inhibitor, miR-345-5p inhibitor, or miR-345-5p inhibitor+CCG-1423 were measured by western blot analysis.

∗
P< 0.01 vs. NC mimics; †P< 0.01 vs. NC inhibitor;

‡P< 0.001 vs. NC mimics; xP< 0.001 vs. NC inhibitor; jjP< 0.01, ¶P< 0.001 vs. miR-345-5p inhibitor. CCG-1423: RhoA inhibitor; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
miR-345-5p: microRNA-345-5p; NC: negative control; Rho: Ras homolog; RhoA: Ras homolog family member A; ROCK: Rho-associated protein kinase; ROCK1: Rho associated coiled-coil
containing protein kinase 1; ROCK2: Rho associated coiled-coil containing protein kinase 2.
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In conclusion, our study innovatively revealed that
miR-345-5p expression displayed low levels in lung
adenocarcinoma tissues and cells. MiR-345-5p upregula-
tion suppressed the malignant phenotypes of lung
2627
adenocarcinoma cells by inactivation of the Rho/ROCK
signaling pathway in a RhoA dependent way, which might
provide a further understanding of mechanisms underlying
lung adenocarcinoma.
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