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Background: The aim of this study was to determine the inhibition effects of Radix tetrastigma 

hemsleyani (RTH) flavonoids on human lung adenocarcinoma A549 cells and the underlying 

molecular mechanism. RTH is an important Chinese traditional herb that has been widely used 

in cancer therapy. As an important type of active substance, RTH flavones (RTHF) have been 

shown to have good antiproliferative effects on various cancer cells. MicroRNAs (miRNAs) are 

small, noncoding RNA molecules that play important roles in cancer progression and prevention. 

However, the miRNA profile of RTHF-treated A549 cells has not yet been studied.

Materials and methods: The miRNA expression profile changes of A549 cell treated with 

RTHF were determined using the miRNA-seq analysis. Furthermore, Gene Ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of differentially 

expressed miRNAs′ (DE-miRNAs) target genes were carried out.

Results: In this study, we identified 162 miRNAs that displayed expression changes .1.2-fold 

in RTHF-treated A549 cells. GO analysis results showed that target genes of DE-miRNAs were 

significantly enriched in protein binding, binding, cell, cell part, intracellular, cellular process, 

single-organism process, and single-organism cellular process. Pathway analysis illustrated 

that target genes of DE-miRNAs are mainly involved in endocytosis, axon guidance, lysosome, 

melanogenesis, and acute myeloid leukemia pathway.

Conclusion: These results may assist in the better understanding of the anticancer effects of 

RTHF in A549 cells.
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Introduction
Radix tetrastigma hemsleyani (RTH) is an important traditional Chinese herb that has 

detoxification, anti-inflammation, antivirus, and anticancer bioactivities and has a long 

history of use for the treatment of several diseases, such as infantile hyperpyretic convul-

sion, dysentery, bronchial pneumonia, pneumonia, venomous snake bite, and traumatic 

injuries.1 At the end of the 20th century, with the discovery of its effectiveness related 

to the suppression of various cancers, RTH was gradually widely used (combine with 

other Chinese herbs) in the clinical treatment of cancer patients after chemotherapy.2

Chinese herbal medicine is rich in many nutrients, trace elements, and active substances, 

and these active substances are the main foundation for disease treatment.3 Further analysis 

showed that RTH is rich in flavonoids, polysaccharides, triterpenes, steroids, and total 

polyphenols and it has been proved that flavonoids extracted from RTH (RTHF) can inhibit 

cell proliferation and induce apoptosis in various cancers both in vitro and in vivo, such as 

lung cancer, gastric cancer (GC), liver cancer, colon cancer, breast cancer, and lymphoma.4,5 
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The anticancer molecular mechanisms of RTHF have also been 

investigated in vitro and in vivo. Researches mainly focus on 

expression levels of some foregone factors related to cancer inhi-

bition, including Caspase-3, Caspase-9, Bax, BcL-2, Bcl-XL, 

p-p38, p-ERK, p-JNK, TNF-α, INF-γ, vascular endothelial 

growth factor (VEGF), and Notch1.5,6 However, the mecha-

nism underlying RTHF anticancer activity remains unclear.

Lung cancer is the most frequently diagnosed cancer among 

men, is the leading cause of cancer deaths, and is also the sec-

ond leading cause of cancer deaths among women worldwide.7 

Researchers reported that a number of Chinese herbs and their 

active ingredients are effective to inhibit cancer. To date, there 

also have been several studies about RTFH-mediated inhibition 

of cancer cells, particularly regarding the human non-small-cell 

lung carcinoma cell line A549. The results showed that RTHF 

had good inhibition effects on A549 cells, as it could inhibit cell 

growth, migration, and invasion and induce cell apoptosis.8,9 

In addition, research on the mechanism underlying RTHF-

mediated inhibition of A549 cells has been under taken on 

several common cancer-inhibiting factors present in RTHF, 

but the inhibitory mechanisms of RTHF remain unclear.

MicroRNAs (miRNAs) are small, noncoding RNA mole-

cules that are known to be important regulators of almost all cel-

lular signaling pathways including normal cell development and 

disease development.10 RNA sequencing (RNA-seq) is a next-

generation sequencing (NGS) method for the analysis of differ-

ential gene expression.11 Using machine-learning algorithms, 

it is possible to improve the interpretation of the functional 

significance of miRNA in the analysis of RNA-seq data.

The mechanisms of RTHF-mediated inhibition of lung 

cancer are unclear, which has limited its clinical applica-

tion, and no research has focused on the miRNA expression 

profiles associated with RTHF-mediated inhibition of lung 

cancer. In this study, the mechanisms of RTHF-mediated 

inhibition of lung cancer A549 cells were analyzed at the 

miRNA level by miRNA-seq analysis. Of note, the signifi-

cance of this study is to help understand how miRNA regu-

lates RTHF-mediated inhibition of lung cancer A549 cells.

Materials and methods
Plant material and extraction
RTH was a triennial artificial plant and obtained from 

Zhejiang Dou Dou Bao Traditional Chinese Medicine 

Research Co., Ltd. (Taizhou, People’s Republic of China), 

which was authenticated by JP (Zhejiang Academy of Tra-

ditional Chinese Medicine, Hangzhou, People’s Republic of 

China). RTHF was extracted from RTH using a reflux ethanol 

method after drying it using a vacuum freezing technique and 

then purified using a macroporous resin method at the Center 

for Medicinal Resources Research, Zhejiang Academy of 

Traditional Chinese Medicine, and 4.72 mg of RTHF samples 

were isolated from 1 g of RTH. The RTH and RTHF samples 

were stored at the Zhejiang Academy of Traditional Chinese 

Medicine. The A549 cell line was purchased from the 

Shanghai Institute of Biochemistry and Cell Biology, Chinese 

Academy of Sciences (Beijing, People’s Republic of China).

cell culture and cell treatment
A549 cells were cultured in Roswell Park Memorial 

Institute (RPMI) (Hyclone, Logan, UT, USA) supple-

mented with 10% fetal bovine serum (Logan) in a humidi-

fied incubator containing 5% CO
2
 in air at 37°C, and 

subculture was carried out with 0.25% trypsin–0.02% 

ethylene diamine tetraacetic acid (EDTA) (Logan). The 

RTHF was dissolved in phosphate-buffered saline (PBS) and 

adjusted to a final concentration of 10 mg/mL.

First, A549 cells (1×105 cells/mL) were treated with 

various concentrations of RTHF (0–64 μg/mL) for different 

time points (24, 48, and 72 h). The A549 cells were then 

treated with 3 μg/mL of RTHF for 48 h. All the cell samples 

were then harvested, fixed in 70% ethanol (Merck KGaA, 

Darmstadt, Germany) and stored at −20°C for 24 h until fur-

ther analysis. Next, the cells were washed twice with ice-cold 

PBS and then incubated with RNase and propidium iodide 

(PI) (Sigma-Aldrich Co., St Louis, MO, USA) for 30 min.

The PI-stained cells were excited at a wavelength of 

488 nm and emitted a maximum wavelength of 617 nm. Acqui-

sition of 10,000 events was chosen to measure the distribution 

of cells in the different cell cycle phases using a Coulter XL 

Flow Cytometer (Beckman Coulter Inc, Brea, CA, USA). The 

distribution of cells in the different cell cycle phases shown 

in the DNA histograms was analyzed using the Becton Dick-

inson Cell Fit Software (BD, Franklin Lakes, NJ, USA).

rna isolation and quality assessment
Total RNA was extracted from two A549 cell samples: after 

treatment with 3 μg/mL of RTHF for 48 h and before treatment 

using the TRIzol reagent (Thermo Fisher Scientific, Waltham, 

MA, USA). For each cell sample, three biological replicates were 

prepared. RNA degradation and contamination were monitored 

both on 1% agarose gels and by using an Agilent 2100 Bioana-

lyzer (Agilent Technologies, Santa Clara, CA, USA). The RNA 

purity was evaluated by the optical density (OD) of 260/280 

ratio using a NanoDrop 2000 (Thermo Fisher Scientific). The 

RNA concentration was measured using a Qubit RNA Assay 

Kit in an Invitrogen Qubit Spectrophotometer (Thermo Fisher 

Scientific). The RNA integrity was assessed using the RNA 

Nano 6000 Assay Kit of the Agilent 2100 Bioanalyzer system.
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small rna library construction 
and high-throughput sequencing
A total of 2 μg of RNA/sample was used as input material for 

the miRNA library. The miRNA sequencing libraries were 

generated using a TruSeq Small RNA Sample Preparation 

Kit (Illumina, Inc., San Diego, CA, USA), and index codes 

were added to attribute sequences to each sample. Briefly, an 

RNA 3′ adaptor was added to the total RNA and the mixture 

was incubated at 70°C for 2 min to break the RNA secondary 

structure and then immediately placed on ice. Then, RNA 3′ 
adaptor was specifically ligated to 3′ end of miRNA with T4 

RNA Ligase 2 and T4 Rnl2 truncated at 28°C for 1 h. After 

the 3′ ligation reaction, the ligated fragment was ligated to 

an RNA 5′ adapter using T4RNA ligase at 28°C for 1 h. The 

first strand cDNA was then synthesized using SuperScript IV 

(SS IV) according to the manufacturer’ s instructions. Poly-

merase chain reaction (PCR) amplification was performed 

using 5× Phusion HF buffer, RNA PCR Primer (RP1), RNA 

PCR Primer Index (RPLX) primer, dNTP, and Phusion DNA 

polymerase.

The PCR products were purified on a 6% polyacryl-

amide gel. RNA fragments corresponding to 140–160 bp 

(the length of small noncoding RNA with the 3′ and 5′ 
adaptors) were recovered and dissolved in 8 μL of elution 

buffers. Finally, the library concentration was measured 

using a Qubit Spectrophotometer and the library quality was 

assessed using the Agilent 2100 Bioanalyzer system with 

a High Sensitivity DNA Kit (Agilent Technologies). The 

clustering of the index-coded samples was performed on 

an Illumina cBot cluster station using a TruSeq PE Cluster 

Kit v3-cBot-HS (Illumina) according to the manufacturer’s 

instructions. After cluster generation, the library preparations 

were sequenced on an Illumina HiSeq 2000 platform and 

50 bp of single-end reads were generated for transcriptome 

analysis.

Known miRNAs’ expression profile 
generation, normalization, and clustering
The known mature miRNA expression profile was generated 

by using the quantifier module of the miRDeep2 package, 

which gives read counts for the known miRNAs. The raw 

reads’ expression profiles generated for all the replicates of 

the samples were subjected to trimmed mean of M-values’ 

(TMM) normalization using the Bioconductor package 

edgeR. The normalized expression profiles for all the repli-

cates of all the samples were then subjected to hierarchical 

clustering and principal component analysis (PCA) clustering 

for quality control purpose and for finding the similarity 

among the samples.

The libraries were deeply sequenced using the Illumina 

HiSeq platform. The quality of the samples, experiment, and 

the analysis data were completed by the Genesky Biotech-

nologies Inc. (Shanghai, People’s Republic of China).

novel mirna prediction pipeline
The unannotated sequences left after the elimination pipeline 

were used for the prediction of the novel miRNA. For this 

purpose, the unannotated sequence files of the replicates of 

a particular tissue were combined and first mapped to the 

human genome using the mapper.pl module, and they were 

then subjected to the miRDeep2.pl module to obtain the 

novel miRNAs.

Quantification of miRNA expression 
levels and differentially expressed 
mirna (De-mirna) analysis
The number of reads mapped to each miRNA was normal-

ized with HTSeq v0.6.1. The expected number of fragments 

per kilobase of transcript sequence per millions base pairs 

sequenced (FPKM) of each miRNA was then calculated 

based on the length of the gene and the read count mapped 

to the miRNA. The FPKM, which reflects both the effect 

of sequencing depth and gene length for the read count, is 

a commonly used method for estimating miRNA expres-

sion levels. DE-miRNA analysis was performed using the 

DESeq2 R package. DESeq provides statistical routines 

for determining differential expression based on digital 

miRNA expression data using a model based on the negative 

binomial distribution. The resulting P-values were adjusted 

using the Benjamini and Hochberg approach for controlling 

the false discovery rate (FDR). miRNAs with an adjusted 

P-value of ,0.05 (FDR ,0.05) by DESeq and with a fold 

change of $2 (|log
2
 fold change| $1) after RTHF treatment 

were considered to be differentially expressed.

De-mirna target gene prediction
The potential target genes of all the known dysregulated 

miRNAs were predicted by two different algorithms, such as 

RNAhybrid and miRanda, and only the miRNA target genes 

identified by both algorithms were considered.

Validation of mirnas’ expression using 
quantitative real-time Pcr (qrT-Pcr)
miRNA-specific primers were designed using the Primer 

5.0 Software (Premier Biosoft International, Palo Alto, CA, 

USA), and U6 snRNA (U6) was used as the internal control. 

qRT-PCR was performed with the miRNA qPCR Assay Kits 

(ComWin Biotech Co., Ltd, Beijing, People’s Republic of 
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China), and all the primers used for qRT-PCR are detailed 

in Table 1. The cycling conditions were as follows: 10 min 

at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C 

for 1 min. The samples subjected to qRT-PCR were run 

in three biological replicates. The fold change of miRNA 

expression was calculated using the 2−ΔΔCT algorithm. The 

relative expression of miRNAs was normalized to the value 

at the time point with the lowest expression.

gO and Kyoto encyclopedia of genes 
and genomes (Kegg) enrichment 
analyses of target genes
For GO mapping, the GO terms for DE-miRNA target 

genes based on homologies were extracted (GO; http://

www.geneontology.org). The GO enrichment analysis of 

DE-miRNA target genes was implemented using the GOseq 

R package, which corrected for miRNA length bias. GO 

terms with corrected P-values ,0.05 were considered to be 

significantly enriched. REVIGO was used for the analysis of 

the enriched GO terms (http://revigo.irb.hr/); this program 

removes redundant GO terms and attempts to reflect the 

similarity of given terms based on semantic space 34. The 

GO Biological Process (BP) category terms with the lowest 

P-values for enrichment in both the up- and downregulated 

miRNA in the RTH-treated A549 cells were analyzed by 

REVIGO.

KEGG pathways for the DE-miRNA target genes were 

retrieved form KEGG database (http://www.genome.jp/

kegg/), and the KOBAS software was used to test the statis-

tical significance of the enrichment of DE-miRNAs target 

genes in KEGG pathways. A pathway with an FDR of ,0.05 

was defined as an enrichment pathway.

Results
Main component of rThF and substance 
structure
The RTHF used in this study was extracted from RTH using a 

reflux ethanol method and then purified using a macroporous 

resin method. After chemical composition analysis by 

high-performance liquid chromatography (HPLC)–mass 

spectrometry (MS) and HPLC–MS/MS, we found that 

the RTHF used in this study mainly include six foregone 

active substances, including kaempferol (286.24 kDa), 

kaempferol-3-O-neohesperidoside (594.24 kDa), malvidin-3-

glucoside (528.92 kDa), myricitrin (464.38 kDa), baohuosid I 

(514.53 kDa), and isoschaftoside (564.94 kDa) and the chem-

ical structures of these six active substances isolated from 

RTHF are showed in Figure 1.

effects of rThF on proliferation 
inhibition, invasion inhibition, and 
cell cycle arrest, apoptosis, and ca2+ 
regulation in A549 cells
The proliferation rates of A549 cells after incubation with 

varying concentrations of RTHF and at different incubation 

times are shown in Figure 2A; the cell proliferation rate of 

A549 was decreased with an increase in the concentration of 

RTHF and treatment times. The results revealed that RTHF 

dramatically decreased cell proliferation in a dose-dependent 

manner and a time-dependent manner. Moreover, relevant 

morphological changes in A549 cells after treatment were 

noted at 48 h. As shown in Figure 2B and C, A549 cell 

morphology changed slowly after treatment with RTHF; 

in response to treatment, the A549 cells became elongated, 

exhibited and extended protrusions and change in cells’ 

morphology became more extensive with increasing con-

centration of RTHF.

The induction of cell cycle arrest in cancer cells is con-

sidered to be a crucial cancer treatment strategy. As shown in 

Figure 2D and E, it is very clear that with an increase in the 

concentration of RTHF, RTHF-treated A549 cells showed 

a marked decrease in G1/S phase and G2/M phase and they 

had a modest but a significant increase in G0/G1 phase. The 

results demonstrated that RTHF can induce G0/G1 phase 

cell cycle arrest in the A549 cells at different concentrations 

and it can arrest cell cycle progression at the G0/G1 phase of 

A549 cells in a concentration-dependent manner.

Flow cytometry analysis of stained cells can distinguish 

the cells into four categories, namely viable (Annexin-V neg-

ative and PI negative), early apoptosis (Annexin-V positive 

and PI negative), late apoptosis (Annexin-V positive and PI 

positive), and necrotic (Annexin-V negative and PI positive) 

cells (Figure 2G). As illustrated in Figure 2F and G, we found 

that early apoptotic, late apoptotic, and necrotic populations 

increased significantly with increasing the concentration 

of RTHF and early apoptotic cells increase first and then 

decrease, while late apoptotic and necrotic cells continue to 

Table 1 all the primers used for quantitative real-time Pcr

miRNAs Primer sequences (5′–3′)

miR-4792 cggTgagcgcTcgcTggc 
miR-569 gTTccagTcTggcTaaTgac
mir-200a-3p TaacacTgTcTggTaacgaTgT
miR-3923 aacTagTaaTgTTggaTTaggg
hsa-miR-584-5p TTaTggTTTgccTgggacTgag
mir-4484 gccgaggTgagTTTcaTgTT
U6-F cTcgcTTcggcagccaca

Abbreviations: mirnas, micrornas; Pcr, polymerase chain reaction.
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increase. When 3 μg/mL of RTHF was used, the early and late 

apoptotic (combined) populations reached to 68.1%, with the 

late apoptotic populations peaking at 57.7%. The cell count 

results showed that RTHF can induce the apoptosis of A549 

cells in a concentration-dependent manner.

Transwell assays were performed to determine the inhibi-

tion effects of RTHF on the invasion ability of A549 cells. 

As shown in Figure 3A and B, the invasive ability of A549 

cells decreased significantly with the RTHF concentration 

and compared with the control group, when the concentra-

tion of RTHF to was 2 and 3 μg/mL, the inhibition of the 

invasive ability of A549 cells showed significant differences. 

These results demonstrated that RTHF could inhibit the 

invasive ability of the A549 cells in vitro in a dose-dependent 

manner.

As an important secondary messenger for signal transduc-

tion, intracellular calcium concentration plays an important 

role in cell activities and it is regulated by release from 

endoplasmic reticulum stores or influx via various Ca2+ ion 

channels. The change in intracellular Ca2+ concentration 

in A549 cells was analyzed. As is clear from Figure 3C, 

compared with those in the control group, intracellular Ca2+ 

concentration of A549 cells increased significantly after treat-

ment with RTHF and it is also found that cell intracellular 

Ca2+ concentration increased due to treatment with RTHF in 

a dose-dependent manner. This result illustrated that RTHF 

can upregulate the intracellular Ca2+ concentration in A549 

cells by regulating Ca2+ ion channels of A549 cells to play a 

role in cell proliferation inhibition, cell cycle arrest, invasive 

inhibition, and apoptosis induction.

analysis of De-mirnas
After investigating changes in miRNA expression profile 

using miRNA-seq techniques, we identified 162 miRNAs i 

A549 cells that displayed .1.2-fold i after treatment with 

3 μg/mL of RTHF for 48 h. Among the 162 DE-miRNAs, 

99 were known and 63 were novel. Among the 99 known 

DE-miRNAs, 45 were upregulated and 54 were downregu-

lated, while 45 were upregulated and 18 were downregulated 

among the novel DE-miRNAs. The data on expression level, 

fold changes, sequences, and type of the known miRNAs 

are not shown in text and are shown on a web site (https://

wenku.baidu.com/user/mydocs) to download free. miRNA 

family classification of the known DE-miRNAs was carried 

out using the web-based computational software TargetScan, 

and the classification results of the known DE-miRNAs are 

not shown in text and are shown on a web site (https://wenku.

baidu.com/user/mydocs) to download it free.

Based on the negative binomial distribution, volcano plots 

were separately generated to show the expression levels of 

the known DE-miRNAs (Figure 4A) and novel DE-miRNAs 

(Figure 4C) and the result revealed that there were more 

upregulated miRNAs than downregulated miRNAs in the 

novel DE-miRNA group. Hierarchical cluster analysis was 

Figure 1 chemical structures of the six main active substances isolated from rThF.
Notes: (A) Kaempferol, (B) malvidin-3-glucoside, (C) kaempferol-3-O-neohesperidoside, (D) myricitrin, (E) isoschaftoside, and (F) baohuoside i.
Abbreviation: rThF, Radix tetrastigma hemsleyani flavone.
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Figure 2 Effects of RTHF on cell proliferation, cell cycle arrest, and apoptosis of A549 cells.
Notes: (A) Change in levels of proliferation at different time points for A549 cells that were treated with RTHF at various concentrations. (B) Morphological changes in 
A549 cells after treatment with various concentrations of RTHF for 48 h, as indicated by inverted microscopy. (C) Morphological changes in crystal violet-stained A549 cells, 
as indicated by inverted microscopy. (D) Flow cytometry analysis of cell cycle progression in A549 cells was carried out after incubation with different concentrations of 
rThF for 48 h. (E) Representative bar chart demonstrating significant cell cycle arrest at the G1, S, and G2 phases. The data represent the mean ± seM of three independent 
experiments. ***P,0.001 vs blank; ####P,0.001 vs 1 μg/ml; ^^^P,0.001 vs 2 μg/ml. (F) Representative bar chart demonstrating significant elevation in a number of early and 
late apoptotic cells after 48 h of treatment. The data represent the mean ± seM of three independent experiments. ***P,0.001 vs blank; #P,0.05, ###P,0.001 vs 1 μg/ml; 
^^^P,0.001 vs 2 μg/ml. (G) Flow cytometry analysis of apoptotic A549 cells was carried out after incubation with RTHF for 48 h.
Abbreviation: rThF, Radix tetrastigma hemsleyani flavone.
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used to investigate the correlations between DE-miRNAs 

of two cell samples, and heatmaps of the known and novel 

DE-miRNAs are shown in Figure 4B and D, respectively. 

The results also showed that there were more upregulated 

miRNAs in the novel DE-miRNA groups than in the known 

DE-miRNA groups.

Known De-mirna target gene 
prediction
miRNAs predominantly regulate the post-transcriptional 

stages of gene expression by interacting with multiple 

sequence-specific target. The potential target genes of the 

dysregulated miRNAs in this study were predicted by two 

algorithms, such as RNAhybrid and miRanda, and only 

the miRNA target genes identified by both algorithms 

were considered. Finally, a total of 9,982 transcripts of 89 

known DE-miRNAs and 5,526 target genes were predicted. 

Detailed information on the target genes of the known 

DE-miRNAs is not shown in text and is shown on a web 

site (https://wenku.baidu.com/user/mydocs) to download 

it free.

gene Ontology (gO) enrichment 
analysis of De-mirnas’ target genes
The distribution of the candidate DE-miRNAs target genes in 

the GO analysis clarified the main differences between A549 

cells treated with RTHF and untreated controls. The results of 

the GO analysis of the DE-miRNAs target genes are shown in 

Figure 5A. The significantly enriched GO terms were mainly 

distributed in the Cellular Component (CC) and BP categories. 

In addition, a directed acyclic graph (DAG) was used to further 

display the detailed relationships of the enriched GO terms, 

with deeper color indicating more enrichment in the DAG 

dates. The GO enrichment information on the DE-miRNAs 

target genes is not shown in text and is shown on a web site 

(https://wenku.baidu.com/user/mydocs) to download it free.

The target genes enriched in the BP category mainly 

involved the following terms: cellular process, single-organism 
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Figure 3 effects of rThF on invasion inhibition and intracellular ca2+ concentration in A549 cells.
Notes: (A) representative images of invaded cells showing the effects of rThF treatment at various concentrations for 48 h (100×magnification). (B) Quantification of cell 
invasion of A549 cells treated with different concentrations of RTHF for 48 h. (C) effect of rThF on intracellular ca2+ concentration change in A549 cells. ***P,0.001 vs 
blank; ##P,0.01, ###P,0.001 vs blank; ##P,0.01, ###P,0.001 vs 1 μg/ml, ^P,0.05 vs 2 μg/ml.
Abbreviation: rThF, Radix tetrastigma hemsleyani flavone.
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process, single-organism cellular process metabolic pro-

cess, metabolic process, and biological regulation. In the 

CCs, the main differences involved the following terms: 

cell, cell part, intracellular, intracellular part, organelle, 

membrane-bounded organelle, cytoplasm, and membrane. 

In the Molecular Function, the main difference involved the 

following terms: binding, protein binding, and ion protein 

binding. Figure 5B shows the BP DAG.

Kegg pathway enrichment analysis 
of De-mirna target genes
KEGG is the main database of pathway for understanding 

the high-level functions and utilities of biological system. 

In this study, KEGG pathway enrichment analyses were 

used to elucidate the biological pathways involved in the 

RTHF-treated inhibition of A549 cells. The KEGG pathway 

enrichment analyses showed that, in this study, 16 pathways 

Figure 4 Volcano plots, heat maps, and cluster dendrograms of detected mirnas.
Notes: (A) Volcano plot of the known De-mirnas. (B) heatmaps of the known De-mirnas. (C) Volcano plot of the novel De-mirnas. (D) heatmaps of the novel De-
mirnas. Upregulated mirnas are shown in red, downregulated De-mirnas are shown in green, and mirna with no differential expression is shown in blue. The case 
samples were A549 cells treated with RTHF for 48 h, and the control samples were untreated A549 cells.
Abbreviations: De-mirnas, differentially expressed mirnas; mirnas, micrornas; rThF, Radix tetrastigma hemsleyani flavone.
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changed significantly (P,0.05) after RTHF treatment. 

The top 10 statistically significant pathways are shown in 

Figure 6, and data on all the enrichment pathways are not 

shown in text and are shown on a web site (https://wenku.

baidu.com/user/mydocs) to downloads it free.

Among these statistically significant enrichment path-

ways, some have previously been found to be involved in 

multiple cancer cell processes, such as proliferation, inva-

sion, tumor growth, and metastasis. As the most significantly 

enrichment pathway in this study, endocytosis is one such 

physiological process that is modified during cancer, as 

alterations to the endocytic pathway have been shown to 

occur during cancer by multiple stduies.12,13 The Notch signal-

ing pathway has been found to play key roles in cell growth, 

migration, invasion, metastasis, and angiogenesis in various 

types of cancers,14,15 and numerous studies have indicated that 

activation of the mitogen-activated protein kinase (MAPK) 

signaling pathway can result in a multitude of physiological 

effects on cancer cells, including apoptosis, cell proliferation, 

mitosis, and the transcription of several classes of genes. The 

lysosomes pathway was found to participate in cancer cell 

apoptosis, which can be activated by death receptors, lipid 

mediators, and photo damage.16,17 Fructose and mannose 

metabolisms were also an important cancer-related pathways 

and were previously found to be upregulated in many cancer 

cells in several studies, such as breast, lung, and ovarian 

cancer cells.18–20 Axon guidance pathway genes has been 

found to have aberrations in pancreatic cancer, neuroblas-

toma (NB), breast cancer, lung cancer, prostate cancers, 

melanoma, and leukemia.21–23 Four important enrichment 

signaling pathways and their DE-miRNA target genes are 

shown in Figure 7.

qRT-PCR validation of significant 
De-mirnas
The expression profiles of six key DE-miRNAs were fur-

ther validated using qRT-PCR, and a comparison of the six 

miRNA-seq and qRT-PCR results regarding the six miRNAs’ 

expression levels is shown in Figure 8. The qRT-PCR results 

revealed that most of these six miRNAs shared similar expres-

sion tendencies as shown by the miRNA-seq results (reads 

per kilobase million [RPKM]/reads-based expression values).

Although there were some quantitative differences between 

the two analytical methods, the similarities between the 

RNA-seq and the qRT-PCR results suggest that the RNA-seq 

data in this study are reproducible and reliable.

Discussion
RTH is an important traditional Chinese anticancer herb, and 

flavone is an important type of anticancer component of RTH 

Figure 5 (Continued)
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that may play anticancer roles in cancer cells in vitro and 

in vivo. In this study, we first investigated the mechanism 

of the RTHF antilung cancer effects on transcriptional level 

using the miRNA-seq technology. To our knowledge, this 

is the first study to investigate RTHF-mediated changes in 

miRNA profiles in the lung cancer cell line A549.

We investigated that the change in A549 cell miRNA 

expression brought about cancer induction by RTHF treat-

ment after cancer induction. Totally, we isolated 162 miRNAs 

differentially expressed between untreated and treated A549 

cells. The partial of these miRNAs has been identified as 

being associated with anticancer.

Among the upregulated miRNAs, some were proved to act 

as tumor suppressor miRNAs by targeting tumor suppressor 

genes (TSGs) and oncogenes (OGs). The most abundantly 

expressed known miRNA in RTHF-treated A549 cells was 

hsa-miR-146a-3p, which belongs to the miR-146a family; 

this family may inhibit cancer cell proliferation, invasion, 

and metastasis in some types of human cancers. miR-146a-3p 

has been reported to lower expression in several cancers and 

Figure 5 GO enrichment analysis of the target genes of 99 known miRNAs.
Notes: (A) Bar graph of the most enriched gO terms of target genes (the y-axis shows the percentages of differentially expressed genes associated with each term, and 
the x-axis shows the BP, cc, and MF terms). (B) subgraph of the BP Dag. Different colors represent different gO functional classes, and the numbers at the end of each 
column represent the number of De-mirna target genes enriched in this gO functional class.
Abbreviations: BP, Biological Process; cc, cellular component; Dag, directed acyclic graph; De-mirna, differentially expressed mirna; gO, gene Ontology; MF, 
Molecular Function; mirnas, micrornas.
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leads to predisposition to their cancers, such as small cell 

lung cancer, breast cancer, and papillary thyroid carcinoma, 

and inhibition of miR-146a-3p resulted in the restoration 

of RARB expression and decreased rates of proliferation 

of thyroid cancer cells and increased PTTG1 expression 

promoting bladder cancer migration, invasion, metastasis, 

and growth.24–26 Upregulation of miR-146a-3p may target 

some TSGs and inhibit OGs to inhibit the proliferation of 

A549 cells treated with RTHF. As tumor suppressor miRNA, 

hsa-miR-4792 downregulated in uterine leiomyoma, breast 

cancer, and nasopharyngeal carcinoma27–30 was the second 

most overexpressed miRNA in RTHF-treated A549 cells; 

it has been reported that overexpression of hsa-miR-4792 

can inhibit epithelial–mesenchymal transition and invasion 

in nasopharyngeal carcinoma by inhibiting FOXC1, which 

is a critical mediator of EGFR function in human cancer.27 

hsa-miR-4792 was most abundantly increased in glioblas-

toma multiforme (GBM) when GBM cells are exposed 

to necrotic cells31 and was most abundantly expressed in 

human adipose mesenchymal stem cell-derived conditioned 

medium (hAMSC-CM) treatment ovarian cancer cells and 

may be involved in the inhibitory influence of hAMSC-CM 

toward ovarian cancer cell.32 In RTHF-treated A549 cells, 

hsa-miR-4792 may be involved in the inhibition of cell 

transition and invasion by targeting some proteins, such as 

FOXC1.

In CHA3 human embryonic stem cells, hsa-miR-7641 

was downregulated during the differentiation from human 

embryonic stem cells to endothelial cells by suppressing 

CXCL1, which promotes cell growth, colony formation, 

invasion, and migration in some types of cancers, and was 

upregulated in hematoporphyrin-induced cell apoptosis in 

glioma.33 miR-569 expression was consistently decreased 

in lung cancer cells, and its overexpression prevented cell 

proliferation and migration and inversely induced cell 

apoptosis34 and therefore demonstrated that miR-569 plays 

Figure 6 Kegg pathway enrichment analysis of the De-mirna target genes.
Abbreviations: De-mirna, differentially expressed microrna; Kegg, Kyoto encyclopedia of genes and genomes.
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Figure 7 Four main enriched signal pathways and their De-mirna target genes.
Notes: (A) erbB signaling pathway. (B) MaPK signaling pathway. (C) lysosomes. (D) endocytosis. The target genes of the known De-mirnas involved in each pathway 
are shown in red.
Abbreviations: De-mirnas, differentially expressed micrornas; MaPK, mitogen-activated protein kinase.
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Figure 8 comparison of mirna expression levels between the mirna-seq and 
qrT-Pcr analyses.
Abbreviations: mirna, microrna; qrT-Pcr, quantitative real-time polymerase 
chain reaction.

tumor suppressive role in lung cancer and in RTHF-treated 

A549 cells.

As a significantly upregulated miRNA in our research, has-

miR-144-3p overexpression has been reported to have many 

functions, such as inducing cell cycle arrest and apoptosis in pan-

creatic cancer cells by targeting proline-rich protein 11 (PRR11) 

expression via the MAPK signaling pathway,35 suppressing cell 

migration, invasion, and proliferation of GC by inhibiting 

epithelial-mesenchymal transition (EMT) through targeting 

PBX3 and proliferation and migration of colorectal cancer cells 

through GSPT1,36 affecting radiotherapy sensitivity by promot-

ing the proliferation, migration, and invasion of breast cancer 

cells,37 and reducing tumor cell proliferation and metastasis by 

targeting the MAP3K8 pathway in renal cell carcinoma.38

In CAL27 squamous cell carcinoma cells, ectopic 

expression of has-miR-483-3p was found to have a marked 

inhibitory effect and the ability to potentiate drug-induced 

apoptosis.39 It has also been found that miR-483-3p is over-

expressed in Wilms’ tumors, colon cancer, breast cancer, 

and liver cancer. This miRNA could function as an anti-

apoptotic OG in various human cancers, and its upregulation 

could contribute to endothelial progenitor cells’ dysfunc-

tion in deep vein thrombosis patients by targeting serum 

response factor (SRF).40 has-miR-100 re-sensitizes resistant 

cisplatin-epithelial ovarian cancer to cisplatin probably by 

inhibiting cell proliferation, inducing apoptosis, arresting 

the cell cycle, and targeting the downregulation of mam-

malian target of rapamycin (mTOR) and polo-like kinase 1 

(PLK1) expressions,41,42 and its overexpression can reduce 

the migration and invasion in A549 cells by targeting insulin-

like growth factor 2 (IGF2), which stimulates cancer cell 

proliferation in an autocrine manner.43

There is growing evidence to suggest that miR-200 

miRNAs are involved in cancer metastasis,44 and two 

members of them were found upregulated in our research, 

namely, miR-200a-3p and miR-200b-3p. miR-200a-3p has 

been found to be downregulated in human papillary thyroid 

carcinoma,45 and miRNA-200a-3p can suppress tumor pro-

liferation and induce apoptosis by targeting sperm-associated 

antigen 9 (SPAG9) in renal cell carcinoma.46 In our study, 

has-miR-200a-3p was upregulated in A549 cells after treat-

ment with RTHF and we believe that this phenomenon 

may be related to A549 cells’ proliferation suppression and 

apoptosis induction of A549 cells. miR-200b-3p suggested an 

indirect effect of miR-200b-3p on tissue inhibitor of metal-

loproteinase 4 (TIMP4), via negative regulators of TIMP4 

expression in prostate cancer cells.47

has-miR-199a-5p has been reported to play an important 

role in the regulation of cellular processes in various cancer 

cells by targeting several genes. It has been found that it can 

regulate cell proliferation and survival by targeting frizzled 

class receptor 7 (FZD7) in hepatocellular carcinoma48 and β1 

integrin through Ets-1 to suppress invasion in breast cancer.49 

has-miR-410-3p acts as an OG or a tumor suppressor gene 

in various types of cancer. Zhang et al observed that over-

expression of miR-410-3p can reduce cell growth, colony 

formation, and the number of 5-ethynyl-2′-deoxyuridine 

(EdU)-positive cells in MDA-MB-231 cells.50 Rak et al 

found that a reduced level of miR-410 in endometrial cancer 

corresponded to an increased expression of matrix metal-

loproteinase 14 (MMP14) and matrix metalloproteinase 

16 (MMP16), which have been shown to promote cancer 

progression via various mechanisms.51,52 The increase in 

has-miR-410-3p in RTHF-treated A549 cells may play a role 

in A549 cell inhibition by downregulating the expression of 

MMP14 and MMP16.

Downregulation of has-miR-381 has been found to 

suppress the proliferation of oral squamous cell carcinoma 

cells by directly targeting fibroblast growth factor receptor 2 

(FGFR2) and inhibit GC metastasis by targeting transmem-

brane protein 16A (TMEM16A) expression, has-miR-381 

has been found to be significantly downregulated in human 

lung adenocarcinomas, and its overexpression can induce 

reduced inhibitor of differentiation-1 (ID1) expression and 

significantly decreased cell migration and invasion,53–55 sug-

gesting that has-miR-381 may have potential roles as a tumor 

suppressor miRNA in RTHF-treated A549 cells.

has-miR-4532 was previously found to be mostly down-

regulated in esophageal squamous cell carcinoma,56 and it 

was previously found to be upregulated in xanthohumol-

induced glioma cell and maybe involved in cell apoptotic 
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death; therefore, we guessed that has-miR-4532 plays a role 

in cell apoptotic death in RTHF-treated A549 cells.57

The let-7 family is one of the earliest identified miRNA 

families, with significantly reduced expression in a large 

number of malignant tumors and the ability to attenuate lung 

cancer development.58,59 Two members of the let-7 family 

were found to be upregulated in RTHF-treated A549 cells, 

namely, hsa-miR-98-3p and hsa-let-7i-3p. hsa-let-7i was 

defined as associated with CRC metastasis by targeting eight 

genes.60 In addition, we found that most of the downregulated 

miRNA in RTHF-treated A549 cells have been shown to 

be overexpressed in some types of cancers. However, most 

of their roles in cancer have not yet been investigated and 

only a few of them have been reported to be associated with 

cancer inhibition.

miR-4484 was found to be significantly upregulated in 

breast cancer and cervical squamous cell carcinomas, and the 

expression of it is positively correlated with the proliferation 

of HT29 cells.61,62 Eukaryotic initiation factor 4E (EIF4E) 

was identified as a target of miR-4484, and previous study 

suggested that EIF4E silencing could reduce the invasiveness 

and metastatic capability of breast cancer cells.63 Therefore, 

downregulation of miR-4484 in RTHF-treated A549 cell may 

target some genes’ silencing for reducing the invasiveness 

and metastatic capability of A549 cells, such as EIF4E. It was 

found that miR-556-5p was overexpressed in patients with 

pulmonary diseases and expressed in metastatic melanoma 

and absent in nonmetastatic melanoma.64,65 A previous study 

showed that upregulation of miR-556-5p could promote pros-

tate cancer cell proliferation by suppressing the expression of 

protein phosphatase 2 regulatory subunit 2A (PPP2R2A).66 

Downregulation of miR-556-5p may be involved in the 

cancer cell proliferation and invasion inhibition of RTHF-

treated A549 cells.

Previous studies found that miR-1303 was significantly 

overexpressed in GC cells and downregulation of it can 

inhibit proliferation, migration, and invasion of GC cells 

by targeting claudin-18 (CLDN18),67 and another study 

also suggested that miR-1303 promotes NB proliferation 

by targeting glycogen synthase kinase 3 beta (GSK3β) and 

secreted frizzled-related protein 1 (SFRP1);68 therefore, 

downregulation of miR-1303 in RTHF-treated A549 cells 

may play role in inhibiting the proliferation, migration, 

and invasion of cells by targeting some proteins, such as 

CLDN18, GSK3β, and SFRP1.

has-miR-573 has been recognized as a potential player 

in breast cancer susceptibility gene (BRCA)-related breast 

cancer angiogenesis, and it has a role in controlling BRCA 

1/2-related angiogenesis by targeting key regulators of 

focal adhesion (FA), VEGF, and hypoxia inducible factor-1 

(HIF-1) signaling pathways.69 The miR-92b family has been 

found to play a critical role in tumorigenesis by regulating the 

expression of its target genes. The inhibition of miR-92b has 

been found to suppress cells’ growth and motility by targeting 

reversion-inducing cysteine-rich protein with Kazal motifs 

(RECK) in non-small-cell lung cancer58 and it has been found 

to promote glioma cells’ (U251 and U87 cell) apoptosis by 

targeting dickkopf-related protein 3 (DKK3) and blocking 

the Wnt/beta-catenin signaling pathway in gliomas.70,71 

miR-92b was also found to promote esophageal cancer 

metastasis by targeting Integrin a6.72 In our miRNA data, 

two members of miR-92b family, namely hsa-miR-92b-5p 

and hsa-miR-92b-3p, were upregulated in RTHF-treated 

A549 cells.

In our study, a significant 2.5-fold decrease in hsa-miR-

516a-5p was observed in RTHF-treated A549 cells and it 

was previously found to be downregulated by more than 

threefold in A549 cells after ionizing radiation60 and by more 

than threefold in A549 cells treated with suberoylanilide 

hydroxamic acid (SAHA), which is a histone deacetylase 

inhibitor (HDACI) with antitumor effects.73,74

Watahiki et al observed that hsa-miR-1255a was over-

expressed in metastatic prostate cancer compared to that in 

non-metastatic prostate cancer and maybe related to cancer 

metastasis and it was found to be upregulated in lung cancer 

patients.75,76 Therefore, we expect that the downregulation 

of hsa-miR-1255a in the RTHF-treated A549 cells may be 

related to the inhibition of lung cancer invasion.

Liao et al77 reported that overexpression of hsa-miR-760 

can promote proliferation in ovarian cancer cells by the 

downregulation of PH domain leucine-rich repeat-containing 

protein phosphatase (PHLPP2) expression, and it has been 

also found that hsa-miR-760 was downregulated in A549 

cells treated with resveratrol, which exhibits antitumor 

properties in several cancer types.78 It was significantly 

downregulated in chemo-resistance breast cancer tissues 

compared to chemo-sensitive tissues and plays a key role 

in drug resistance of breast cancer by targeting rho-related 

GTP-binding protein (RHOB), ANGOTL4, and ATP-binding 

cassette transporter (ABCA1).79 Therefore, downregula-

tion of hsa-miR-760 in RTHF-treated A549 cells may be 

by decreasing the drug resistance of cells involved in the 

inhibition of cells’ proliferation by some target genes, such 

as PHLPP2, RHOB, ANGOTL4, and ABCA1.

hsa-miR-4717-3p has been found to be significantly over-

expressed in early-stage nasopharyngeal carcinoma,80 while it 

has been found to be downregulated in metastatic colorectal 

cancer patients treated with bevacizumab in combination 
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with folinic acid, fluorouracil, and oxaliplatin (FOLFOX),81 

and it was also decreased in zinc depletion-induced apoptotic 

breast cancer MDA-MB-231 cells.82 hsa-miR-937-5p was 

downregulated in our RTHF-treated A549 cells, and it has 

been observed to be highly expressed in paclitaxel-resistant 

A549 cells.83

hsa-miR-1915-3p has been found to be downregulated in 

U87-MG glioma cell lines treated with VER155008, which 

inhibits both HSP70 and HSP90 in U87-MG glioma cells,84 

and miR-1915-3P has also been found to be downregulated 

in BT474 cells with the intervention of HER-2, which act as a 

tumorigenesis, and could maintain and/or accelerate growth, 

invasion, and angiogenesis, also inhibit cell apoptosis, and 

damage the tissue barrier.85

Conclusion
We explored the changes in the miRNA expression of RTHF-

treated A549 cells and untreated controls. Many miRNAs 

showed aberrant expression in RTHF-treated A549 cells than 

in the untreated controls. These results suggest that these 

dysregulated miRNAs play a crucial role in cancer inhibi-

tion, by regulating the expression of anticancer-related genes. 

Identification of these miRNAs and their targets provides 

new insight into the gene regulation mechanism of RTHF 

antilung cancer activity.
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