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Abstract
Primary hepatic tumors mainly include hepatocellular carcinoma (HCC), which is one 
of the most frequent causes of cancer-related deaths worldwide. Thus far, HCC prog-
nosis has remained extremely poor given the lack of effective treatments. Numerous 
studies have described the roles played by microRNAs (miRNAs) in cancer progres-
sion and the potential of these small noncoding RNAs for diagnostic or therapeu-
tic applications. The current consensus supports the idea that direct repression of a 
wide range of oncogenes by a single key miRNA could critically affect the malignant 
properties of cancer cells in a synergistic manner. In this study, we aimed to investi-
gate the oncogenes controlled by miR-493-5p, a major tumor suppressor miRNA that 
inactivates miR-483-3p oncomir in hepatic cancer cells. Using global gene expression 
analysis, we highlighted a set of candidate genes potentially regulated by miR-493-5p. 
In particular, the canonical MYCN protooncogene (MYCN) appeared to be an attrac-
tive target of miR-493-5p given its significant inhibition through 3′-UTR targeting in 
miR-493-5p-rescued HCC cells. We showed that MYCN was overexpressed in liver 
cancer cell lines and clinical samples from HCC patients. Notably, MYCN expression 
levels were inversely correlated with miR-493-5p in tumor tissues. We confirmed 
that MYCN knockdown mimicked the anticancer effect of miR-493-5p by inhibiting 
HCC cell growth and invasion, whereas MYCN rescue hindered miR-493-5p activ-
ity. In summary, miR-493-5p is a pivotal miRNA that modulates various oncogenes 
after its reexpression in liver cancer cells, suggesting that tumor suppressor miRNAs 
with a large spectrum of action could provide valuable tools for miRNA replacement 
therapies.
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1  | INTRODUC TION

Primary hepatic tumors represent the sixth most commonly diag-
nosed malignancy worldwide and the fourth cause of mortality from 
cancer.1 Liver cancer mainly includes HCC, which follows a typical 
development and progression scheme by affecting patients suf-
fering from chronic liver disease, generally caused by HBV and/or 
HCV infection or excessive alcohol intake.2 Nonalcoholic fatty liver 
diseases are also becoming a dramatic cause of HCC in developed 
regions. Despite great advances in HCC treatments, this type of 
cancer remains associated with rapid recurrence after surgery and 
dramatically poor prognosis, which is essentially the consequence 
of high resistance to the existing therapy agents.3,4 Consequently, 
alternative and innovative approaches are required for the thera-
peutic management of liver cancer patients.

MicroRNAs are small noncoding RNAs that direct posttranscrip-
tional repression by complementary base pairing with the 3′-UTR of 
mRNAs.5,6 Various reports have described the key roles of miRNAs in 
the control of major biological processes and human diseases,7 includ-
ing cancer.8 Depending on their targets, cancer-related miRNAs act as 
oncogenes or tumor suppressors.9 Thus, alteration of tumor suppres-
sor miRNAs can cause the upregulation of oncogenes normally re-
pressed in nonneoplastic cells, increasing cell growth, invasion ability, 
or drug resistance. Conversely, aberrant overexpression of oncogenic 
miRNAs, also called oncomirs, can lead to the downregulation of spe-
cific genes critical for tumor suppression. Abnormal expression pro-
files of cancer-related miRNAs have been significantly associated with 
the clinicopathological outcome of hepatic tumors.10 Furthermore, 
experimental works have shown that miRNA replacement therapy is 
promising to suppress HCC progression.11

An essential feature of miRNA biology relies on the pleiotropic 
properties of a single miRNA, which can theoretically exert wide 
control over a plethora of target mRNAs. For instance, our group and 
others have reported the pivotal tumor suppressor activity of miR-
148a-3p in liver cancer cells through the regulation of multiple tar-
gets and oncogenes.12-16 More recently, we identified miR-493-5p 
as another major tumor suppressor miRNA, which is epigenetically 
silenced in HCC cells.17 Ectopic overexpression of miR-493-5p 
promoted an anticancer response by inhibiting hepatic cancer cell 
growth and invasion, in part, through the negative regulation of IGF2 
and the IGF2-derived intronic oncomir miR-483-3p. The present 
study aimed to identify and characterize key oncogenes affected by 
miR-493-5p. Using global gene expression analysis, a number of can-
didate targets were highlighted after reexpression of miR-493-5p. 
Herein, MYCN, which has been recently recognized as a biomarker 
of HCC recurrence and a valuable target for anti-HCC treatments,18 
was evidenced and appeared to be highly expressed in hepatic 

cancer cells and tumor tissues from liver cancer patients. Moreover, 
a significant inverse correlation between miR-493-5p and MYCN ex-
pression levels was established in clinical samples. Importantly, we 
confirmed that MYCN knockdown mimicked the tumor suppressor 
activity of miR-493-5p by decreasing HCC cell growth and invasion.

2  | MATERIAL S AND METHODS

2.1 | Hepatic cancer cells, human hepatocytes, and 
clinical samples

Human HepG2 and Hep3B cells were purchased from the ATCC. 
Human Huh-7 cells were purchased from the RIKEN BioResource 
Center. All cultured HCC cells were maintained in DMEM (Gibco) sup-
plemented with penicillin (50 IU/mL; Gibco), streptomycin (50 µg/
mL; Gibco), and 10% FBS (Thermo Fisher Scientific). Human cryopre-
served hepatocytes were purchased from XenoTech and maintained 
in a medium composed of William’s Medium E (Gibco), L-glutamine 
(2 mmol/L), penicillin (50 IU/mL), streptomycin (50 µg/mL), and 10% 
FBS supplemented with hepatic growth factor (25 ng/mL; PeproTech), 
insulin (5 µg/mL; Sigma), and hydrocortisone 21-hemisuccinate (2 × 10–

7 mol/L; Sigma). The clinical samples included 13 pairs of primary HCCs 
and their corresponding nontumor tissues (N = 26). Informed consent 
was obtained from all patients. None of the patients showed HBV or 
HCV infection (see Table S1 for clinical data). The exclusion criterion 
was an inadequate biopsy specimen with a length less than 2.5 cm. The 
mean biopsy length was 6.4 ± 3.8 cm. This work was approved by the 
National Cancer Center Institutional Review Board (#2017-044).

2.2 | Cell transfection

Human HCC cells were seeded at a density of 70 000 cells/cm2 in 
35-mm-diameter culture dishes and transfected the next day using 
TransFectin lipid reagent (Bio-Rad Laboratories). The cells were incu-
bated with a transfection mix containing 100 nmol/L miRNA mimic 
or siRNA and 5 µL TransFectin in a 1.2 mL total volume of serum- and 
antibiotic-free Opti-MEM (Invitrogen) for 5 hours. For MYCN rescue 
experiments, the cells were incubated with 1.5 µg MYCN expres-
sion vector (plasmid #74163; Addgene) following the experimen-
tal procedure described above. The human miR-493-5p mimics (ID 
#MC10627, cat. #4464066) and negative control miRNA mimics (cat. 
#4464058) were purchased from Ambion. Human MYCN siRNAs (ID 
#s9133 and #s9135, siMYCN_A and siMYCN_B, respectively) were 
purchased from Ambion (cat. #4392420). The AllStars Negative 
Control siRNA (siCtrl) was from Qiagen (cat. #1027281).
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2.3 | Total RNA isolation

Both mRNA and miRNA were purified using a miRNeasy Mini Kit 
(Qiagen) according to the manufacturer’s protocol, and samples were 
treated with 1 mL DNase at 37°C for 30 minutes using a TURBO 
DNA-free kit (Ambion). Total RNA was quantified using a NanoDrop 
1000 spectrophotometer (Thermo Fisher Scientific), and the integ-
rity of the RNA was evaluated with an Agilent 2100 Bioanalyzer 
(Agilent Technologies).

2.4 | Gene expression microarray

For characterization of miR-493-5p targets, total RNAs were collected 
from Hep3B and HepG2 cells 72 hours after cell transfection using 
miR-493-5p and negative control miRNA mimics. Two distinct sets of 
data were obtained from experiments carried out at different times 
(GSE12 3313 and GSE12 5407, which were from our former17 and cur-
rent study, respectively), using similar experimental conditions and 
cells with a comparable number of passages. RNA labeling and hy-
bridization were undertaken using a human microRNA microarray kit 
(Protocol for Use with Agilent Gene Expression Oligo Microarrays ver-
sion 5.7, Agilent Technologies). Microarray slides were scanned in an 
Agilent Technologies G2505C Microarray Scanner at 3 μm resolution. 
The raw data were processed using Feature Extraction Software ver-
sion 10.7.3.1 from Agilent to analyze the array and calculate the inten-
sities of the measured spots. We applied a more than 1.5-fold change 
in signal intensity to identify significant differences in gene expression 
after miR-493-5p overexpression for each set of data. Genes with a 
greater than twofold change were extracted from the microarray (com-
bined data from GSE12 3313 and GSE12 5407). Hierarchical clustering 
analyses were carried out using Pearson’s correlation. Heat maps were 
generated using the microarray data analysis tool Multi Experiment 
Viewer (http://mev.tm4.org). Gene set enrichment analysis was carried 
out using 2 distinct sets of data after miR-493-5p ectopic overexpres-
sion in HCC cells (http://softw are.broad insti tute.org/gsea).

2.5 | mRNA and miRNA real-time qPCR

To evaluate MYCN, FNDC5, and SCN5A expression levels, cDNAs 
were synthesized from 1 µg purified mRNA using SuperScript III 
Reverse Transcriptase (Invitrogen) according to the manufacturer’s 
recommendations. SYBR Green real-time qPCR was carried out to 
evaluate the mRNA levels in each sample (Platinum SYBR Green 
qPCR SuperMix-UDG; Invitrogen) using a Step One Plus Real-time 
PCR System from Applied Biosystems. After initial denaturation at 
95°C for 2 minutes, the thermal cycles were repeated 40 times as 
follows: 95°C for 15 seconds and 60°C for 30 seconds. The house-
keeping gene GAPDH was used to normalize the cDNA levels. The 
sequences of the human primers used for gene amplification are 
shown in Table S2. For miRNA analyses, 100 ng total RNA was re-
verse-transcribed using a TaqMan miRNA Reverse Transcription Kit 

from Applied Biosystems (cat. #4366597). The expression levels of 
mature miRNAs were determined using real-time qPCR with TaqMan 
Universal PCR Master Mix (cat. #4324018; Applied Biosystems). The 
PCR conditions were 50°C for 2 minutes and 95°C for 10 minutes, 
followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. 
TaqMan probes from Applied Biosystems (cat. #4427975) were used 
to assess the expression of miR-493-5p (ID #001040), which was nor-
malized to the endogenous level of RNU6B (ID #001093).

2.6 | Immunoblotting

Total protein was extracted using Mammalian Protein Extraction 
Reagent (M-PER; Thermo Fisher Scientific). For each sample, 10 µg pro-
tein was resolved by SDS-PAGE (10%) and transferred to nitrocellulose 
membranes. The membranes were incubated overnight at 4°C with 
anti-MYCN Ab from Santa Cruz Biotechnology (C-19; cat. #sc-791). 
Anti-β-tubulin Ab from Sigma (cat. #T4026) was used as a loading con-
trol. The antigen-Ab complexes were visualized by chemiluminescence 
using ImmunoStar LD detection reagent from Wako (#290-69904) and 
scanned with a Fujifilm LAS-3000 imaging system. The bands were 
densitometrically analyzed using ImageJ software (version 1.50i; NIH).

2.7 | 3′-Untranslated region assay

Dual luciferase reporter plasmids were purchased from GeneCopoeia, 
where miR-493-5p binding sites #1 and #2 from the MYCN 3′-UTR 
were cloned downstream of the firefly luciferase reporter gene into 
pEZX-MT01 and pEZX-MT06 vectors, respectively. Renilla lucif-
erase activity driven by a CMV promoter was used for normaliza-
tion. Simultaneous cell transfections with 3′-UTR constructs (3 µg) 
and miR-493-5p mimics (100 nmol/L) were undertaken following the 
experimental procedure described above. Mutated MYCN vectors 
(sites #1 and #2) and control miRNA mimics were used as negative 
controls. HepG2 cells were collected after transfection, and protein 
was extracted using M-PER (Thermo Fisher Scientific). The firefly and 
Renilla luciferase activities were assayed with a Dual-Glo Luciferase 
Assay System (Promega), using a Synergy H4 Microplate Reader sys-
tem (BioTek). The ratio of firefly : Renilla luminescence was calculated 
for each well and expressed as dual luciferase activity.

2.8 | Cell growth assay

For the cell growth assessment, Hep3B cells were seeded at 10 000 
cells per well in 96-well plates 24 hours after transfection with MYCN 
siRNAs or miR-493-5p mimics and MYCN expression vector. Cell vi-
ability was measured at the indicated times by WST-8 assay using 
a CCK-8 (Dojindo). After cell culture medium was removed, 10 µL 
WST-8 reagent and 100 µL fresh medium were added to each well. 
Cells were incubated at 37°C for 1 hour. The absorbance at 450 nm 
was measured using a Synergy H4 Microplate Reader system (BioTek).

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123313
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2.9 | Cell invasion assay

The invasion ability of Hep3B cells was assessed in 24-well Biocoat 
Matrigel invasion chambers with an 8-µm pore size (BD Biosciences) 
according to the manufacturer’s recommended protocol. Briefly, 
48 hours following transfection with MYCN siRNAs or miR-493-5p 
mimics and MYCN expression vector, 50 000 cells were plated in the 
upper chamber with serum-free medium. The bottom chamber con-
tained 20% FBS as a chemoattractant. After incubation for 72 hours, 
cells that did not migrate through the membrane were removed using a 
cotton swab. Invasive cells on the lower surface of the membrane were 
fixed with methanol and stained using a Diff-Quik staining kit (Sysmex). 
Cells were automatically counted using a BZ-X700 microscope system 
(Keyence), and the average number of cells per field was calculated.

2.10 | Statistical analysis

All experimental data are presented as the mean ± SD. Student’s t 
test was used to estimate statistical significance for most of the ex-
periments. The equality of variances was tested using an F test, and 
a correction was applied in the case of unequal variance (Welch’s t 
test). All P values were 2-tailed. The statistical significance of differ-
ences in MYCN and miR-493-5p expressions between HCC cell lines 
and normal hepatocytes (in vitro), and HCC tumors and their cor-
responding nontumor tissues (clinical samples) was assessed using 
a Mann-Whitney U test. The MYCN and miR-493-5p expression cor-
relation was assessed by calculating Spearman’s rank coefficient. 
The experimental data are representative of at least 3 independent 
experiments and were considered statistically significant at P < .05.

2.11 | Accession numbers

Microarray datasets are deposited in the NCBI Gene Expression 
Omnibus (https ://www.ncbi.nlm.nih.gov/geo/) under accession 
numbers GSE12 3313 and GSE12 5407.

3  | RESULTS

3.1 | MYCN, FNDC5, and SCN5A oncogenes are 
potential targets of miR-493-5p in hepatic cancer cells

To identify unknown critical targets by which miR-493-5p mediates 
its tumor suppressor activity in HCC cells, global gene expression 
was analyzed after miR-493-5p experimental reexpression in human 
HCC cells. Two microarray datasets were used for the analysis 
(GSE12 3313 and GSE12 5407, which were from our former study17 
and current work, respectively). First, microarray expression profiles 
from the former and current studies showed 568 and 897 genes, 
respectively, which were downregulated by more than 1.5-fold after 
miR-495-5p overexpression in Hep3B and HepG2 cells (Figure 1A). 

We extracted 154 genes from the data given their similar downregu-
lation in both arrays (Figure 1B). Among these 154 candidate tar-
gets, 9 genes were consistently inhibited in both cell lines by more 
than twofold and included protein and nonprotein coding sequences 
(Figure 1C). However, two genes were excluded because their inhibi-
tion was not significant (P ≥ .05, t test) (Figure 1D). SCN5A, FNDC5, 
and MYCN appeared as attractive targets based on previous reports 
and their oncogenic properties. First, SCN5A protein, also known 
as Nav1.5, has been described as a driver of invasion in cases of 
aberrant expression in breast and colon cancer.19,20 More interest-
ingly, FNDC5 and MYCN have been specifically associated with liver 
cancer progression. Shi et al reported that FNDC5, a myokine also 
known as irisin, stimulated HepG2 cell proliferation and invasion by 
activating the PI3K/AKT pathway.21 Kojima’s group reported that 
MYCN levels could serve as a relevant prognostic factor for HCC 
given the strong association between MYCN gene expression and 
liver CSC markers.18

3.2 | MYCN is overexpressed in hepatic cancer cells

To confirm the oncogenic feature of MYCN, FNDC5, and SCN5A in 
liver cancer, we first analyzed the expression levels of these 3 genes 
by real-time qPCR in 3 different human HCC cell lines: Hep3B, 
HepG2, and Huh-7. Control hepatocytes from 4 distinct donors 
were used as a control. MYCN was consistently overexpressed in 
the 3 cell lines (Figure 2). More precisely, HepG2 cells showed the 
lowest augmentation compared with normal hepatocytes (approxi-
mately fivefold), whereas MYCN mRNA levels were dramatically in-
creased by 40-fold and more than 5000-fold in Hep3B and Huh-7 
cells, respectively. Conversely, the expression level of FNDC5 did 
not clearly increase. Indeed, although Hep3B cells showed robust 
overexpression, FNDC5 mRNA levels were inhibited in Huh-7 cells 
and remained unchanged in HepG2 cells. Finally, SCNA5 was re-
pressed in the 3 HCC cell lines. Consequently, we decided to fur-
ther investigate the interaction between MYCN and miR-493-5p in 
hepatic cancer cells.

3.3 | MYCN overexpression is correlated with 
miR-493-5p silencing in hepatic tumor tissues 
from patients

Next, we tested whether miR-493-5p and MYCN expression lev-
els could be measured and correlated in clinical samples from liver 
cancer patients. To this end, moderate to advanced HCC tumors 
(length > 2.5 cm) were selected for the study (Table S1), as we 
formerly reported that miR-493-5p epigenetic silencing positively 
correlated with tumor progression, notably in advanced HCC. Real-
time qPCR data showed that miR-493-5p expression levels were 
dramatically reduced in tumors compared with their adjacent sur-
rounding nonneoplastic tissues (median, 0.075 and 0.743, respec-
tively; P < .001, Mann-Whitney U test) (Figure 3A). Conversely, 

https://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123313
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125407
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123313
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125407
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MYCN was significantly overexpressed in HCC tissues (median, 
2.500 and 0.333 in tumor and nontumor samples, respectively; 
P = .002, Mann-Whitney U test) (Figure 3B). No significant cor-
relations between MYCN expression and HCC tumor size were 
observed in clinical samples. However, an inverse correlation was 
confirmed between miR-493-5p and MYCN expression levels, with 
a Spearman’s coefficient of rank correlation rho value of −0.440 
(P = .028) (Figure 3C).

3.4 | MicroRNA-493-5p inhibits MYCN via 3′-UTR 
targeting in liver cancer cells

To further investigate the potential interaction between miR-493-5p 
and the MYCN oncogene, MYCN expression was first evaluated at 
the mRNA and protein levels in response to miR-493-5p experi-
mental reexpression in HCC cells. Importantly, the effective over-
expression of miR-493-5p using miRNA mimics was confirmed given 

F I G U R E  1   Characterization of microRNA (miR)-493-5p potential targets in human hepatic cancer cells. A, Venn diagram summarizing 
the experimental approach used to identify miR-493-5p targets in hepatocellular carcinoma (HCC) cells. Diagrams depict the number of 
genes significantly downregulated (>1.5-fold) after reexpression of miR-493-5p in Hep3B and HepG2 cells. Microarray data from GSE12 
3313 and GSE12 5407 were used for the analysis. B, Venn diagram showing that 154 genes were commonly downregulated in both arrays. 
C, Expression profiles of miR-493-5p potential targets. Genes with a greater than twofold change (Log2) were extracted from the microarray. 
The scale bar encodes the logarithm of relative mRNA levels measured after experimental reexpression of miR-493-5p in HCC cells. D, Fold 
change (mean value) of the 9 genes downregulated after miR-493-5p overexpression. P values were calculated using a t test. Red dashed 
line delineates P values < .05
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F I G U R E  2   MYCN, FNDC5, and SCN5A 
expression levels in hepatic tumor 
cells and human hepatocytes. Relative 
expression levels of MYCN, FNDC5, 
and SCN5A were determined by real-
time quantitative PCR (qPCR) in human 
hepatocellular carcinoma cell lines. 
Average expression levels measured in 
human hepatocytes from 4 different 
donors were used as a reference. 
The histograms show the mean ± SD. 
Statistical differences relative to control 
hepatocytes were reached at *P < .05 and 
***P < .001 using a Mann-Whitney U test. 
NS, not significant
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F I G U R E  3   Measurement of microRNA 
(miR)-493-5p and MYCN expression levels 
in clinical samples from hepatocellular 
carcinoma (HCC) patients. A,B, Relative 
expression levels of (A) miR-493-5p and 
(B) MYCN in clinical samples. Patients 
showing moderate to advanced hepatic 
tumors (length > 2.5 cm) were selected 
for the study. The box plots illustrate 
differential gene expression in 13 
primary HCC tumors (T) compared with 
the corresponding nontumor tissues 
(NT). Mann–Whitney U test was used 
to calculate P values. C, Scatter plots 
of Spearman’s correlation coefficient 
analysis between miR-493-5p and MYCN 
relative expression, measured by real-time 
quantitative PCR in all clinical samples (T 
and NT, N = 26). Red and blue plots show 
T and NT tissues, respectively
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the prominent levels of miR-493-5p measured in transfected cells 
(Figure S1). Real-time qPCR data showed that miR-493-5p mimics 
significantly altered MYCN expression, which was decreased by 
80.3 ± 38.5%, 52.3 ± 5.0%, and 28.3 ± 5.4% in Hep3B, HepG2, and 
Huh-7 cells, respectively (Figure 4A). Furthermore, immunoblotting 
confirmed that miR-493-5p forced expression was associated with a 
decrease in MYCN protein levels (Figure 4B).

In silico analysis revealed that the MYCN 3′-UTR contained 
2 sequences that were partially complementary to miR-493-5p 
(Figure 5A). The identified binding sites, named sites #1 and #2, 
contained 6 and 5 nucleotide sequences, respectively, that might 
interact with miR-493-5p and potentially repress MYCN. Thus, 3′-
UTR assays were considered to validate this hypothesis, and HCC 
cells were transfected with miR-493-5p mimics and vectors that 
contained site #1 or site #2 sequence inserted downstream of a lu-
ciferase reporter. The 3′-UTR assay showed that forced expression 
of miR-493-5p decreased luciferase activity from the value obtained 
with the control mimics, using both reporter vectors as follows: 
16.8 ± 4.8% and 11.4 ± 4.6% for sites #1 and #2, respectively (P < .01 
and P < .05, respectively; t test) (Figure 5B). Conversely, we did not 
observe inhibition of reporter activity in the cells transfected with 
construct vectors that contained a mutated sequence of miR-493-5p 
binding site #1 or #2. These results indicate the existence of a regu-
latory mechanism driven by miR-493-5p through direct targeting of 
2 distinct regions in the MYCN 3′-UTR.

3.5 | MYCN knockdown mimics the tumor 
suppressor effect of miR-493-5p in hepatic 
tumor cells

To clarify the impact of the miR-493-5p/MYCN axis in liver cancer, 
we tested whether MYCN experimental silencing could mimic the 
tumor suppressor activity mediated by miR-493-5p overexpres-
sion in HCC cells. For this purpose, 2 distinct siRNAs were selected 
given their ability to inhibit MYCN expression (Figure S2). First, vi-
ability assays showed that HCC cell growth was significantly de-
creased in response to MYCN experimental repression compared 
with the control cells, which expressed higher levels of the oncogene 
(Figure 6A). More precisely, cancer cell growth activity was inhibited 
by 22.2 ± 1.0% and 23.3 ± 0.6% using siMYCN_A and siMYCN_B, 
respectively (P < .01, t test at day 4). Next, we analyzed the invasive-
ness of HCC cells with Transwell migration assays using Matrigel-
coated invasion chambers (Figure 6B). MYCN knockdown markedly 
altered cell invasion by 69.0 ± 13.3% and 74.4 ± 9.6% (siMYCN_A and 
siMYCN_B, respectively) compared with the control cells (P < .05, t 
test).

Rescue experiments confirmed that overexpression of miR-
493-5p-resistant MYCN (without MYCN 3′-UTR) restored HCC cell 
viability (Figure 6C) and invasion (Figure 6D) in Hep3B cells trans-
fected with miR-493-5p mimics (Figure S3). Together, these results 
were fully consistent with the tumor suppressor activity of miR-
493-5p in liver cancer cells, which has been previously reported 

by our group,17 and showed that MYCN repression contributed to 
miR-493-5p-mediated HCC tumor inhibition. Gene set enrichment 
analysis also supported the anticancer activity of miR-493-5p after 
its reexpression in HCC cells (Figure 7A). Gene set enrichment 
analysis highlighted significant enrichment of gene sets related 
to cell cycle progression and proliferation in control HCC cells vs 
miR-493-5p-rescued cells. In particular, the gene set for “cell divi-
sion and cell cycle progression” included PLK4, CCNA2, and PLK1, 
which are critical for cell division (Figure 7B). Conversely, we con-
firmed that several pathways associated with cell junction and ad-
hesion were enriched in miR-493-5p-rescued cells vs control HCC 
cells (Figure 7A,C), which supported the antiinvasion properties of 
miR-493-5p.

4  | DISCUSSION

In the present work, we identified MYCN as a critical oncogene post-
transcriptionally repressed by miR-493-5p. This finding strengthens 

F I G U R E  4   Analysis of MYCN mRNA and protein levels after 
microRNA (miR)-493-5p reexpression. A, Relative expression of 
MYCN following miR-493-5p rescue in hepatocellular carcinoma 
cells. Gene expression levels were measured 72 h after transfection 
with control (Ctrl) and miR-493-5p mimics. Histograms represent 
the mean ± SD. Significance was evaluated using a t test (n = 3). 
*P < .05, **P < .01, ***P < .001. B, MYCN protein levels determined 
by immunoblotting after miR-493-5p forced expression in Huh-
7 cells. Whole-cell lysates were collected 48, 72, and 96 h after 
transfection. β-Tubulin was used as a loading control
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F I G U R E  5   MYCN 3′-UTR assay after 
ectopic overexpression of microRNA 
(miR)-493-5p. A, Depicted sequences 
indicate the complementarity between 
miR-493-5p and MYCN 3′-UTR. Two 
potential binding sites were identified in 
the human MYCN 3′-UTR (sites #1 and 
#2). B, Dual luciferase reporter assay 
was carried out after cotransfection of 
HepG2 cells with miR-493-5p mimics and 
the firefly Renilla luciferase construct 
containing MYCN 3′-UTR site #1 or #2. 
Vectors containing a mutated sequence 
of MYCN 3′-UTR (site #1 or #2) were 
used as negative controls. Luciferase 
activities were measured and the ratios of 
firefly : Renilla luciferase activities were 
determined. Histograms represent the 
mean ± SD. Significance was evaluated 
using a t test (n = 3). *P < .05, **P < .01. 
Ctrl, control; Mut, mutated; WT, wild type
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the pivotal tumor suppressor feature of miR-493-5p previously de-
scribed by our group in hepatic cancer cells. Although MYCN inhibi-
tion can explain part of the antitumor effect mediated by miR-493-5p 
reexpression, it also appears reasonable, based on our current knowl-
edge, to consider that direct repression of other key oncogenes, such 
as IGF2 or miR-483, by miR-493-5p could contribute to negatively 
control the malignant properties of hepatic tumor cells in a syner-
gistic way. In silico analyses have strongly supported the idea that a 
single miRNA could potentially pair with multiple targets and modu-
late their expression. To date, 1917 miRNAs have been identified in 
humans (miRBase, release 22.1, October 2018). This count can be 
doubled considering both the 3′- and 5′- arms, which correspond to 
the 3p and 5p forms of mature miRNAs. However, computational 
studies have reported more than 45 000 miRNA target sites con-
served within human 3′-UTRs (approximately 60% of protein-coding 
genes),22 which is far larger than all the miRNAs characterized so far 
and arguing for the pleiotropic activity of miRNAs.

In agreement with our observations, recent studies confirmed 
the critical antitumor effect of miR-493-5p through the modulation 
of distinct oncogenes in liver cancer (Table 1). Zhao and collabora-
tors showed that overexpression of miR-493-5p suppressed hepatic 
tumor growth through cell cycle arrest and apoptosis by directly 
targeting GOLM1.23 Also known as GP73, GOLM1 is frequently up-
regulated in HCC tissues and serum from patients.24 Another study 
by Wang and coworkers also described the tumor suppressor role 
of miR-493-5p and its inhibition in liver cancer cells.25 Notably, this 
second work reported that miR-493-5p suppressed the migration 
of hepatic cancer cells by negatively regulating the expression of 
vesicle-associated membrane protein 2 (VAMP2), an oncogenic pro-
tein. The tumor suppressor role of miR-493-5p has been described 
in other types of solid tumors.26-30 We previously characterized 
miR-493-5p anticancer activity and described a miRNA-dependent 

regulatory mechanism between two distinct imprinted loci: (i) the 
MEG3-miR-493 locus, which was found to be epigenetically silenced 
by MEG3-differentially regulated region hypermethylation in liver 
cancer cell lines and hepatic tumors from patients; and (ii) the IGF2-
miR-483 locus, which was found to be overexpressed in hepatic 
cancer cells exhibiting IGF2 loss of imprinting.17 In addition, we re-
ported the epigenetic silencing of miR-148a and miR-122, 2 other 
major tumor suppressor miRNAs, through CpG hypermethylation in 
HCC cells and tissues.16,31 Similar to miR-493-5p, miR-122 is a cen-
tral tumor suppressor miRNA with a large spectrum of action, which 
can repress HCC progression by controlling the expression of vari-
ous target genes involved in tumor growth, migration, and cell viabil-
ity.32-34 Interestingly, several studies have supported the therapeutic 
value of demethylating agents for the reactivation of epigenetically 
controlled genes and miRNAs with antitumor effects.35-37

The canonical oncogene MYCN is normally expressed in the 
migrating neural crest and encodes a phosphoprotein that be-
longs to the Myc network of transcriptional regulators, which play 
a role in governing cell growth, apoptosis, and differentiation.38 
Amplification of the MYCN locus has been reported in 20–30% of 
neuroblastoma cases and is one of the strongest clinical predictors 
of poor prognosis.39,40 Using transcriptome analysis, Kojima’s group 
recently identified MYCN as a target of ACR,18 a retinoid acid that 
exhibits anti-HCC properties.41 Selectively, ACR induced death in 
the liver CSC subpopulation overexpressing MYCN. Previous inves-
tigations have found the interconnection between MYCN and miR-
NAs. For example, a study based on the modeling of miRNA-mRNA 
interactions identified a regulatory network involving MYCN and 
the tumor suppressor miR-204 that operated during neuroblastoma 
tumorigenesis.42 This work showed that miR-204 directly bound 
MYCN mRNA and decreased its protein levels. Additionally, MYCN 
was able to bind the promoter of miR-204 and inhibit the expression 

F I G U R E  7   Assessment of microRNA (miR)-493-5p tumor suppressor activity by gene set enrichment analysis (GSEA). A, GSEA was 
carried out to evaluate the anticancer effect of miR-493-5p in Hep3B and HepG2 cells. Combined data from GSE12 5407 and GSE12 3313 
were used for the analysis. Table shows the molecular signatures highlighting the antiproliferation and antiinvasion effect of miR-493-5p. 
B, Enrichment plot and heat map for the genes involved in cell division and cell cycle progression (G2/M) in hepatocellular carcinoma (HCC) 
control cells vs miR-493-5p-rescued cells (Hallmark gene set_G2/M checkpoint; normalized enrichment score [NES] = 2.073; P < .001). C, 
Enrichment plot and heat map for genes involved in cell-cell junction or cell-ECM interaction in miR-493-5p-rescued cells vs HCC control 
cells (GO biological process_cell junction organization; NES = 1.985; P < .001). See Tables S3 and S4 for Hallmark gene set_G2/M checkpoint 
and GO biological process_cell junction organization enriched genes, respectively

Target Activity Year Authors Reference

Oncogenes

MYCN Proliferation, 
invasion

2019 Yasukawa et al This study

IGF2 Tumor growth, 
invasion

2019 Gailhouste et al 17

VAMP2 Invasion 2018 Wang et al 25

GOLM1 (GP73) Cell cycle, survival 2017 Zhao et al 23

Oncomir

miR-483-3p Tumor growth, 
invasion

2019 Gailhouste et al 17

TA B L E  1   Validated therapeutic targets 
of microRNA (miR)-493-5p in hepatic 
cancer cells

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125407
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123313
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of the miRNA. Conversely, Ma and coworkers showed that MYCN 
activated the expression of miR-9, an oncomir, which subsequently 
promoted metastasis by targeting the 3′-UTR of cadherin 1 in breast 
cancer cells.43

In conclusion, our study shows that miR-493-5p mediates part of its 
tumor suppressor activity by negatively regulating the oncogene MYCN 
in hepatic cancer cells. In agreement with our previous investigations, 
these results support the pivotal anticancer role played by this miRNA 
through directly targeting multiple oncogenes. This work also suggests 
that further characterization of central tumor suppressor miRNAs with 
large spectra of actions could represent a valuable source of informa-
tion for the development of future miRNA-based therapies.
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