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MicroRNAs (miRNAs) are a class of small non-coding RNAs 
that regulate the expression of target messenger RNA 
(mRNA) complementary to the 3’ untranslated region (UTR) 
at the post-transcriptional level. Hsa-miR-422a, which is 
commonly known as miRNA derived from transposable 
element (MDTE), was derived from short interspersed nuclear 
element (SINE). Through expression analysis, hsa-miR-422a 
was found to be highly expressed in both the small intestine 
and liver of crab-eating monkey. AT-Rich Interaction Domain 
5 B (ARID5B) was selected as the target gene of hsa-miR-
422a, which has two binding sites in both the exon and 3’UTR 
of ARID5B. To identify the interaction between hsa-miR-
422a and ARID5B, a dual luciferase assay was conducted in 
HepG2 cell line. The luciferase activity of cells treated with 
the hsa-miR-422a mimic was upregulated and inversely 
downregulated when both the hsa-miR-422a mimic and 
inhibitor were administered. Nuclear factor erythroid-2 (NF-
E2) was selected as the core transcription factor (TF) via 
feed forward loop analysis. The luciferase expression was 
downregulated when both the hsa-miR-422a mimic and 
siRNA of NF-E2 were treated, compared to the treatment of 

the hsa-miR-422a mimic alone. The present study suggests 
that hsa-miR-422a derived from SINE could bind to the exon 
region as well as the 3’UTR of ARID5B. Additionally, hsa-
miR-422a was found to share binding sites in ARID5B with 
several TFs, including NF-E2. The hsa-miR-422a might thus 
interact with TF to regulate the expression of ARID5B, as 
demonstrated experimentally. Altogether, hsa-miR-422a acts 
as a super enhancer miRNA of ARID5B by collaborating with 
TF and NF-E2.
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INTRODUCTION

MicroRNAs (miRNAs) are 19-25 nucleotides (nt), endoge-

nous small non-coding RNAs that are highly conserved across 

species, from plants to metazoan animals (Han et al., 2020; 

Jones-Rhoades and Bartel, 2004; Kahraman et al., 2018). 
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Numerous miRNAs play a crucial role in several genetic pro-

cesses, such as cell differentiation, proliferation, apoptosis, 

oncogenesis, and development (Cheng et al., 2005; Hwang 

and Mendell, 2006; Loginov et al., 2015; Neilson et al., 2007; 

Shivdasani, 2006). In fundamental research and reviews, 

the expression of numerous miRNAs has been found to be 

tissue- or developmental stage-specific, and changes in their 

expression are often detected in various pathological diseas-

es (Ambros, 2004; Dalal and Kwon, 2010; Kahraman et al., 

2018; Wienholds and Plasterk, 2005). The 5’-proximal seed 

region of miRNA (positions 2-8), which is approximately 6 

nt sequences, binds to the 5’ untranslated region (UTR) and 

coding region, as well as the 3’UTR of the target messenger 

RNA (mRNA) in the cytoplasm (Baskerville and Bartel, 2005; 

Forman and Coller, 2010; Lytle et al., 2007). The interac-

tion between most miRNAs and their target genes inhibits 

the expression of target genes by inducing translational re-

pression and mRNA degradation at the post-transcriptional 

level (Bhattacharyya et al., 2006; Djuranovic et al., 2012). 

However, recent studies have shown that some miRNAs are 

also involved in upregulating gene transcription by targeting 

promoter elements of the target DNA sequences, a phenom-

enon called RNA activation (RNAa) (Jiao and Slack, 2014; 

Majid et al., 2010; Matsui et al., 2013; Turner et al., 2014). In 

other reports, specific miRNAs were found to enhance target 

gene expression by correlating with other factors, including 

transcription factors (TFs) (Suzuki et al., 2017; Xiao et al., 

2017).

 MiRNAs have several genomic origins, such as intergen-

ic regions, introns, and exons; however, specific miRNAs 

originate from transposable elements (TEs) (Piriyapongsa 

and Jordan, 2007; Yuan et al., 2010). TEs, also known as 

transposons, are DNA sequences that can change their po-

sition to other regions of the genome (Sun et al., 2018). TEs 

account for more than 50% of the human genome and are 

concerned with phenotypic changes and the provision of 

alternative promoters and enhancers by inducing intra- or 

inter-chromosomal rearrangements, such as insertion and 

deletion (INDEL) (Bailey et al., 2003; Payer and Burns, 2019). 

These types of INDEL events have been linked to several dis-

eases in numerous animals, including primates. Based on the 

mechanisms of transposition, TEs are divided into two classes 

(class 1, class 2) that are activated through ‘copy-and-paste’ 

and ‘cut-and-paste’, respectively. Short interspersed nuclear 

elements (SINEs) belong to class I transposons, and the SINE-

VNTR-Alus (SVA) and Alu elements are representatives of this 

class. The RNA intermediate of SINE is reverse-transcribed 

into complementary DNA (cDNA), and then integrated 

into different locations in the genome through a copy-and-

paste mechanism (Bourque et al., 2018; Ullu and Tschudi, 

1984). Alu, which is approximately 300 bp in length, is the 

most proliferative retrotransposon in primates, account-

ing for approximately 11% of the human genome (Ahl et 

al., 2015; Dewannieux et al., 2003). MiRNAs derived from 

transposable elements (MDTEs) bind to several parts of the 

target gene to upregulate or downregulate gene expression 

(He et al., 2018; Liang et al., 2016; Zou et al., 2018). One of 

the SINE-derived miRNAs, hsa-miR-422a, is known to play a 

crucial role in cancer biology as an effective tumor suppressor 

(Bonnin et al., 2016; Molina-Pinelo et al., 2014; Wang et al., 

2017).

 TFs are also important regulators of gene expression as 

they bind to the target DNA to modulate its transcriptional 

processes (Baniwal et al., 2007; Batlle et al., 2000; Coste et 

al., 2004; Fischer et al., 2014). Various scientific reports have 

shown that TFs and miRNAs can regulate each other and 

co-affect the same target gene by forming a feed forward 

loop (FFL), which is composed of two input elements and 

one of the other factors regulated together by input ele-

ments. Each of the three interacting factors in the FFL can 

either activate or repress the expression of the target gene 

(Wu et al., 2015; Zhang et al., 2015a; Zhou et al., 2007). 

Several findings suggest that TE could create genetic regu-

lators of target genes, including TFs and miRNAs, and their 

interaction could affect the expression of target genes (Arora 

et al., 2013; Becker et al., 1993; Lee et al., 2020b; Markljung 

et al., 2009; Piriyapongsa et al., 2007). The present study fo-

cused on the interaction between hsa-miR-422a and its tar-

get gene, ARID5B. DNA sequence of ARID5B could provide 

numerous transcription factor binding sites (TFBSs), including 

nuclear factor erythroid-2 (NF-E2), which shares binding 

sequence with hsa-miR-422a. In this study, the correlation 

among hsa-miR-422a, ARID5B and NF-E2 could induce the 

super enhancer activity of hsa-miR-422a as a regulator of 

gene expression.

MATERIALS AND METHODS

Ethical statement
Experiments with Crab-eating monkey were performed in 

accordance with guidelines and regulation approved by Ko-

rea Research Institute of Bioscience & Biotechnology (KRIBB-

AEC-15046).

Total RNA extraction of crabeating monkey tissue samples
The tissue samples (cerebellum, cerebrum, heart, lung, liver, 

kidney, spleen, stomach, small intestine, colon, pancreas, 

bladder, and spinal cord) of crab-eating monkeys (Macaca 

fascicularis) were provided by the National Primate Research 

Center, Korea Research Institute of Bioscience and Biotech-

nology (KRIBB). Total RNA extraction from 13 tissue samples 

was performed using Hybrid-R™ (GeneAll, Korea), according 

to the manufacturer’s instructions. The concentration and 

purity of the total RNA samples were measured using an ND-

1000 UV-Vis spectrophotometer (NanoDrop Technologies, 

USA). To verify the integrity of the total RNA, 18s and 28s 

RNA bands were confirmed by gel electrophoresis.

Bioinformatic analyses of hsamiR422a and its target 
gene, ARID5B
The mature sequences of miR-422a of several species were 

obtained from miRbase v22.1 (http://www.mirbase.org) and 

the TE associated with hsa-miR-422a was examined using 

the UCSC Genome Browser (http://genome.ucsc.edu). Com-

mon target gene candidates related to hsa-miR-422a were 

identified from the following miRNA target prediction pro-

grams: miRDB (http://www.mirdb.org/), miRWalk3.0 (http://

mirwalk.umm.uni-heidelberg.de), and DIANA-microT-CDS 
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(http://www.microrna.gr/microT-CDS). GO analysis was used 

to detect the most feasible target gene using the PANTHER 

classification system (http://www.pantherdb.org/). The se-

quences of hsa-miR-422a and the respective target regions 

of ARID5B were aligned using the program, BioEdit (https://

bioedit.software.informer.com/7.2/), to confirm whether the 

seed region of hsa-miR-422a binds to each target region, 

exon, and 3’UTR in ARID5B. BiBiServ RNAhybrid (https://

bibiserv.cebitec.uni-bielefeld.de/rnahybrid) was used to ex-

amine the interactive structures and minimum free energy 

(MFE) values, which predict the binding affinity of hsa-miR-

422a to its binding sites in the target gene, ARID5B. Primers 

for each target site were designed using Primer3 v. 4.1, 

(http://primer3.ut.ee/) (Table 1).

qRTPCR amplification for the expression analysis
Total RNA samples extracted from the tissues of crab-eating 

monkeys were quantified as 500 ng. To synthesize cDNA 

required for miRNA analysis, the HB miR Multi Assay Kit™ 

system I (HeimBiotek, Korea) was employed in accordance 

with the manufacturer’s suggestions with a thermal cycler 

(Eppendorf, Germany) operated at 37°C for 60 min, followed 

by incubation at 95°C for 5 min and then holding at 4°C. HB_

I Real-Time PCR Master Mix Kit (HeimBiotek) was used for 

quantitative real-time polymerase chain reaction (qRT-PCR) 

in compliance with the manufacturer’s instructions, on a Ro-

tor-Gene Q system (Qiagen, Germany) under the following 

conditions: initialization step at 95°C for 2 min, followed by 

45 thermal cycles of 95°C for 5 s, 55°C for 10 s, and 72°C 

for 15 s; the standard melting conditions of the ramp ranged 

from 55°C to 99°C with a 1°C increase at each step. The 

small nuclear RNA (snRNA), U6, was used as the reference 

for the miRNA expression analysis. All samples were amplified 

in triplicate, and the relative expression data were examined 

using the 2-ΔCt method: ΔCt = Ct(hsa-miR-422a) – Ct(U6). 

The mean ± SD of the results is presented on a bar graph.

Cell culture and dual luciferase reporter assay
HepG2 (liver cancer cell line) and HUTU80 (small intestine 

cancer cell line) were cultured at 37°C in a 5% (v/v) CO2 

incubator in Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, USA) containing 10% (v/v) heat-inactivated fetal 

bovine serum (FBS) (Gibco) and 1% (v/v) antibiotic-anti-

mycotic (Gibco). HepG2 cells were seeded at a density of 1 

× 105 cells/well in a 24-well plate at 80%-85% confluence 

and incubated for 24 h at 37°C in a 5% (v/v) CO2 incubator. 

Thereafter, the cells were transfected with each psi-CHECK2 

vector cloned with different binding regions of ARID5B, hsa-

miR-422a mimic, and the inhibitor. The negative control 

mimic is composed of scrambled miRNAs. Hsa-miR-422a 

mimic is synthesized double-stranded RNAs oligonucleotide 

and hsa-miR-422a inhibitor is a single-stranded synthetic in-

hibitor which bind to complementary target miRNA. Each psi-

CHECK2 vector, quantified as 500 ng, and the hsa-miR-422a 

mimic and inhibitor, quantified as 100 pM, were used for 

co-transfection using jetPRIME® (Polyplus, France), according 

to the manufacturer’s guidelines. 1X passive buffer (Prome-

ga, USA) was used for cell lysis following 24 h of incubation, 

according to the manufacturer’s protocol. After more than 1 

day (24 h) of incubation at 80°C in a deep freezer, Firefly and 

Renilla luciferase activities were measured using the Dual-Lu-

ciferase® Reporter Assay System (Promega), according to the 

manufacturer’s instructions. Each experiment was performed 

in triplicate, and the mean ± SD of the results is presented in 

a bar graph. Student’s t-test was conducted to determine the 

statistical significance of the results (*P < 0.05) (Excel 2016; 

Microsoft, USA).

Analysis of the TFBSs and siRNA treatment
TRANSFAC v8.0 (http://www.gene-regulation.com) was 

employed to identify the potential TFBSs on the exon and 

the 3’UTR regions of ARID5B. The threshold values and core 

match representing the quality of the match between the 

core sequences of a matrix, and the matrix match indicating 

the quality of the match between a matrix and a random part 

of the input sequence, were set to greater than 0.95 and 

0.94, respectively. The FFL tool (http://bioinfo.life.hust.edu.

cn/FFLtool/) was employed to reveal the core interactions 

among miRNAs, their target genes, and TFs. The NF-E2 siR-

NAs (Bioneer, Korea) and siRNA positive and negative control 

(Bioneer) were quantitated to 100 pM for the co-transfection 

of the ARID5B-EXON2 plasmid vector and hsa-miR-422a in 

HepG2 (liver cancer cell line) and HUTU80 (small intestine 

cancer cell line) cells. NF-E2 siRNA are composed of two 

sequences (5’-AGCUCCAUACCUUGGACCU-3’ and 5’-AG-

GUCCAAGGUAUGGAGCU-3’). The siRNA positive controls 

Table 1. The list of primer information on ARID5B

Primer Sequence Primer size (bp) Product size (bp) Details

ARID5B E1  

(ARID5B:EXON1)

F: AACCAGAATGAGACGGAGGA 20 220 7mer binding site in exon region

R: AGTAGAGCAGGGGCGTGTAA 20

ARID5B E2  

(ARID5B:EXON2)

F: GTTCCAGTTTGTCCCAGACC 20 199 6mer binding site in back side of exon region

R: GGGTTAAGGTGATGCTTGGA 20

ARID5B U1  

(ARID5B:UTR1)

F: TGGAATATGGGGCATTTGTT 20 227 7mer in front of 3’UTR region

R: ACTGCTTCTGTTGGGAATGC 20

ARID5B U2  

(ARID5B:UTR2)

F: AATGAGTTTGCCCTGGTGAG 20 108 8mer in back side of 3’UTR region

R: ACCATGAGGAGACAGGCAGA 20

GAPDH F: GAAATCCCATCACCATCTTCCAGG 24 120 The reference gene

R: GAGCCCCAGCCTTCTCCATG 20

Each primer was designed based on the binding site number, location, and the length of hsa-miR-422a in ARID5B.
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(Bioneer; Cat. No. SP-3001) were used to optimize condition 

about siRNA delivery and recheck high delivery level of siRNA. 

It is a validated siRNA known to attain high knockdown level, 

typically for housekeeping or a constitutively expressed gene, 

including GAPDH and luciferase. The siRNA negative controls 

(Bioneer; Cat. No. SN-1001) were used to check efficiency of 

transfection and determine the non-specific effects of siRNA 

delivery. It also known as non-targeting siRNAs that pro-

vides information of a baseline to compare to siRNA-treated 

groups, and contain sequences with low homology to all 

known human, mouse and rat genes. Using the Dual-Lucif-

erase® Reporter Assay System (Promega), Firefly and Renilla 

luciferase activities were determined in accordance with the 

manufacturer’s instructions. Each experiment was performed 

in triplicate, and the mean ± SD is presented in a bar graph. 

Student’s t-test was conducted to determine the statistical 

significance of the results (*P < 0.05).

Relative expression analysis in HepG2 cell treated with 
hsamiR422a mimic and siRNA, NFE2
For the expression analysis, HepG2 cells were seeded at a 

density of 8 × 105 cells/well in a 6-well plate at 80%-85% 

confluence and incubated for 24 h at 37°C in a 5% (v/v) CO2 

incubator. Thereafter, the cells were transfected with each 

psi-CHECK2 vector cloned with different binding regions of 

ARID5B, hsa-miR-422a mimic, and the inhibitor. Each psi-

CHECK2 vector, quantified as 500 ng, and the hsa-miR-

422a mimic, miRNA negative control, NF-E2 siRNA, siRNA 

positive control and negative control quantified as 100 pM, 

were used for co-transfection using jetPRIME®, according 

to the manufacturer’s instructions. Total RNA extraction in 

HepG2 cell from each well was performed using Hybrid-R™ 

(GeneAll), along with the manufacturer’s protocol. Total RNA 

samples isolated from the each well were calculated as 500 

ng. PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, 

Japan) was used for preparation of cDNA in expression anal-

ysis of ARID5B E2 region under the manufacturer’s instruc-

tions. cDNA samples were used with the SYBR Green Q-PCR 

Master Mix with High Rox (SmartGene, Korea) for qRT-PCR, 

in accordance with manufacturer’s protocol in a Rotor-Gene 

Q system (Qiagen) at conditions; initialization step at 95°C 

for 2 min, followed by 40 thermal cycles of 95°C for 5 s, 60°C 

for 25 s and 72°C for 15 s; standard melting conditions with 

90 s at 55°C and the ramp ranged from 55°C to 99°C, with a 

1°C rise at each step. Glyceraldehyde 3-phosphate dehydro-

genase (GAPDH) was used as the reference gene for the nor-

malization of relative expression analysis for ARID5B. All sam-

ples were amplified in triplicates, and the relative expression 

data was examined according to the 2-ΔCt method, which is 

ΔCt = Ct(ARID5B) – Ct(GAPDH). The mean ± SD plotted on 

bars in the graphs.

RESULTS

Bioinformatic and relative expression analyses of hsamiR
422a in crabeating monkey
The evolutionary conservation pattern and their genetic lo-

cation were examined in chimpanzee, monkey, cow, dog, 

chicken, rat, mice, hamster, frog, and fish using the UCSC 

(University of California, Santa Cruz) genome browser and 

ECR (Evolutionary Conserved Regions) browser. Based on the 

results, hsa-miR-422a is derived from the transposon, SINE, 

and is located in the intergenic region. Hsa-miR-422a was 

also observed to be highly conserved in primates, including 

chimpanzee and monkey, and partially conserved in cow 

and dog (Fig. 1). Moreover, seed region of miR-422a is fully 

preserved in various primates, including human, chimpanzee, 

orangutan and rhesus monkey (Supplementary Fig. S1).

 For the relative expression analysis of hsa-miR-422a, qRT-

PCR was conducted using eight tissues, including brain, 

heart, lung, liver, kidney, spleen, stomach, small intestine, tes-

tis (male only), and bladder (female only) of male and female 

crab-eating monkeys. High relative expression of hsa-miR-

422a was observed in the liver and small intestine of both 

male (Fig. 2A) and female (Fig. 2B) crab-eating monkeys.

Fig. 1. Evolutionary conservation 

pattern of hsamiR422a derived 

from SINEs. The ECR browser 

revealed the evolutionary conser-

vation in various species. Each 

color indicates miRNA (yellow), 

transposon/simple repeat (green), 

and intergenic region (red). Hsa-

miR-422a, which originated from 

SINE, was highly conserved in 

primates and partially conserved 

in dog and cow.
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Bioinformatic analyses of the target gene of hsamiR
422a in crabeating monkey
The common target gene candidates of hsa-miR-422a were 

predicted using three databases: miRDB, miRWalk, and DI-

ANA. miRDB predicted 309, miRWalk predicted 15,069, and 

DIANA predicted 6,343 target gene candidates separately. 

The common target gene candidates (216) shared by all 

three databases are presented in a Venn diagram (Fig. 3A). 

To select the crucial target gene, gene ontology (GO) analysis 

was conducted using the Protein ANalysis THrough Evolu-

tionary Relationships (PANTHER) database. Thereafter, 40 

genes linked with the regulation of cellular processes were 

categorized. Under this category, 17 genes linked with the 

regulation of cellular metabolic processes were identified (Fig. 

3B). A list of 7 target gene candidates is presented in Fig. 3C 

in the order of the largest total binding sites of hsa-miR-422a 

among 17 genes. Among 7 candidates, AT-rich interactive 

domain-containing protein 5 B (ARID5B) was selected as 

the final target gene, which plays an important role in cell 

growth, differentiation of B-lymphocyte progenitors, and liv-

er development. Moreover, ARID5B has several binding sites 

not only 3’UTR but also exon region. Hence, further analyses 

were conducted to investigate the correlation between hsa-

miR-422a and various binding sites, including 3’UTR and 

exon region.

Bioinformatic analysis of the target gene, ARID5B 
The mature sequence of hsa-miR-422a (5’-ACUGGACUUAG-

GGUCAGAAGGC-3’) was downloaded from the miRBase da-

tabase and aligned with the genomic sequence of the target 

gene, ARID5B, which was obtained from the UCSC genome 

browser. The seed region of hsa-miR-422a (5’-CUGGACU-3’) 

binds to two different sites of the exon and the 3’UTR of 

ARID5B. The primers used in the experiments are listed in 

Table 1. Each primer was designed based on the binding site 

of hsa-miR-422a. Of the two primers that bind to the exon 

region, the front side primer, ARID5B E1, contains 7mer 

binding sites while the back side primer, ARID5B E2, contains 

6mer binding sites. The primer that binds to the front of the 

3’UTR, ARID5B U1, has a 7mer binding site while the back 

side binding primer, ARID5B U2, has 8mer binding sites. For 

the binding affinity analysis, the target gene sequence, in-

cluding each binding site and mature sequence of hsa-miR-

422a, was hybridized using the BiBiServ RNAhybrid program. 

For the MFE value, the larger the negative absolute value, the 

higher the bonding strength. The MFE value between hsa-

miR-422a and the front exon region of ARID5B was –25.0 

kcal/mol (Fig. 4A), and that of the back exon region was 
–23.9 kcal/mol (Fig. 4B). The MFE value between hsa-miR-

422a and the front of the 3’UTR region was –16.6 kcal/mol 

(Fig. 4C) while that of the back 3’UTR region was –25.9 kcal/

mol (Fig. 4D). These results demonstrate that hsa-miR-422a 

is tightly bound to ARID5B at each binding site.

Luciferase assay of hsamiR422a and ARID5B
Co-transfection was conducted to assess the relationship 

Fig. 2. Relative expression analysis of hsamiR422a in tissue samples from crab eating monkeys (M. fascicularis). (A) Relative 

expression of hsa-miR-422a in the male tissue samples from crab eating monkeys. (B) Relative expression of hsa-miR-422a in the female 

tissue samples from crab eating monkeys. Hsa-miR-422a was highly expressed in the liver and small intestine of male and female crab-

eating monkeys. The relative expression of hsa-miR-422a was normalized to that of U6, which is a small nuclear RNA used as a reference 

RNA. The mean ± SD of triplicate measurements is presented in the bar graphs.
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between hsa-miR-422a and the four different binding sites 

of ARID5B. The HepG2 cell line, derived from hepatocellular 

carcinoma (HCC) (liver cancer), was used for co-transfection. 

Enhanced expression with the hsa-miR-422a mimic by ap-

proximately 1.5- to 2-fold that of the control was found in 

the HepG2 cell line transfected with each vector, including 

the ARID5B E1, ARID5B E2, ARID5B U1, and ARID5B U2 

regions (Fig. 5). As shown in Figs. 5A and 5B, compared to 

the miRNA control, expression with the hsa-miR-422a mimic 

was substantially upregulated by 50% and 56.1% in the 

ARID5B E1 and ARID5B E2 regions, respectively. Similarly, 

Figs. 5C and 5D revealed that expression with the hsa-miR-

422a mimic was enhanced by 59% and 86% in the ARID5B 

U1 and ARID5B U2 regions, respectively. When each trans-

fected HepG2 cell line was treated with both the hsa-miR-

422a mimic and inhibitor, luciferase expression was found to 

decrease to the level of the control at all four sites. Such find-

ings suggest that hsa-miR-422a could provide the possibility 

of enhancer activity of HepG2 cells.

Prediction of the TFBSs in target gene, ARID5B
We performed an analysis of TFBSs under the assumption 

that hsa-miR-422a would interact with several TFs to show 

enhancer activity. The TRANSFAC v8.0 program was used 

to predict TFBSs in the whole genomic sequence of ARID5B. 

Among the TFs binding to each primer region, TFs whose 

core and matrix matches greater than 0.95 and 0.94 were re-

spectively selected (Table 2). The following TFs were analyzed 

in each primer region: CREB, CREBATF, TCF-4, Lhx3, and 

Nkx2-5 (ARID5B E1); Hand1:E47, NF-E2, HIF-1, and AP-1 

(ARID5B E2); Gfi-1, Sox-5, Sox-9, and Ik-1 (ARID5B U1); and 

Ik-1 and Nkx2-5 (ARID5B U2). To select the key TFs that have 

a distinctive correlation with hsa-miR-422a and ARID5B, an 

FFL analysis was carried out using the FFL tool. Among the 

TFs mentioned above, only NF-E2 formed a core FFL with 

hsa-miR-422a and ARID5B (Fig. 6). Such finding suggests 

that NF-E2 is an important factor related to the interaction 

between hsa-miR-422a and ARID5B.

The correlation between NFE2 and hsamiR422a in the 
exon region of ARID5B 
To verify the role of NF-E2 in the enhanced expression of 

ARID5B, a luciferase assay was conducted using HepG2 (Fig. 

7A) and HUTU80 (Fig. 7B) cell lines originating from cancers 

of the liver, lung, and small intestine, respectively. When the 

hsa-miR-422a mimic was treated, the same increase in lucif-

Fig. 3. The common target gene candidates and the results of GO analysis. (A) Venn diagram of the common predicted target genes 

of hsa-miR-422a based on target gene prediction programs, such as miRDB, miRwalk, and DIANA. (B) The ratio of the target gene 

candidates relative to the regulation of cellular process and cellular metabolic process by GO analysis for the selection of the hsa-miR-

422a target gene. (C) A list of the target gene candidates that function as regulators of the cellular metabolic process, in the order of the 

hsa-miR-422a that binds the most to the target gene. The selected target gene, ARID5B, is indicated in bold.

Gene name Gene 
symbol

Total number of  
binding sites Details 

E2F Transcription Factor 2 E2F2 5 General transcription factor

AT-rich interactive domain-containing protein 5B ARID5B 4 Transcription cofactor

Forkhead box protein I2 FOXI2 3 Winged helix/forkhead transcription factor

Probable histone-lysine N-methyltransferase PRDM7 PRDM7 3 C2H2 zinc finger transcription factor

Neuronal PAS domain-containing protein 4 NPAS4 2 Basic helix-loop-helix transcription factor

TNF receptor-associated factor 6 TRAF6 2 Scaffold/adaptor protein

Zinc Finger Protein, FOG Family Member 2 ZFPM2 1 Transcription cofactor

(A)

40

17

BA

C



  Mol. Cells 2022; 45(7): 465-478  471

Hsa-miR-422a Originated from SINE Increases ARID5B Expression
Woo Ryung Kim et al.

erase expression was observed in all two cell lines in compar-

ison to the control. As shown in Fig. 7, the expression of the 

hsa-miR-422a mimic was substantially upregulated by 60% 

and 86% compared to the miRNA control in the HepG2 and 

HUTU80 cell lines, respectively. Inversely, luciferase expression 

in the ARID5B E2 region was downregulated in all two cell 

lines when both the hsa-miR-422a mimic and NF-E2 siRNA 

were injected. When each of the siRNA positive and negative 

control was treated with hsa-miR-422a mimic, the expres-

sion level of luciferase activity was similar to when hsa-miR-

422a mimic was treated alone in the HepG2 and HUTU80 

cell lines. In order to reveal whether the expression of ARID5B 

is efficiently affected by miRNA and TF, the expression level 

of ARID5B extracted from HepG2 cell, which is transfected 

with hsa-miR-422a mimic and NF-E2 siRNA, was checked 

through qRT-PCR (Supplementary Fig. S2). Consequently, 

ARID5B expression increased when hsa-miR-422a mimic was 

given only, and decreased when NF-E2 siRNA was simultane-

ously treated with hsa-miR-422a mimic. Unlike when NF-E2 

siRNA is injected with hsa-miR-422a mimic, the expression 

of ARID5B does not change significantly after hsa-miR-422a 

mimic and control siRNAs (negative control or positive con-

trol) are treated together. Such finding suggests that the 

interaction between NF-E2 and hsa-miR-422a could promote 

the enhanced expression of ARID5B. The overall results of 

the experimental and bioinformatic analyses and predicted 

regulation model among hsa-miR-422a, TFs and ARID5B are 

summarized and shown as schematic illustration in Fig. 8.

DISCUSSION

Previous studies have revealed that small RNAs derived from 

TEs are involved in important biological processes and in 

several diseases, such as early development, genome dosage 

response, neuronal death, and several cancer types (Borges 

et al., 2018; Burns, 2017; Clayton et al., 2016; Lee et al., 

2020a; Ohnishi et al., 2012; Sun et al., 2018). In particular, 

hsa-miR-422a derived from SINE is known as a tumor sup-

pressor miRNA in several cancer types, including lung cancer, 

glioblastoma, colorectal cancer, osteosarcoma, and breast 

cancer, due to its regulation of cancer-related target genes 

(Wang et al., 2018; Wei et al., 2017; Wu et al., 2017; Zhang 

et al., 2018a; Zou et al., 2018). Hsa-miR-422a is conserved 

in mammals, especially primates (Fig. 1). Considering the 

reason for this result, hsa-miR-422a derived from SINE could 

have inherited characteristics of TE that jump to other sites 

Fig. 4. RNA hybridization between hsamiR422a and the binding sites of ARID5B. The seed region of hsa-miR-422a and the binding 

sites of ARID5B are represented by black squares. (A) Results of RNA hybridization between hsa-miR-422a and ARID5B E1. The minimum 

free energy (MFE) value between hsa-miR-422a and ARID5B E1 was –25.0 kcal/mol. (B) Results of RNA hybridization between hsa-

miR-422a and ARID5B E2. The MFE value between hsa-miR-422a and ARID5B E2 was –23.9 kcal/mol. (C) Results of RNA hybridization 

between hsa-miR-422a and ARID5B U1. The MFE value between hsa-miR-422a and ARID5B U1 was –16.6 kcal/mol. (D) Results of RNA 

hybridization between hsa-miR-422a and ARID5B U2. The MFE value between miR-422a and ARID5B U2 was –25.9 kcal/mol.

BA

C D

MFE=-25.0 kcal/mol MFE=-23.9 kcal/mol

MFE=-16.6 kcal/mol MFE=-25.9 kcal/mol
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of the genomic region. In studies related to transposons, 

each species was confirmed to have different amounts of TE 

in each genome, and the contribution of DNA transposons 

and retrotransposons to the percentage of each species of 

TE differs in many eukaryotic species (Feschotte and Pritham, 

2007; Hirsch and Springer, 2017). To analyze the biological 

role of hsa-miR-422a in primates, qRT-PCR was conducted in 

eight organs of crab-eating monkeys. The highest expression 

Table 2. The list of TFs which bind to each primer region of ARID5B

Primer region Transcription factor Core match Matrix match Binding site Direction Sequence

ARID5B E1 CREB 1 0.947 1296 (+) cagTGACGaca

CREBATF 1 0.956 1298 (+) gTGACGaca

TCF-4 1 0.975 1363 (–) ttCAAAGa

Lhx3 1 0.970 1407 (+) acTTAATtac

Nkx2-5 1 0.977 1408 (+) ctTAATTa

ARID5B E2 Hand1:E47 1 0.955 1589 (–) tgtcCCAGAcccacca

NF-E2 1 0.947 1645 (–) gtgatTCAGCa

HIF-1 1 0.956 1650 (–) tcagCACGTcca

AP-1 0.955 0.967 1645 (+) gtgATTCAg

ARID5B U1 Gfi-1 1 0.974 5373 (–) ttccactgcaaTGATTtcagtctg

Sox-5 1 0.995 5431 (+) caaACAATgt

Sox-9 1 0.951 5429 (+) ttcaaACAATgtta

Ik-1 1 0.964 5557 (–) cgcaTTCCCaaca

ARID5B U2 Ik-1 1 0.953 6365 (+) aaatGGGAAtgag

Nkx2-5 1 0.986 6421 (–) CACTTaa

The TFBSs in each primer region were predicted by TRANSFAC v8.0 program, and TFs whose core and matrix matches greater than 0.95 

and 0.94 were respectively selected.

Fig. 5. Luciferase analyses of HepG2 cells cotransfected with hsamiR422a and each primer sites in ARID5B. HepG2 cells were co-

transfected with two exons and two 3’UTR regions. (A) ARID5B E1. (B) ARID5B E2. (C) ARID5B U1. (D) ARID5B U2. Each binding site of 

ARID5B was cloned into the psi-CHECK2 vector and treated with hsa-miR-422a negative control (Psi-CHECK2 + ARID5B + N.C), hsa-miR-

422a mimic (Psi-CHECK2 + ARID5B + miR422aM), hsa-miR-422a mimic and inhibitor (PsiCHECK2 + ARID5B + miR422aM + I). All bars 

are plotted based on the mean ± SD. Statistical analysis for comparisons between two groups was performed using an unpaired Student’s 

t-test. Differences were considered statistically significant at P < 0.05. Asterisks indicate the statistical significance of the results.
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of hsa-miR-422a was confirmed to be in the liver of both 

male and female crab-eating monkeys (Fig. 2). Several stud-

ies have revealed the relationship between hsa-miR-422a and 

liver-related diseases. Hsa-miR-122 and hsa-miR-422a could 

destabilize the mRNA of cytochrome P450 7A1 (CYP7A1), 

also known as cholesterol 7 alpha-hydroxylase, by inhibiting 

CYP7A1 expression, which plays an important role in the reg-

ulation of bile acid synthesis in the liver (Song et al., 2010). In 

HCC, hsa-miR-422a acts as a regulator of several factors. One 

study revealed that DUXAP8 could function as an oncogenic 

lncRNA in HCC by repressing the tumor suppressor miRNA, 

hsa-miR-422a, and increasing the expression of pyruvate 

dehydrogenase kinase 2 through an indirect pathway (Wei 

et al., 2020). Another study showed that the expression of 

hsa-miR-422a was downregulated by three target genes, 

forkhead box G1 (FOXG1), FOXQ1, and FOXE1 in HCC and 

formed a double-negative feedback loop among hsa-miR-

422a and these targets to regulate HCC development (Zhang 

et al., 2015b). Hsa-miR-422a is also related to the patho-

genesis of liver fibrosis as it forms an miRNA-gene regulatory 

module with four miRNAs (miR-130b-3p, miR-148a-3p, miR-

345-5p, and miR-378a-3p) and six genes (COL6A1, COL6A2, 

Fig. 7. Luciferase analyses of the ARID5B E2 region cotransfected with hsamiR422a mimic and siRNA of the transcription factor, 

NFE2. (A) The result of Luciferase assay in HepG2 cells. (B) The result of Luciferase assay in HUTU80 cells. The ARID5B E2 region was 

cloned into the psi-CHECK2 vector and treated with hsa-miR-422a negative control (Psi-CHECK2 + ARID5B + N.C), hsa-miR-422a 

mimic (Psi-CHECK2 + ARID5B + miR422aM), has-miR-422a mimic, siRNA positive control (Psi-CHECK2 + ARID5B + miR422aM + si_

P.C), hsa-miR-422a mimic, siRNA negative control (Psi-CHECK2 + ARID5B + miR422aM + si_N.C), and hsa-miR-422a mimic, NF-E2 

siRNA (PsiCHECK2 + ARID5B + miR422aM + si_NF-E2). All bars represent the mean ± SD. Statistical analysis for comparisons between 

two groups was performed using an unpaired Student’s t-test. Differences were considered statistically significant at P < 0.05. Asterisks 

indicate the statistical significance of the results.
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Fig. 6. FFL analysis of hsamiR422a, ARID5B, and several 

transcription factors. Based on FFL analysis, NF-E2 was selected 

as the core transcription factor and was further correlated with 

hsa-miR-422a and ARID5B. Hsa-miR-422a (expressed by red 

triangle) and NF-E2 (transcription factor expressed by green 

hexagon) were found to regulate each other and co-regulate 

the same target gene, ARID5B (target gene of hsa-miR-422a 

depicted by a blue circle).
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COL6A3, PIK3R3, COL1A1, and CCND2) (Chen et al., 2017). 

In nonalcoholic fatty liver disease, decreased expression of 

miR-139-5p, miR-30b-5p, miR-422a, and miR-146a by pal-

mitic acid resulted in decreased liver glucose and lipid me-

tabolism, but increased fatty acid biosynthesis (Latorre et al., 

2017). Herein, we conducted several experimental and bio-

informatic analyses to evaluate whether hsa-miR-422a could 

control various biological processes related to the liver, based 

on recent reports and the relative expression patterns.

 ARID5B was selected as the target gene of hsa-miR-422a 

using various target gene prediction tools. Thereafter, the 

binding sites between the seed regions of hsa-miR-422a 

and ARID5B were analyzed. ARID5B was confirmed to 

have a total of four binding sites for hsa-miR-422a, two in 

the exon and 3’UTR. MiRNAs are usually known to interact 

with the 3’UTR to regulate the expression of target mRNAs 

and related biological processes. However, recent studies 

have shown that miRNAs can modulate their expression by 

collaborating with other sites, such as the DNA sequences, 

5’UTR, intron, or exon region as well as the 3’UTR (Kumar et 

al., 2012; Lin et al., 2008; Zhou et al., 2009). According to 

experimental studies related to the 5’UTR, miR-10a and miR-

346 could upregulate the translation of target mRNA and 

increase protein expression levels (Ørom et al., 2008; Tsai et 

al., 2009). Through single nucleotide polymorphism analysis 

in exonic regions, multiple miRNAs, including miR-671-3p 

and miR-657, are known to interact with the coding region 

of metalloproteinase and regulate its expression (Duellman 

et al., 2014). Likewise, miR-193b-5p affects the migration 

and metastasis of breast cancer, and miR-31-5p improves 

amyloid-beta pathology in Alzheimer’s disease by regulating 

the coding region of the target gene, CD44v6, and amyloid 

precursor protein (APP) (Barros-Viegas et al., 2020; Hu et al., 

2020). In light of these recent reports, these findings suggest 

that the collaboration between hsa-miR-422a and the coding 

regions could also affect the regulation of gene expression.

 ARID5B is a well-known critical oncogenic factor that con-

tributes to T-cell leukemogenesis in acute lymphoblastic leu-

kemia; however, this factor is also involved in liver-related dis-

eases. ARID5B is upregulated in hepatic stellate cells (HSCs) 

and can promote liver fibrosis by activating HSCs, which play 

a crucial role in liver fibrogenesis of different etiologies (He 

et al., 2020). Based on studies of HCC, 55% (98 of 179) of 

genes, including ARID5B, that impact liver development, had 

differential expression in cirrhotic or HCC samples compared 

to normal samples (Behnke et al., 2012). In addition, single 

nucleotide variants that are exclusively present in the pro-

gression to HCC are related to genes (ARID3A, ARID3C, ARI-

D4A, ARID5B) involved in chromatin remodeling (Fujimoto 

et al., 2012; Guichard et al., 2012). The present experiment 

was conducted to determine whether hsa-miR-422a and 

ARID5B share the same regulatory interaction in the liver, 

Fig. 8. Schematic illustration of ARID5B enhancer activity upregulated by hsamiR422a. Hsa-miR-422a, which is derived from SINE, 

bind to DNA sequences of target gene, ARID5B and interact with numerous transcription factors around binding sites of hsa-miR-422a. 

In addition, some hsa-miR-422a correlate with mRNA of ARID5B, and all of these interactions support overall regulation of ARID5B 

expression. The correlation between hsa-miR-422a and transcription factors induces up-regulated expression of ARID5B. In other words, 

hsa-miR-422a act as super enhancer miRNA and core regulator by regulation of transcriptional and post-transcriptional expression of 

ARID5B. TSS, transcription start site; TSD, tandem site duplication.
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taking into account prior liver-related studies of hsa-miR-

422a and ARID5B. To investigate the correlation between 

hsa-miR-422a and ARID5B, a luciferase assay was performed 

in vitro. Consequently, the expression of ARID5B in HepG2 

cells co-transfected with psi-CHECK2 vector cloned with four 

binding sites of hsa-miR-422a and the hsa-miR-422a mimic 

was significantly increased compared to the control. The 

luciferase assay was also carried out to examine the coding 

region; however, there was no substantial difference in ex-

pression between the coding regions and the 3’UTR (Fig. 5). 

This upregulated result could be explained by hsa-miR-422a 

acting as an enhancer to increase the expression of ARID5B.

 In most papers on miRNA, miRNAs have been reported to 

regulate their target genes by repression; however, several 

studies have shown that some miRNAs might have enhancer 

functions on target genes. One study revealed that miR-24-

1 can stimulate gene transcription by binding to enhancer 

sequences and increasing the expression of the enhancer 

RNA, which promotes histone alteration and the enrichment 

of p300 and RNA Pol II (Xiao et al., 2017). Additionally, 

hsa-miR-205 activates the expression of tumor suppressor 

genes, such as interleukin (IL) 24 and IL32, by binding to 

specific sites of promoters at the transcriptional level (Majid 

et al., 2010). A few studies have also shown that MDTEs can 

upregulate the expression of each target gene. In a study 

of hsa-miR-625-3p derived from long interspersed nuclear 

element (LINE), a high expression level of hsa-miR-625-3p 

was observed in tumor tissues with papillary thyroid cancer 

compared to adjacent normal tissues. Further, hsa-miR-625-

3p was found to stimulate the proliferation, migration, and 

invasion of thyroid cancer cells (SW579 and TPC-1 cells) by 

increasing the expression of the target gene, AEG-1, which 

activates the Wnt/β-catenin and JNK pathways (Fang et al., 

2018). Additionally, hsa-miR-3681-5p originating from en-

dogenous retroviruses leads to super enhancer activity by 

collaborating with the 3’UTR of SHISA7 in the A549 cell line 

(Lee et al., 2020b). According to previous reports, miRNA, 

especially MDTE such as hsa-miR-422a, has the potential 

to regulate target genes as super-enhancer miRNAs. We 

hypothesized that the enhancer activity of hsa-miR-422a 

on ARID5B expression might be related to some interaction 

with certain factors including TFs. Based on previous studies 

on miRNAs that exert enhancer activity on target genes, TFs 

might be involved in the enhancer relationship between miR-

NA and target genes by forming FFL (Brosh et al., 2008; Peng 

et al., 2013; Zhang et al., 2015a). Therefore, we identified 

the TFBSs using the TRANSFAC program to determine the 

TFs that collaborate with each primer site of ARID5B (Table 

2). Among several TFs that share binding sites with hsa-miR-

422a, FFL analysis predicted that NF-E2 is a key regulator of 

the most core regulation (Fig. 6). NF-E2 shares some of the 

binding sites, especially in the primer E2 region, with hsa-

miR-422a. Collectively, such findings suggest that the three 

factors, hsa-miR-422a, NF-E2, and ARID5B, could co-affect 

the same biological function by forming FFL.

 The hematopoietic TF, NF-E2, is a heterodimeric leucine 

zipper TF required for megakaryocyte differentiation (An-

drews et al., 1993; Goerttler et al., 2005; Kacena et al., 

2004). Some studies have revealed that NF-E2, which func-

tions as an essential regulator of globin gene expression by 

regulating erythroid and megakaryocytic maturation, has TF 

activity and transcription coactivator activity (Andrews et al., 

1993; Hung et al., 2001; Sawado et al., 2001). In a study of 

patients with myeloproliferative neoplasms, mutated and 

truncated NF-E2 were found to cause erythrocytosis and 

thrombocytosis, and increase the proliferative advantage 

(Jutzi et al., 2013). As hsa-miR-422a and ARID5B are associ-

ated with liver-related diseases, NF-E2 is also involved in liv-

er-related pathological processes, such as hepatomegaly and 

extramedullary hematopoiesis induced by erythrocytosis and 

thrombocytosis, according to previous studies (Gregory et al., 

1983; Jelkmann, 2001; Ohta et al., 2002; Spivak, 2010). A 

study on insulin resistance revealed that exercise performed 

by subjects with diet-induced obesity induces a reduction in 

NFE2/miR-423-5p, inversely enhancing FAM3A. Consequent-

ly, this change promotes the FAM3A ATP-Akt pathway in the 

liver and improves hepatic insulin sensitivity and whole-body 

insulin resistance (Yang et al., 2017; Zhang et al., 2018b). To 

verify the connection between hsa-miR-422a, ARID5B, and 

NF-E2 at the cellular level, a luciferase assay with siRNA treat-

ment was performed. The expression of the primer E2 region 

in ARID5B was found to increase in the two cell lines (HepG2 

and HUTU80) treated with the hsa-miR-422a mimic, and in-

versely decrease when the siRNA of NF-E2 and the hsa-miR-

422a mimic were treated together (Fig. 7). The qRT-PCR was 

performed for examining the expression change of ARID5B 

in vitro level and the result have shown that ARID5B expres-

sion in hepG2 cell increased when mimic was treated only. In 

contrast, when NF-E2 siRNA was simultaneously treated with 

hsa-miR-422a mimic, ARID5B expression decreased. These 

experimental results suggest that hsa-miR-422a and NF-E2 

could interact with each other to enhance their respective 

function. This enhanced expression is supported by various 

studies on the relationship among these TF-miRNA-target 

genes. OF-miR-307 acts as a super enhancer miRNA by pro-

viding binding sites with several TFs in the 3’UTR of the target 

gene, mkl1, including Sox-5, GATA-1, HNF-6, FOXO1, and 

HFH-3 (Lee et al., 2019). Another MDTE-related report also 

found that hsa-miR-625-5p derived from LINE binds to the 

3’UTR of GATAD2B and exhibits enhancer activity supported 

by NF-κB in the A549 cell line (Lee et al., 2021). Consequent-

ly, such findings suggest that NF-E2 might interact with hsa-

miR-422a as a super enhancer miRNA to enhance the expres-

sion of ARID5B.

 In summary, hsa-miR-422a derived from SINE could in-

teract with the coding regions and the 3’UTR of ARID5B in 

nucleus and cytoplasm. Several TFs, including NF-E2, could 

bind to each binding site of hsa-miR-422a in DNA sequence 

of ARID5B. Mainly, hsa-miR-422a could interact with DNA of 

ARID5B and upregulates expression of ARID5B supported by 

TFs in nucleus. Also, in cytoplasm, hsa-miR-422a might inter-

act with mRNA of ARID5B, and participate in regulation of 

gene expression. Overall, hsa-miR-422a exerted enhancer ac-

tivity to ARID5B by forming an FFL among hsa-miR-422a, TFs, 

and DNA sequence of ARID5B (Fig. 8). These findings sug-

gest that hsa-miR-422a regulates the expression of ARID5B 

and NF-E2 promotes its enhancer activity by sharing binding 

sites with hsa-miR-422a to act as an alternative promoter and 
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enhancer. The correlation among hsa-miR-422a, ARID5B, 

and NF-E2 in liver-related processes should be analyzed for 

further functional studies.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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