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Abstract

Background We have previously shown that hsa-miR-

520d-5p can convert cancer cells into induced pluripotent

stem cells (iPSCs) or mesenchymal stem cells (MSCs) via

a dedifferentiation by a demethylation mechanism.

Methods We tested the effect of miR-520d-5p on human

fibroblasts to determine whether it could be safely used in

normal cells for future clinical therapeutic applications.

After we transfected the microRNA into fibroblasts, we

analyzed the phenotypic changes, gene expression levels,

and stemness induction in vitro, and we evaluated tumor

formation in an in vivo xenograft model.

Results The transfected fibroblasts turned into CD105?

cell populations, survived approximately 24 weeks, and

exhibited increases in both the collagen-producing ability

and in differentiation. Combinatorial transfection of small

interfering RNAs for miR-520d-5p target genes (ELAVL2,

GATAD2B, and TEAD1) produced similar results to miR-

520d-5p transfection. These molecules converted normal

cells into MSCs and not iPSCs.

Conclusions In vitro data indicate the potent usefulness of

this small molecule as a therapeutic biomaterial in normal

cells and cancer cells because CD105? cells never converted

to iPSCs despite repeated transfections and all types of

transfectants lost their tumorigenicity. This maintenance of a

benign state following miR-520d-5p transfection appears to

be caused by p53 upregulation. We conclude that miR-520d-

5p may be a useful biomaterial at an in vitro level.

Key Points

Hsa-miR-520d-5p can transform hepatoma cells into

non-malignant cells [human induced pluripotent

stem cell (hiPSC)-like cells] via the dedifferentiation

induced by both DNA and RNA demethylation.

Because we did not observe malignant

transformation or even benign tumorigenicity in

normal cells receiving it, we could confirm the

safety, lack of toxicity in vitro, and potential

applications of hsa-miR-520d-5p and its three target

genes in future anti-cancer or anti-aging therapies.

A fuller understanding of the diverse functions of

hsa-miR-520d-5p may help to overcome some of the

current struggles in the field of medical science.

1 Introduction

Mature microRNAs (miRNAs; single-stranded RNA mol-

ecules of 18–23 nucleotides) control gene expression in

many cellular processes [1]. miRNAs typically reduce the
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stability of messenger RNAs (mRNAs), including genes

that mediate tumorigenic processes, such as apoptosis, cell

cycle regulation, differentiation, inflammation, invasion,

and stress responses [2]. We previously reported the effect

of hsa-miR-520d-5p transfection into hepatoma cells or

undifferentiated cancer cells [3].

Interestingly, the regulation of gene expression by miR-

NAs influences the overall development and life-support

function with a certain purpose in normal and cancer cells [4,

5]. Targeting by miRNA is carried out via base-pair inter-

actions between the 50 end of miRNAs and sites within the

coding and/or untranslated regions (UTRs) of transcriptional

form of genes targeted by miRNAs; target sites in the 30UTR

lead to more effective translational dysfunction [6, 7].

Because one miRNA generally targets at least hundreds of

mRNAs, it is considered to be extremely difficult to elucidate

miRNA regulatory pathways [8]. In the case of miR-520d-5p,

there are more than 1,000 predicted target genes, according to

available bioinformatics.

Because it is common knowledge that conventional anti-

cancer agents have a negligible toxic effect on normal cells

[9, 10], although molecular targeted anti-cancer agents

including antibody drugs are not so toxic to normal cells, but

that the anti-cancer effects gradually tend to get weaker, it is

expected that normal cells transfected with miR-520d-5p will

be less subject to toxic effects. In a previous study, 520d-5p-

transfection induced undifferentiated cancer cells or hepa-

tomas with a high or low degree of differentiation into a

benign state due to p53 upregulation [3]. Because fibroblasts

have recently been shown to be a useful starting material for

induced pluripotent stem cell (iPSC) generation in the field of

regenerative medicine, in this study we attempt to confirm

whether miR-520d-5p transfection can turn fibroblasts into

novel stem cells retaining p53 upregulation, unlike iPSC [11,

12]. If miR-520d-5p is a good candidate for use in anti-cancer

therapies, it will be important to determine whether local or

systemic administration has an effect on normal cells [10].

Because it is also necessary to test whether it has toxicity and

tumorigenicity in vivo, in this study we examined the influ-

ence and effect of miR-520d-5p on fibroblasts and vascular

endothelial cells both in vitro and in vivo, to prove the safety.

Additionally, we examined the effects of small interfering

RNAs (siRNAs) for the predicted target genes, including

ELAVL2 [3].

2 Methods

2.1 Cells

To determine the in vitro and in vivo effects of hsa-miR-

520d-5p expression and to explore its safety for future

systemic administration, we used three cell lines and

lentiviral vectors. Human iPSCs (hiPSCs) (HPS0002) were

provided by the RIKEN BioResource Center Cell Bank

(Ibaraki, Japan), and both human umbilical vein endothe-

lial cells (HUVECs) and normal human dermal fibroblast

(NHDF) cells were provided by TAKARA BIO Inc.

(Tokyo, Japan). To examine the effect of miR-520d-5p on

normal cells in vitro and in vivo, we used a human fibro-

blast cell line (NHDF-Ad derived from adults) and HU-

VECs, cultured in fibroblast basal medium (FBM)-2

medium using the fibroblast growth medium chemically

defined (FGM-CD) Bullet Kit and EBM-2 using EBM-2

SingleQuots, respectively (TAKARA BIO Inc.). The hiP-

SCs were cultured in ReproStem medium (ReproCell,

Tokyo, Japan) with 5 ng/mL basic fibroblast growth factor

(bFGF)-2. In addition, the human mesangial cell line

293FT (Invitrogen Japan K.K., Tokyo, Japan) was used for

producing miR-520d-expressing lentivirus as previously

reported [13]. The 293FT cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10 % fetal bovine serum (FBS), 0.1 mM minimum essen-

tial medium (MEM) non-essential amino acids solution,

2 mM L-glutamine, and 1 % penicillin/streptomycin.

2.2 Lentiviral Vector Constructs

To examine the effects of miR-520d-5p over-expression on

normal cells, we transfected pMIRNA1-miR-520d-5p/green

fluorescent protein (GFP) (20 lg; System Biosciences,

Mountain View, CA, USA) or the mock vector pCDH/lenti/

GFP (20 lg) into 293FT cells. To harvest viral particles, the

cells were centrifuged at 170,000 9 g (120 min, 4 �C). The

viral pellets were collected, and the viral copy numbers were

measured using a Lenti-XTM quantitative reverse transcrip-

tase–polymerase chain reaction (qRT-PCR) Titration kit

(Clontech, Mountain View, CA, USA). For NHDF-Ad or

HUVEC infection, 1.0 9 106 copies of the lentivirus were

used per 10 cm culture dish. To confirm the status of GA-

TAD2B and TEAD1 as candidate target genes of miR-520d-5p,

short hairpin RNAs (shRNAs) for GATAD2B and TEAD1 were

purchased from GeneCopoeia (Rockville, MD, USA). The

siRNA sequences for ELAVL2 have been described in a pre-

vious report and the siRNA sequences for GATAD2B and

TEAD1 are as follows [3]:

GATAD2B-1: 50-tcttcgcttgaatctgttgtcaagagcaacagattcaa

gcgaaga-30

GATAD2B-2: 50-gcagaatgcagcatctattgtcaagagcaatagatgc

tgcattctg-30

GATAD2B-3: 50-gccttccacacatgttgatgtcaagagcatcaacatg

tgtggaagg-30

GATAD2B-4: 50-gtgtcagcgtacaacatccttcaagagaggatgttgta

cgctgaca-30

TEAD1-1: 50-ggactctgcagataagccaatcaagagttggcttatctgc

agagtc-30
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TEAD1-2: 50-gactgccattcataacaagctcaagaggcttgttatgaatg

gcag-30

TEAD1-3: 50-ggcatgccaaccattcttactcaagaggtaagaatggttg

gcatgc-30

TEAD1-4: 50-gaaggtggcttaaaggaacttcaagagagttcctttaagc

cacctt-30

The scrambled sequence for miR-520d-5p was 50-gag-

uccgcctcuatagacaa-30, and 50-auucguuguuauugu-30 was

used as a scramble for GATAD2B and TEAD1. The siRNA

lentiviral constructs were transfected into NHDF cells as

per the optimized method. siRNAs for three genes

(ELAVL2, GATAD2B, and TEAD1) were transfected into

NHDF-Ad cells individually and in all possible combina-

tions, for a total of seven different transfections.

2.2.1 Immunodeficient Mice and the In Vivo Study

One week after the lentiviral infection, 5 9 107 NHDF and

HUVEC cells were harvested and injected intraperitoneally

(n = 8), intramuscularly into the right femoral region

(n = 8), or subcutaneously into the right flank (n = 8)

(injection volume, 200 lL). Six-week-old immunodeficient

mice (KSN/Slc; Shimizu Laboratory Supplies, Kyoto,

Japan) were allowed free access to water and food for

12–24 weeks after the injections until they were anesthe-

tized with 100 mg/kg nembutal and euthanized. All ani-

mals were housed and fed in the Division of Laboratory

Animal Science at Tottori University (Tottori, Japan) under

a protocol that was approved by the Japanese Association

for Accreditation for Laboratory Animal Care, and the

animal research and handling were performed in strict

accordance with the federal Institutional Animal Care and

Use Committee guidelines. All experiments reported in this

study were approved by an institutional committee.

2.3 Gene Expression Analysis by Reverse

Transcriptase–Polymerase Chain Reaction

(RT-PCR)

Total RNA, including the small RNA fraction, was

extracted from cultured cells or homogenized mouse tis-

sues with the mirVana miRNA Isolation Kit (Ambion,

Austin, TX, USA). Mature miRNA (miR-520d-5p: 25 ng/

lL) was quantified with the Mir-XTM miRNA qRT-PCR

SYBR� kit (TAKARA BIO Inc., Tokyo, Japan) according

to the manufacturer’s instructions. The gels were run under

the same experimental conditions. The polymerase chain

reaction (PCR) and data collection analyses were per-

formed with a BioFlux LineGene (Toyobo, Nagoya,

Japan). To analyze the reverse transcriptase–PCR (RT-

PCR) results, all data except those for human telomerase

reverse transcriptase (hTERT) were normalized to the

internal control b-actin. The hTERT expression was

estimated by the copy number according to a previously

developed quantification method [14]. The U6 small

nuclear RNA was used as an internal control. The total

RNA (50 ng/lL) was reverse transcribed and amplified

using the KAPA SYBR FAST One-Step qRT-PCR Kit

(NIPPON Genetics Co., Ltd, Tokyo, Japan). The RNA

quantification was confirmed by sequencing with high

reproducibility. Electronic Supplementary Material (ESM)

Table S1 shows the primer sequences that were used for

mRNA or miRNA quantification. The data were calculated

statistically by a one-way ANOVA or a Mann–Whitney

U test, and the significant differences are shown as

*P \ 0.05 and **P \ 0.01.

2.4 Western Blotting

We performed Western blotting with 20 lg/lL of protein

and the i-Blot gel transfer system (Invitrogen, Tokyo,

Japan). The anti-CD105, -p53, -SIRT1, -caspase antibodies

were diluted 1:500, and the anti-b-actin antibody was

diluted 1:1,000 according to the manufacturer’s instruc-

tions. The chemiluminescent signals were detected within

1 min with an LAS-4000 (Fujifilm, Tokyo, Japan).

2.5 Immunocytochemistry

Immunohistochemical studies were performed with anti-

bodies to detect a multilineage-differentiating stress-

enduring (muse) cell marker (anti-CD105), markers of

differentiation [anti-Osteocalcin, anti-Aggrecan, or anti-

fatty-acid-binding protein (FABP) antibodies] and the

Mesenchymal Stem Cell Marker Antibody Panel according

to the manufacturer’s instructions (R&D Systems, Minne-

apolis, MN, USA). The NHDF-Ad and HUVEC cells were

infected with lentiviral particles that contained hsa-miR-

520d-5p. The transfectants were harvested and transferred

to a new culture dish for microscopic examination or to a

slide chamber for immunostaining.

2.6 Type I Collagen Quantification

To examine the ability of fibroblasts or 520d-fibroblasts to

produce type I collagen, 200 lL of supernatant was col-

lected from cultures consisting of 1 9 106 cells in 25 cm2

dishes, and the quantity of collagen that the 520d-NHDF

cells produced was measured using the Human Collagen

Type I ELISA kit (ACEL, Inc., Sagamihara, Japan).

2.7 Histological Examination

The lung, the liver, intraperitoneal or post-peritoneal

metastases, and the tumor volumes were investigated

macroscopically or under a dissecting microscope with
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bright-field imaging. The tissue samples were fixed in

10 % buffered formalin overnight, washed with phosphate

buffered saline (PBS), transferred to 70 % ethanol,

embedded in paraffin, sectioned, and stained with hema-

toxylin–eosin (HE).

2.8 Fluorescence Detection in Cells

To estimate the efficacy of infection by the miR-520d-5p-

expressing lentiviral vector, GFP expression was detected

with an OLYMPUS IX71 microscope with a TH4-100

power supply (Tokyo, Japan).

2.9 Measurement of 5-Hydroxymethyl-Cytosine

(5-hmC) Percentage

The 5-hydroxymethyl-cytosine levels were measured in the

NHDF-Ad cells, the mock-NHDF-Ad cells, the 520d-

NHDF-Ad cells, and hiPSC cells (200 ng of DNA from

each), using the MethylFlash Hydroxymethylated DNA

Quantification kit (Colorimetric) according to the manu-

facturer’s instruction (EPIGENTEK, Farmingdale, NY,

USA).

2.10 Telomere Length Measurement

The telomere length in the NHDF-Ad cells and the 520d-

NHDF cells was measured using the TeloTAGGG Telo-

mere Length Assay (Roche Applied Science, Basel,

Switzerland).

2.11 Prediction of GATAD2B and TEAD1 as Target

Genes of miR-520d-5p

The potential target genes for miR-520d-5p (MIMAT0002855:

cuacaaagggaagcccuuuc) were predicted using several dat-

abases (miRBase: http://www.mirbase.org, DIANA-MI-

CROT: http://diana.cslab.ece.ntua.gr/DianaTools/, miRDB:

http://mirdb.org, RNA22-HAS: http://cm.jefferson.edu/

rna22v1.0, TargetMiner: http://www.isical.ac.in/*bioinfo_

miu, mircoRNA.org: http://www.microrna.org/microrna, and

TargetScan-VERT: http://www.targetscan.org/cgi-bin/

targetscan/vert_50). After confirming the gene downregula-

tion by RT-PCR, we examined the gene expression in cells

transfected with siRNAs against GATAD2B and TEAD1

(siGATAD2B-NHDF and siTEAD1-NHDF; four different

siRNAs for each gene; see Sect. 2.2, Lentiviral Vector Con-

structs) and compared the results with the gene expression

levels in the 520d-NHDF cells. We performed RT-PCR,

Western blotting, immunocytochemistry, and cell cycle ana-

lysis as previously described. To investigate the binding of

miR-520d-5p to the 30UTR of GATAD2B or TEAD1, sequences

(or mismatch sequences) that corresponded with predictive

miR-520d-5p-binding sites were ligated into the multiple

cloning sites (MCS) (PmeI and XhoI) of psiCHECK-2 (Pro-

mega KK, Tokyo, Japan). The signals were detected with the

Dual-Luciferase Reporter expression assay (Promega KK,

Tokyo, Japan). Synthesized miR-520d-5p (MBL, Nagoya,

Japan) or the control vector pMIRNA1/GFP (System Biosci-

ences, Mountain View, CA, USA) were co-transfected into

NHDF cells together with each prepared luciferase expression

vector (firefly or Renilla). Synthesized hsa-miR-520d-3p

(MBL, Nagoya, Japan) or pLKO.1 (Addgene, Cambridge, MA,

USA) with mismatch sequences were used as the controls.

Forty-eight hours after transfection, the luciferin expression

(RLU) was measured with an Infinite F500 microplate reader

cFig. 1 a A time course of the lentiviral transfection of miR-520d-5p

into NHDF-Ad cells. The NHDF-Ad cells experienced cell death at

5–6 weeks after the culture began growing. However, transfection of

miR-520d-5p into the parental cells after the first senescence (S;

indicated by an arrow) resulted in the extension of their lifespan to a

total of 18–19 weeks, including two more cycles of senescence and

subsequent miR-520d-5p-transfection, until the cells finally under-

went apoptosis. b The phenotypic changes of the NHDF-Ad cells are

shown. Top the parental cells experienced senescence at approxi-

mately 6 weeks. After transfection with miR-520d-5p, giant and

spheroid populations emerged, and the new cells generated fibroblasts

radially one after another. Bottom the new fibroblast-like cells were

slightly longer in shape or more rapidly proliferating compared with

the NHDF-Ad cells (left). The giant cells express GFP, indicating the

successful transfection of miR-520d-5p into the NHDF-Ad cells; the

merged image shows the overlap of the GFP expression with the giant

cells [differential interference contrast (DIC) image at 409 magni-

fication] (right). The magnification levels or scale bars are shown in

each figure. The two arrows indicate the two types of phenotypes of

the transfectants. All mock-transfectants showed the similar pheno-

type and process till the cell death to parental cells. c A representative

transfectant at 22 weeks was shown by DIC (left), GFP expression

(middle), and CD105 expression (right by immunocytochemistry).

CD105 was expressed mainly in the cytoplasm and the cell

membrane. IgG controls of 520d-transfectants in 20 W were shown

to the right column. Mock-transfectants and parental cells in

senescence showed the similar staining level to IgG controls. d A

representative gene expression profile shown by RT-PCR. Nanog and

p53 were strongly expressed and ELAVL2 and AID were significantly

downregulated to 0.11 and 0.22, respectively. The expression of each

mRNA was normalized to b-actin (n = 8, *P \ 0.05, **P \ 0.01 by

Mann–Whitney U test). e The quantity of collagen produced by the

fibroblasts was measured from the supernatant (126 lL) from NHDF-

Ad cells cultured in 10 cm dishes (n = 3). The data showed that

transfection with miR-520d-5p stimulated the collagen-producing

ability of fibroblasts (transfectants). S indicates the senescent state of

the transfectants. f The DNA methylation level (5-hmC percent) was

measured in the 520d-NHDF-Ad cells relative to the NHDF cells, the

mock-NHDF cells and the hiPSCs (at 2 weeks) (n = 4). The 520d-

NHDF cells were significantly demethylated compared with the

parental cells (*P \ 0.05 by Mann–Whitney U test). The hiPSCs

generally had a lower level of methylation than the NHDF-Ad cells,

but significant differences were not observed. AID activation-induced

cytidine deaminase, cntl control, DIC differential interference con-

trast, GFP green fluorescent protein, hiPSC human induced plurip-

otent stem cell, mRNA messenger RNA, NHDF normal human dermal

fibroblast, NHDF-Ad normal human dermal fibroblast derived from

adults, RT-PCR reverse transcriptase–polymerase chain reaction
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(TECAN, Männedorf, Switzerland). The RLU (Renilla/firefly)

was standardized to a control (n = 4). The siGATAD2B-

NHDF cells or the siTEAD1-NHDF cells were injected into the

right hindquarters of immunodeficient mice, which were then

fed routinely for an average of 3 months and observed for

tumorigenicity and estimation of tumor quality.

(b)

(a)

(c)

(e)
(f)

(d)
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The following six pairs of sequences were inserted into

psiCHECK-2:

GATAD2B-30UTR sense 1, 50-TCGAGTGTATTCTT

TGTAAAATTCGTTT-30; antisense 1, 50-AAACGAA

TTTTACAAAGAATACA-30;
GATAD2B-30UTR sense 2, 50-TCGAGGAACTGC

TTTGTAAAGATGG-30; antisense 2, 50-AAACCATCTTT

ACAAAGCAGTTC-30;
GATAD2B-30UTR mismatch sense, 50-TCGAGTGTA

TTCTTAATAAAATTCGTTT-30; mismatch antisense,

50-AAACGAATTTTATTAAGAATACA-30;
TEAD1-30UTR sense 1, 50-TCGAGACTTATCTTTG

TAACTAATGTTT-30; antisense 1, 50-AAACATTAGTTA

CAAAGATAAGT-30;
TEAD1-30UTR sense 2, 50-TCGAGAAAGTGCTTTG

TAAAAAAAGTTT-30; antisense 2, 50-AAACTTTTTTT

ACAAAGCACTTT-30;
TEAD1-30UTR mismatch sense 3, 50-TCGAGAC

TTATCTTAATAACTAATGTTT-30; and mismatch

antisense 3, 50-AAACATTAGTTATTAAGATAAGT-30.

2.12 Differentiation of 520d-NHDF Cells by

Differentiation-Inducing Agents

Following treatment with differentiation agents, the

induction of osteogenic, chondrogenic, and adipogenic

differentiation in the 520d-NHDF-Ad cells was examined

using the Mesenchymal Stem Cell Identification Kits

(R&D Systems, Inc., Minneapolis, MN, USA).

2.13 Statistical Analysis

Mann–Whitney U test, t-test or a one-way ANOVA were

used for comparisons between the controls, the mock-

treated and the miR-520d-5p results with one observed

variable. P \ 0.05 was considered significant (*P \ 0.05,

**P \ 0.01). In the box plots, the top and bottom of each

box represent the 25th and 75th percentiles, respectively,

providing the interquartile range. The line through the box

indicates the median, and the error bars indicate the 5th and

95th percentiles.

3 Results

NHDF cells [520d-NHDF (hsa-miR-520d-5p-expressing-

NHDF cells)] that were infected with the miR-520d-5p-

expressing lentiviral vector were observed until cell death.

Cells experienced senescence three times, and each time

transfection just after senescence restored cell growth.

However, the fourth transfection never restored senescence

and led to cell death (at 22–24 weeks) (Fig. 1a). By con-

trast, NHDF cells without transfection or mock-treated-

NHDF (mock-NHDF) cells failed to restore cell growth,

and cells experienced cell death at 5–6 weeks or at

8–10 weeks, respectively. Senescent NHDF cells received

the first miR-520d-5p transfection at 6–7 weeks after the

cultures began growing (Fig. 1b; top left), resulting in two

signs of growth restoration (arrows indicate the pheno-

types) (Fig. 1b; bottom left and top right). GFP expression

in spherical new cell populations indicated the success of

the transfections (Fig. 1b; bottom right).

The two types of 520d-NHDF cells, as well as the 520d-

NHDF cells at 22 weeks just before senescence, expressed

the mesenchymal marker CD105 (Fig. 1c; left and right) as

well as GFP (Fig. 1c; middle) and were converted to

spherical cell populations of 1–5 cells per 6 cm plate

(Fig. 1b; top right). The 520d-NHDF cells transcriptionally

upregulated Nanog, p53, and Oct4, but they downregulated

activation-induced cytidine deaminase (AID) and embry-

onic lethal, abnormal vision, Drosophila-like 2 (ELAVL2)

(Fig. 1d) [3, 15, 16]. The ability of the NHDF cells to

produce type I collagen was restored by the transfection

with miR-520d-5p two out of three times. In Fig. 1e, the

cFig. 2 a A luciferase reporter expression assay was performed to

examine whether miR-520d-5p actually targets TEAD1 and GA-

TAD2B. Out of the more than ten predicted binding sites in the

30UTRs of TEAD1 and GATAD2B, two sequences [TTACAAG and

TACAAAG in the 30UTR of TEAD1 (top) or GATAD2B (bottom)]

were chosen to test for miR-520d-5p binding. These sites were

predicted based on the four databases described above. b A luciferase

reporter expression assay revealed that miR-520d-5p bound to both

the 30UTR of TEAD1 and the 30UTR of GATAD2B. In contrast, a

mismatch of miR-520d-5p (a control for standardizing data) and a

scramble group did not significantly bind to the 30UTR sites, resulting

in a failure to induce luciferase expression. Using a luciferase reporter

expression assay, the potent sites of miR-520d-5p binding to the

30UTR were identified and representatively shown at base pairs

4,569–4,581 and 7,463–7,776 in the 30UTR of TEAD1 and

3,622–3,639 in the 30UTR of GATAD2B, respectively. The minus

signs (-) in the synthesized miR-520d-5p sequence represent the

mismatches in the synthesized miR-520d-3p, and the minus signs in

the control vector pMIRNA1/GFP sequence represent the mismatch

sequences within miR-520d-5p that was expressed from pMIRNA1-

520d-5p/GFP (n = 4). The data were analyzed by t test (*P \ 0.05

and **P \ 0.01). c The phenotypic changes in fibroblasts induced by

siETG (siELAVL2/siTEAD1/siGATAD2B) are shown. siETG

induced large cell populations that could generate fibroblasts radially

outwards. The fibroblasts were cultured for 4 weeks under routine

culture conditions. A bar (lower right) indicates the scale. d Immu-

nocytochemistry was performed on the fibroblasts (NHDF-Ad cells)

4 weeks after the cultures began growing. A representative fibroblast

with no siRNA transfection is shown (left), and it expressed CD105

very weakly in the nucleus (right). e Immunocytochemistry was

performed on the siETG transfectants at 22 weeks after the cultures

began growing. Almost all the fibroblasts expressed CD105 strongly

(left), and a representative magnified fibroblast expressed CD105 in

the cytoplasm and the cell membrane (right). A DIC image of the

fibroblast is shown in the middle part. DIC differential interference

contrast, GFP green fluorescent protein, NHDF-Ad normal human

dermal fibroblast derived from adults, siRNA small interfering RNA,

UTR untranslated region
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solid arrow indicates the general reduction of type I

collagen produced by the NHDF cells, while the dotted

arrow indicates the gradual reduction rescued by miR-

520d-5p.

The DNA methylation level was examined in the NHDF

cells because miR-520d-5p has been shown to lead to

demethylation in cancer cells [3]. The methylation level

(5-hmC percent in DNA) was significantly reduced in the
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520d-NHDF cells 2 weeks post-transfection [17] compared

with NHDF cells, but there was no significant difference

between the mock-NHDF, the 520d-NHDF, and the

hiPSCs (*P \ 0.01; Fig. 1f). In adult fibroblasts, the effect

of 520d-5p on DNA demethylation was very weak. How-

ever, the 520d-NHDF cells experiencing senescence (at

(a)

(b)
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18–24 weeks) had significantly elevated 5-hmC level rel-

ative to NHDF cells, mock-NHDF cells, or hiPSCs (ESM

Fig. S1).

Using bioinformatic algorithms, miR-520d-5p was pre-

dicted to bind to sequences including TACAAA in the

30UTRs of TEAD1 and GATAD2B, according to the same

method performed regarding ELAVL2 (Fig. 2a) [3]. A

luciferase reporter assay revealed that two such sites

[TTACAAAG (30UTR-1) and TACAAAG (30UTR-2)]

included in both the GATAD2B 30UTR and the TEAD1

30UTR are actually targeted by miR-520d-5p (Fig. 2b).

Because combinatorial transfection with three siRNAs

(siETG: siELALVL2/siTEAD1/siGATAD2B) reproduced

the CD105 upregulation and resulted in similar phenotypic

changes as those seen following miR-520d-5p transfection,

we simultaneously transfected the three siRNAs into

NHDF cells and examined the effects. Single or pairwise

transfections of the siRNAs had a weaker effect than si-

ETG transfection, which could generate major cell growth

resulting in radial generation of new fibroblasts (Fig 2c).

Compared with scramble-transfected NHDF cells

(Fig. 2d), CD105 was continuously upregulated in the

cytoplasm of the 520d-NHDF cells (Fig. 2e). Expression of

CD105, Nanog, Oct4, p53, and SIRT1 [18] mRNAs was

upregulated in response to miR-520d-5p-transfection, but

hTERT failed to respond to the last transfection (the arrows

indicate the timing of transfection with 520d, and S indi-

cates the senescence of the transfectants) (Fig. 3a).

Although insufficient cell numbers prevented cell harvest

at 16 weeks post-transfection, CD105, p53, and caspase-8

were translationally upregulated in response to siETG

transfection. SIRT1 did not appear to be similarly upreg-

ulated (ESM Fig. 2S).

As a further test, we transfected miR-520d-5p into

HUVECs (ESM Fig. S3A: left). 520d-HUVECs (hsa-miR-

520d-5p-overexpressing HUVECs) gave rise to some

grouped cells (ESM Fig. S3A: middle and right) but did not

show the significant alterations in gene expression (CD34,

CD45, and ROBO4) peculiar to their precursors, the

endothelial progenitor cells (EPCs) (ESM Fig. S3B) [19–

21]. In addition, the telomere length in the transfectants did

not show significant differences between the 520d-NHDF

cells, the mock-NHDF cells, and the NHDF cells until

22 weeks after transfection.

Osteogenic, chondrogenic, and adipogenic differentia-

tion of the 520d-NHDF-Ad cells was confirmed (Fig. 3b).

Osteocalcin, Aggrecan, and FABP expression were

observed (top, middle, and bottom, respectively: Fig. 3b;

left). Control cells transfected with a mock-vector showed

very weak expression of each gene (Fig. 3b; right). GFP

expression was used to confirm the successful transfection

of miR-520d-5p into the NHDF cells, although GFP was

expressed very weakly in the chondrogenic NHDF cells.

To confirm the in vitro results in vivo, 1.0 9 106 viral

copies of miR-520d-5p were transfected into 1.0 9 106

NHDF-Ad cells or HUVECs, which were then inoculated

into athymic KSN/Slc mice. The NHDF or HUVEC cells

that received 1.0 9 106 copies of miR-520d-5p (n = 24)

did not generate any malignant or benign tumors in mice

(intraperitoneally, subcutaneously, or intramuscularly;

n = 8 mice for each). The inoculated mice did not show

any significant body weight loss (mean ± standard error of

the mean and range: 27.7 ± 0.5 and 25.5–29.6 g for 520d-

NHDF and 27.5 ± 0.4 and 25.6–29.8 g for 520d-HUVEC),

compared with the control mice (27.8 ± 0.4 and

25.7–29.6 g). Furthermore, they did not show any toxicity

or exhibit any disorders. In summary, the in vivo study

demonstrated that mice inoculated with 520d-NHDF or

520d-HUVEC cells at a sufficient and effective viral titer

(in viral copy number/cell) never gave rise to any tumorous

lesions in any tissues over a 24-week period.

4 Discussion

The accumulated data have clarified that miRNAs are

involved in numerous biological processes, and miRNA

dysregulation frequently occurs in various carcinomas [22–

24]. Many recent studies have attempted to better under-

stand the role of miRNAs and reveal the importance of

miRNA-mediated regulation in cancer and in normal cells

[25–27]. The potential application of miRNA families in

iPS generation has been reported previously [28]. The

results we have reported on the effects of miR-520d-5p in

carcinogenesis and normal stem cell differentiation

strongly suggest the actual possibility of transforming

b Fig. 3 a The relative ratios of transcriptional expression obtained by

RT-PCR in siETG-NHDF-Ad cells, which were cultured until cell

death following transfection, are depicted. The siETG-NHDF cells

expressed CD105, hTERT, Nanog, Oct4, p53, and SIRT1 in response

to the first two transfections but the third transfection induced little to

no increase in gene expression. Very similar results were obtained

from the 520d-NHDF cells. The data were normalized to the

expression level in the parental NHDF cells, and the relative averages

were shown (n = 4). b Induced differentiation was confirmed by

comparing the levels of commercially provided differentiation

markers in 520d-NHDF-Ad cells (left), and in mock-NHDF-Ad cells

(right). Osteogenic, chondrogenic, and adipogenic differentiation

were induced in the 520d-NHDF cells (left part of 520d-NHDF-Ad)

as detected by Osteocalcin, Aggrecan, and FABP expression,

respectively (right part of 520d-NHDF-Ad), indicating that these

transfected cells have mesenchymal stem cell-like capabilities. The

GFP expression in these cells (middle part of 520d-NHDF-Ad)

indicates successful transfection. The scale bar in each figure is

20 lm. FABP fatty-acid-binding protein, GFP green fluorescent

protein, hTERT human telomerase reverse transcriptase, mRNA

messenger RNA, NHDF normal human dermal fibroblast, NHDF-

Ad normal human dermal fibroblast derived from adults, RT-PCR

reverse transcriptase–polymerase chain reaction
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cancer stem cells (CSCs) into normal stem cells [iPSCs or

mesenchymal stem cells (MSCs)] [3, 29].

Muse cells are distinct stem cells in the mesenchymal

cell population with the capacity to self-renew, to differ-

entiate into cells representative of all three germ layers

from a single cell, and to repair damaged tissues by

spontaneous differentiation into tissue-specific cells with-

out forming teratomas [30]. We describe some procedures

for isolating and evaluating these cells. Muse cells are also

a practical cell source for hiPSCs with markedly high

generation efficiency [31]. They can be sorted from com-

mercially available mesenchymal cells (such as adult

human bone marrow stromal cells and dermal fibroblasts,

or from fresh adult human bone marrow samples) as cells

that are double positive for stage-specific embryonic anti-

gen-3 (SSEA-3) and CD105 [32].

This study was performed to confirm the safety of miR-

520d-5p in normal cells. The miR-520d-5p-transfected

fibroblasts expressed CD105/Endoglin (Fig. 1c), signifi-

cantly elevated p53 and Nanog expression (Fig. 1d) [33],

increased their collagen-producing ability (Fig. 1e) [34],

and extended their longevity to approximately 24 weeks,

although unlike hTERT, miR-520d-5p is not sufficient for

immortalization [35]. Because the elongation or mainte-

nance of telomere length was not observed despite a tem-

porary increase in hTERT expression in response to miR-

520d-5p [36, 37], the transfectants followed a natural aging

process.

Evidence suggests that transient telomerase expression

and only a very small average telomere elongation by

hTERT resulted in a 50 % increase in the lifespan of

human fibroblasts [36]. The DNA methylation level was

rapidly and significantly reduced in response to the first

three miR-520d-5p transfections (Fig. 1f), but the fourth

transfection failed to reduce DNA methylation and the cells

experienced senescence and eventually cell death (ESM

Fig. 1S). This study has shown that it is safe to transfect

miR-520d-5p even into HUVECs (ESM Fig. 3S), sug-

gesting that this molecule may be a candidate for in vivo

trials.

TEAD1 and GATAD2B may be target genes of miR-

520d-5p. It is known that TEAD1 is a transcription factor

that is a key component of the Hippo signaling pathway

[37]. Signaling plays a role in organ size control and tumor

suppression by restricting proliferation and promoting

apoptosis, and it also acts by mediating gene expression of

YAP1 and WWTR1/TAZ, thereby regulating cell prolif-

eration, migration and induction of epithelial to mesen-

chymal transitions (EMT) [38]. GATAD2B functions as a

transcriptional repressor and also as an enhancer of MBD2-

mediated repression [39, 40].

TEAD1 and GATAD2B are each predicted to have more

than ten binding sites for miR-520d-5p in their 30UTR

sequences [representative sites starting at base pairs 4,569

and 7,463 (TTACAAAG), and 506 and 7,256 (TAC-

AAAG) for TEAD1 and base pairs 930, 3,300, and 5,309

(TTACAAAG), and 3,622 (TACAAAG) for GATAD2B]

(Fig. 2a), which suggests that miR-520d-5p possibly binds

to at least four sites in each 30UTR (Fig. 2b). Suppression of

target genes by each siRNA for ELAVL2, TEAD1, and

GATAD2B was confirmed using RT-PCR (ESM Fig. 4S).

Because combinatorial lentiviral transfection of three siR-

NAs (siETG) including siELAVL2 showed similar pheno-

types to miR-520d-5p, including increased lifespan and

CD105 upregulation (Figs. 2c–e, 3a, b), siETG and miR-

520d-5p may activate senescent cells by changing their

metabolic and/or methylation status. This may allow normal

cells to extend their life beyond their natural lifespan,

although the upregulation of CD105 gradually decreased

until cell death, as did the miR-520d-5p-transfection-

induced upregulation of Nanog, Oct4, p53, SIRT1, and

hTERT (Fig. 3a). Transfection of siETG into hepatoma

cells (HLF or Huh7) induced a reduction in DNA demeth-

ylation almost to the levels seen in hiPSCs (ESM Fig. 5S).

Interestingly, in vivo injection of siETG-NHDF-Ad and

siETG-HUVEC never gave rise to any tumors, any ectopic

tissues formation, or any scars, suggesting that these mol-

ecules are safe and non-toxic enough to administer sys-

temically with an optimized drug delivery system, and they

have met the minimum requirements for advancement to

preclinical trials for development as novel anti-cancer or

rejuvenation agents. Combinatorial transfection of siRNAs

for these three predicted target genes may have similar

effects to those from miR-520d-5p alone.

We previously reported that miR-520d-5p can induce

CD105 expression in undifferentiated cancer cells [3].

CD105-expressing fibroblasts can differentiate into carti-

lage, bone, or adipocytes, indicating that they have char-

acteristics of MSCs. They are similar to muse cells but may

not be identical (ESM Fig. 6S). Even fibroblasts transfec-

ted with miR-520d-5p more than 20 times during their

20–24 weeks were not induced into iPSCs, indicating that

this miRNA might be safe, as normal cells or mock-

transfected normal cells had different responses to this

miRNA transfection than did cancer cells, as we reported

previously [3]. This appears to be due to differences in p53

expression. p53 is upregulated in normal cells throughout

the development or the differentiation, whereas it is

upregulated in cancer cells following their miR-520d-5p-

transfection-induced transformation to benignancy or nor-

malcy. This may be compatible with the finding that miR-

520d-5p-transfection cannot maintain the spheroid form of

iPSCs because of the promotion of an epithelial-mesen-

chymal transition (EMT) [41]. miR-520d-5p may thus be

useful for quality control following the induction of iPSC

differentiation.
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Furthermore, the reason we did not examine the

expression of SSEA-3 with sugar chains in this study,

although it is known as another biomarker of muse cells, is

because we regard it as a non-essential marker in normal

cells because it also strongly expresses in cancer cells as

well as colorectal cancer [42]. The function and regulation

of miRNAs is different between cancer cells and normal

cells. Understanding the induction of demethylation or

dedifferentiation may be crucial in interpreting these

findings [43].

5 Conclusions

Taken together, hsa-miR-520d-5p transfection can induce

fibroblasts to form MSCs with CD105 positivity (muse-like

cells), as confirmed in in vitro studies and in an in vivo

xenografted model. The essence of this mechanism is the

induction of dedifferentiation via demethylation. However,

as the effects on normal cells, the safety, and the effec-

tiveness of miR-520d-5p were confirmed, this study sug-

gests that this molecule may be a candidate for use in

nucleic acid-based therapies. This study may provide the

first evidence of juvenescence of fibroblasts with a single

miRNA. The limitations of this study are that it comprised

in vitro data and that no effects on normal blood cells have

been examined yet.

In conclusion, in this in vitro study, we demonstrate the

potential applications of miR-520d-5p and its three target

genes in future anti-cancer or anti-aging therapies.
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