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Abstract

Background: The restoration of the functional ability of mesenchymal stem cells (MSCs) using epigenetic modifica-
tion is very promising for patients with weak osteogenesis ability. This study focused on the acceleration of osteogen-
esis from MSCs using microRNA (miRNA)2861 and a cell-penetrating peptide (CPP), LK.

Methods: We performed MSCs penetration test of complex between the LK peptides and miRNA 2861. Three differ-
ent experiments were performed to investigate the effects of miRNA 2861 on osteogenic differentiation in MSCs: 1)
intensity of alizarin red staining, which reflects the status of mineralization by osteoblasts; 2) gene expression related

to osteoblast differentiation; and 3) confirmation of corresponding protein translation for comparison with RNA

expression levels.

Results: We found that cLK effectively delivered miRNA 2861 into the cytoplasm of human MSCs and accelerated
osteogenic differentiation from MSCs, as well as mineralization.

Conclusion: The complex of miRNA 2861 with LK may have a positive effect on the osteogenic differentiation from
MSCs and mineralization. Therapies using miRNAs combined with LK may be good candidates for the augmentation

of osteogenesis in patients.
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Introduction

Although the increase in life expectancy and the
improvement of surgical techniques have allowed elderly
patients to maintain or recover an active physical condi-
tion, the number of elderly patients who need surgical
treatment has been increasing [1]. However, the aging
population with or without osteoporosis is likely to
have weak bone strength and impaired capacity of bone
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repair because of negative bone remodeling [2, 3]. There-
fore, alternative strategies for bone repair and formation
may be particularly considered in the aging population.
Among those strategies, we may consider adequate medi-
cation for osteoporosis and underlying diseases of the
patients at the perioperative period and effective bone
grafting or replacement to enhance bone formation at the
operative field.

Regarding bone grafting, because auto-bone grafts
(from the patient’s own bone) can provide an osteocon-
ductive scaffold, osteoinductive factors, and osteogenic
cells into the bone-remodeling site, the use of autologous
bone remains the gold-standard approach for bone repair
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or formation in the surgical field [4, 5]. However, autolo-
gous bone grafting is associated with various periopera-
tive and postoperative complications, such as morbidity
on the donor site, limited bone supply, and variability in
the osteogenic ability depending on the patient’s age and
medical history, including osteoporosis [5, 6]. Therefore,
bone-substitute development is warranted according to
factors specific to each patient, including age, sex, and
underlying diseases.

With increasing age, the bone resorption activity is
increased and the functional potency of mesenchymal
stem cells (MSCs) into osteocytes is decreased, whereas
the percentage of adipocytes is increased. Therefore,
the self-renewal capacity, i.e., osteogenesis, decreases
gradually [7]. Because of the complications mentioned
above and the decreased capacity for osteogenesis, there
is a need for the development of other bone substitutes
to enhance bone healing and positive bone remodeling.
Biomimetic materials, the bone morphogenetic protein
(BMP), extracellular matrix mimicry materials, poly-
mer scaffolds, MSC-based therapies, and nanomaterials
have been considered as alternatives [8]. In particular, in
the case of elderly patients with weak osteogenesis abil-
ity, bone substitutes can restore the functional ability of
MSCs from adipogenesis into osteogenesis. Among the
methods that can increase osteogenesis, cell-intrinsic fac-
tors, such as epigenetic modification, have been reported
to be more efficient in osteogenesis by directly affecting
the differentiation of MSCs into osteoblast without co-
stimulation of other intracellular pathways involved in
adipogenesis [9].

Several studies have reported that histone acetylase
inhibitors (HDACs) and micro RNAs (miRNAs) can
act on transcription as activators or attenuators of his-
tone modification during the epigenetic modifications
associated with osteoblast differentiation [10, 11]. miR-
NAs are endogenous non-coding RNAs that comprise a
small number of nucleotides (~25) and can regulate gene
expression by degrading mRNAs or inhibiting mRNA
translation [12]. Several miRNAs have been reported
to regulate the translation of HDACs. miRNAs 188, 22,
29b, 2861, and 449a inhibit the translation of HDACI,
HDAC4, HDACS5, and HDAC6 and promote osteogen-
esis [12—14].

Among various target miRNA candidates, here we
investigated the ability of miRNA 2861 to enhance osteo-
genesis on MSCs through the inhibition of the translation
of HDACS5 [15]. Previously, we reported that cell-pene-
trating peptides (CPPs) can deliver the Runx2 protein,
and that the complex of CPP with Runx2 augmented
osteogenesis on MSCs [16]. A cyclic a-helical CPP (i.e.,
LK) based on leucine and lysine residues (cLK) efficiently
delivered the transcription factor Runx2 into MSCs.
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Similarly, in this study, we investigated whether miRNA
2861 and the CPP complex can augment osteoblast dif-
ferentiation and whether the complex enhances the
modulation of the known target, HDACS5, using human
bone-marrow-derived MSCs [15].

Experimental section (Materials and methods)
Cultivation of human bone-marrow-derived MSCs

We transferred human MSCs (BMO027SS15-P2) from
the Catholic Institute of Cell Therapy, Catholic Medical
Center, for use in the present study. The study proto-
col was approved by the Use Committee of the Clinical
Research Institute, Seoul National University Hospital,
Seoul, Korea (permit number: 07-2020-6). These cells
were maintained in DMEM-Low Glucose (Biowest, Mis-
souri, USA) containing 20% fetal bovine serum (Biowest,
Missouri, United States) at 37 °C with an atmosphere of
5% CO,. The medium was changed every 3-4 days. To
expand the cells, the adhered monolayer was detached
using trypsin/EDTA (Gibco, ThermoFisher, Massachu-
setts, USA) for 5 min at 37 °C.

Materials for peptide synthesis

N-a-Fmoc—protected amino acids, Rink Amide MBHA
resin (0.078 mmol/g loading), and benzotriazole-1-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophos-
phate (PYBOP) were purchased from Novabiochem
(San Diego, CA, USA). Dimethylformamide (DMF),
1,2-dichloromethane (DCM), N,N-diisopropylethylamine
(DIPEA), trifluoroacetic acid (TFA), triisopropylsilane
(TIS), triethylsilane (TES), piperidine, and 5(6)-carboxy-
tetramethylrhodamine (TAMRA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). n-Hexane and die-
thyl ether were purchased from Daejung (Siheung, Gyeo-
nggi, Korea).

Synthesis and characterization of LK peptides

We prepared all CPPs via Fmoc-based solid-phase pep-
tide synthesis using Rink Amide MBHA resin (0.07 mmol
scale) [17]. First, Rink Amide MBHA resin was depro-
tected using 20% piperidine in DMF. N-a-Fmoc—pro-
tected amino acids were conjugated to the resin using
PYPOB (0.42 mmol) and DIPEA (0.42 mmol) in DMF,
and deprotected using 20% piperidine in DMF. Subse-
quently, the coupling of amino acids and Fmoc depro-
tection steps were repeated sequentially until the last
amino acid using a microwave peptide synthesizer (CEM,
Matthews, NC, USA) with the irradiation set at 5 W for
5 min. For the acetylation of the LK peptide, 0.03 mmol
of the resin-bound peptide was added to a solution of
acetic anhydride (0.18 mmol) and HOBt (0.18 mmol)
in 2 mL of DME:-DCM (v/v)=90:10. For the synthesis
of the TAMRA-conjugated LK peptide (TAMRA-LK),
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Fig. 1 Characterizations of ac-LK and Tamra-LK. A Chemical structures and amino acid sequences of acetylated and Tamra-labeled LK. B-E The HPLC
chromatograms and MALDI-TOF mass spectras of ac-LK (B, C) and Tamra-labeled LK (D, E). Both CPPs were analyzed by HPLC with 70-75% of ACN
(0.1% TFA) (> 97% purity) at 220 nm. Ac-LK; MS [M +HI* 3648.62 (calcd), 3648.25 (found), Tamra-LK; MS [M 4+ H].™ 4018.75 (calcd), 4018.93 (found)

0.02 mmol of the resin-bound peptide was reacted with
a 1.3-fold molar excess of 5(6)-TAMRA (0.26 mmol),
PYBOP (0.026 mmol), and DIPEA (0.12 mmol) in 2 mL
of DMF for 2 h. The peptides were cleaved from the
resin by treating them with a mixture of 2 mL TFA/TIS/
water (v/v)=96.5:1:2.5 for 2 h. After the cleavage, pep-
tides were precipitated with diethyl ether and lyophilized.
Finally, the peptide was purified with HPLC (Agilent

1100 series) with an Agilent C18 (3.5 mm, 4.6 X 150 mm)
column. Solution A (water with 0.1% v/v TFA) and Solu-
tion B (ACN with 0.1% v/v TFA) were used as the eluent
solutions. The HPLC chromatogram and MALDI-TOF
mass spectra of purified LK peptides are shown in Fig. 1
(>97% purity): ac-LK; MS [M+H]*t: 3648.62 (calcd.),
3648.25 (found) TAMRA-LK; MS [M+H]*": 4018.75
(calced.), 4018.93 (found).
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Gel shift assay

miRNA 2861 (Sigma-Aldrich) and ac-LK were prepared
in 0.5 x PBS at various molar equivalent ratios and
incubated for 1 h. Next, miRNA 2861 only and com-
plexes were analyzed by electrophoresis on 1% agarose
gels, followed by staining with ethidium bromide and
gel imaging using the Gel Doc imaging system (Bio-Rad
Laboratories, Korea).

Dynamic Light Scattering (DLS) analysis

The formation of a Complex A, B and C between ac-LK
and miRNA 2861 was examined by DLS using a Zetasizer
instrument (Malvern, Zetasizer Nano ZS). The solutions
of the ac-LK and miRNA 2861 were prepared as a 2X
stock solution in 100 mM Tris buffer. The same volume
of the two solutions was mixed and incubated for 30 min
before measurements.

Transmission electron microscopy (TEM) analysis

The structure of complex of LK and miRNA was exam-
ined by the electron-filtering transmission electron
microscopy (TEM, Carl Zeiss, LIBRA 120) with accel-
erating voltage of 120 kV. The complex was prepared at
a concentration of 2 pM of miRNA and fRunx2 with 6
and 12 equivalent amount of ac-LK in deionized water.
Samples were loaded on the carbon-coated copper grid
(200 mesh) and stained with a 2% uranyl acetate solu-
tion and analyzed.

In vitro cytotoxicity test

MSCs were seeded in 96-well tissue culture dishes
(3 x 103 cells per well) and incubated overnight at 37 °C.
Next, the cells were cultured in fresh medium containing
ac-LK at various concentrations (10 nM to 1 uM) for 48 h
at 37 °C. Subsequently, the cells were washed three times
with PBS and fresh medium containingl0 pL of a CCK
solution (Dojindo, Kumamoto, Japan) was added. After
incubation for 1 h at 37 °C, the absorbance was measured
at 430 nm using a microplate reader (Molecular Devices,
Menlo Park, CA, USA), and the relative cell viability was
calculated by comparison with untreated control cells.

In vitro penetration test

MSCs (2x 10* cells per well) were seeded in 24-well
plates and incubated overnight at 37 °C. TAMRA-
LK was added to the cells at various concentrations
(50 — 1,000 nM). To investigate the cell-penetration activ-
ity of miRNA 2861 with ac-LK, preincubated complexes
of Fam-labeled miRNA 2861 and ac-LK were adminis-
tered to the cells at various concentrations. The com-
plexes were prepared using 50 nM miRNA 2861 and 1,
3, and 6 molar equivalent amounts of LK. In addition,
the complex of 50 nM PrEST Antigen Runx2 (fRunx2,
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Sigma-Aldrich) and 500 nM ac-LK was added together
with the complex of miRNA 2861 and ac-LK (6 equiv.).
Lipofectamine™ 2000 (Thermo Fisher) was used as a
control transfection reagent and the complex was pre-
pared by adding 1 uL of lipofectamine based on 5 pmol
of miRNA according to the instruction manual. After a
24-h incubation, the cells were washed three times with
PBS and incubated with trypsin—-EDTA for 5 min. The
detached cells were centrifuged at 1,200 rpm for 3 min
and suspended in 300 puL of PBS containing 2% FBS.
The degree of cellular uptake was analyzed using a flow
cytometer (BD Accuri C6, BD Biosciences). The experi-
ments were performed three times for each group and
the data were presented as fluorescence-positive cells (%)
compared with the control cells with no fluorescence.

Moreover, confocal laser scanning microscopy (CLSM,
Zeiss, Germany) was used for the observation of the fluo-
rescence images. Cells were seeded at a density of 10,000
cells/dish on 35-mm glass-bottom dishes (SPL Lifesci-
ence) and incubated for 24 h. The culture medium was
exchanged with 180 pL of a fresh medium with 10% FBS,
and 20 pL of a 10 x stock solution of each complex was
added to the medium. After incubation for 24 h, the cells
were washed with fresh medium and stained with a Hoe-
chst 33,342 solution (4 pM) for 15 min. For investigat-
ing the endosomal escape, cells were stained additionally
with 500 nM of Lysotracker " Deep Red (Thermo Fisher)
for 30 min. Then, the cells were washed three times with
PBS and fresh medium was added. CLSM images were
acquired using a Zeiss DE/LSM 510 NLO microscope
(Carl Zeiss, Germany) with a 500 x objective (CApochro-
mat, Carl Zeiss).

Osteoblast differentiation

Three different experiments were performed to investi-
gate the effects of miRNA 2861 on osteogenic differentia-
tion in MSCs: 1) intensity of alizarin red staining, which
reflects the status of mineralization by osteoblasts; 2)
gene expression related to osteoblast differentiation; and
3) confirmation of corresponding protein translation for
comparison with RNA expression levels.

MSCs from passage 5 were seeded overnight in
DMEM-low medium without FBS and antibiotics at
a density of 100 cells/mm? in a 6-well culture plate.
After overnight incubation, the medium was replaced
with Opti-MEM (Gibco, Thermo Fisher, Massachu-
setts, United States). Cells were then divided into six
groups and treated with PBS (as a control), miRNA
2861 only, ac-LK only, Complex A (50 nM miRNA
2861 and 300 nM ac-LK), Complex B (50 nM miRNA
2861 and 600 nM ac-LK), and Complex C (Complex B
and the complex of 50 nM fRunx2 and 500 nM ac-LK).
The role of fRunx2 was augmentation of osteoblast
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differentiation from MSCs. One day later, the cells were
washed with PBS and incubated continuously in osteo-
genic medium (OM) (StemPro® Osteogenesis Differen-
tiation Kit; Gibco, New York, NY, USA). Mineralization
was measured at 7, 14, and 21 days.

The progression of mineralization, which was con-
firmed by alizarin red staining, was used to assess oste-
oblast differentiation. Briefly, cells were washed with
PBS and fixed with 70% ethanol for 1 h at 4 °C. After
washing with deionized water, cells were stained with
fresh 2% alizarin red S solution (pH 4.2) for 30 min and
washed five times with deionized water. The miner-
alization of cells was examined by microscopy. For the
quantification of alizarin red staining, the stained cells
were incubated in 10% (w/v) cetylpyridinium chloride
in 10 mM sodium phosphate for 1 h at room tempera-
ture, to extract the alizarin red. Two hundred microlit-
ers of media was moved to 96-well plates and analyzed
by spectrophotometry at 562 nm. All experimental
groups were triplicated.

Gene expression

After treatment with miRNA only and the complexes, the
cells were harvested and total RNA was isolated using the
TRIzol reagent (Ambion, Life Technologies, Carlbad CA,
USA) at days 7, 14, and 21, according to the manufac-
turer’s instructions. One microgram of RNA was reverse
transcribed into ¢cDNA with the AccuPower® Rocket
Script RT PreMix & MasterMix (Bioneer, Daejeon,
South Korea). qRT-PCR was performed in 7 pL of water
with 1 pL of primer (10 pmol) and 10 pL of gPCR Mas-
ter Mix (Bioneer, Daejeon, South Korea); the products
were analyzed on a Real-Time PCR Instrument System
(Light Cycler 480, Roche). The initial pre-denaturation
of cDNA was achieved at 95 °C for 15 s, followed by 40
cycles of denaturation at 95 °C for 1 min, 60 °C for 30 s,
and annealing and extension at 60 °C for 1 min/cycle.
Amplified products were measured continuously by fluo-
rescence emission.

The PCR primer sets (Bioneer, Daejeon, South Korea)
for alkaline phosphatase (ALP), osteocalcin (OC), his-
tone deacetylase 5 (HDACS5), Runt-related transcription
factor2 (Runx2), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; as the housekeeper gene) were used.
The expression level of each target gene was normalized
to that of the internal GAPDH control and is presented as
relative expression. To confirm the constant expression
level of the housekeeping gene during total RNA extrac-
tions, GAPDH real-time PCR was performed. Real-
time PCR was quantified using an AB 7500 instrument
(Applied Biosystems) with GAPD (GAPDH) Endogenous
Control (FAM/MGB Probe; Primer Limited).
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Western blotting

Cells were washed with ice-cold phosphate-buffered
saline (PBS, pH7.2), scraped, and lysed into 20 ul of
1 x RIPA lysis buffer (ROCKLAND, Pennsylvania,
United States). The cell suspension was incubated on
ice for 30 min and cell debris was pelleted by centrifu-
gation at 12,000 rpm for 20 min at 4 °C. The superna-
tant containing the protein fraction was collected and
boiled for 5 min, then stored at —20 °C until further
analysis.

Equal amounts of protein from each treatment group
were resolved on a 2%-10% SDS-PAGE gel (70 V,
50 min) and subsequently transferred onto a nitrocellu-
lose membrane (100 V, 40 min). Blots were blocked with
5% bovine serum albumin in a solution of TBS containing
0.1% Tween 20 (TBST) for 1 h prior to incubation with
the primary antibody overnight at 4 °C.

Primary antibodies were diluted in TBST solution
containing 5% BSA at a ratio of 1:500. After incubation
for 5 min each with TBST solution, the blots were incu-
bated for 1 h at room temperature with the appropri-
ate secondary antibody at a 1:1,000 dilution in TBST
solution containing 5% BSA. Subsequently, the blots
were washed 3 times for 10 min each with TBST solu-
tion, and the antibody binding was detected using the
Chemi-Image Analysis System (BIORAD, California,
United States).

The primary antibodies used here were as follows:
anti-alkaline phosphatase (ALP) antibody (sc-365765,
Santa Cruz, California, United States), anti-osteocal-
cin (OC) antibody (sc-74495, Santa Cruz, California,
United States), and anti-beta-actin mouse monoclonal
antibody (sc-517582, Santa Cruz, California, United
States). The secondary antibody used here was the
mouse IgG kappa binding protein conjugated to horse-
radish peroxidase (HRP).

Statistical analysis

We performed all quantitative experiments at least in
triplicate. The data are presented as the mean =+ stand-
ard deviation. The statistical significance of the in vitro
test was determined by two-tailed Student’s ¢-test and
one-way analysis of variance (ANOVA) after Bonfer-
roni’s correction using the GraphPad Prism software
(5.0; GraphPad, San Diego, CA, USA). Statistical sig-
nificance was set at P <0.05.

Ethics approval

This study was performed according to the recommen-
dations of the Guide for the Care of the National Insti-
tutes of Health. The protocol was approved by the Use
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Committee of the Clinical Research Institute, Seoul
National University Hospital, Seoul, Korea (permit num-
ber: 07-2018-29).

Results

In vitro cytotoxicity and penetration of LK peptides

First, we investigated the e cytotoxicity of ac-LK on
MSCs. MSCs were treated ac-LK up to 1 uM for 2 days
and exhibited almost no cytotoxicity (Fig. 3A). Next, we
also examined the cell-penetrating abilities of TAMRA-
LK in MSCs on the concentration of 50 nM and 300 nM
through flow cytometry. Cells were incubated with
TAMRA-LK peptides for 1 day and showed 79.6% of the
cells even at a concentration of 50 nM, and they fully pen-
etrated the cells at a concentration of 300 nM (Fig. 3B).
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In vitro cellular uptake of miRNA 2861

Through electrophoresis, it was confirmed that miRNA
2861 formed particles with ac-LK stably over 3 times the
molar ratio to ac-LK. Complex A (miRNA 50 nM and LK
300 nM, Fig. 3A) was 745.5+£101.9 nm in size (Fig. 2B)
and 14.2£1.32 in charge (Fig. 2C), that ac-LK interacted
with the negative charge of miRNA electrostatically and
formed a particle. Complex B and Complex C also showed
the particle formation with the size of 673.9£170.1 nM
and 766.7 +54.0 nM respectively (Fig. S1). Next, the mor-
phology of Complex A, Complex B and Complex C were
verified using TEM (Fig. S2). Interestingly, nano-sized
particles were formed in all complexes by simple mix-
ing, which indicates the stable electrostatic interaction
between miRNA 2861 and ac-LK.
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Fig.2 A Gel retardation assay of complex of miRNA 2861 and ac-LK. The preformed miRNA/LK complexes were analyzed by electrophoresis on 1%
agarose gel. B Size analysis of Complex A (50 nM of miRNA 2861 and 300 nM of ac-LK) and C zeta potential of miRNA 2861 and Complex A. particle
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We examined the ability of ac-LK as a carrier to
deliver FAM-labeled miRNA 2861 (FAM-miRNA
2861) into the cells via the formation of a complex with
ac-LK using FACS and CLSM (Fig. 3C and D). miRNA
2861 alone was hardly able to penetrate the cell mem-
brane (2.93% cellular uptake at 50 nM). By contrast, the
complexes with ac-LK showed an enhanced cell-pene-
trating activity compared with FAM-miRNA 2861. A
combination of 50 nM FAM-miRNA 2861 and 300 nM
ac-LK resulted in 86.5% fluorescence-positive cells. A
combination of 50 nM FAM-miRNA 2861 and 600 nM
ac-LK resulted in 94.9% fluorescence-positive cells.
However, in the lipofectamine group, only 42.6% of
cells were positive for fluorescence. Intracellular green
fluorescence of FAM-miRNA 2861 was observed using
CLSM. Almost no green fluorescence was detected in
the FAM-miRNA 2861-only group, whereas the com-
bination group exhibited intense green fluorescence in
the cytoplasm.

Next, we investigated the endosomal escape tendency
of FAM-miRNA in time dependent after treating with
Complex B (50 nM of FAM-miRNA and 600 pM of
ac-LK). We observed that the red signal of lysotracker
stained late endosome or lysosome overlapped with the
green signal of FAM-miRNA 2861 until 12 h, but did not
overlap after 24 h and confirmed that FAM-miRNA did
some degree of endosomal escape (Fig. S3).

Assessment of calcium deposition using Alizarin red
staining

We investigated the osteogenic effect of miRNA 2861
and Complex A, B, and C in MSCs. The differentiation
of MSCs into osteoblasts was evaluated by measuring the
amount of calcium deposition through alizarin red stain-
ing. On days 14 and 21, all complex groups of miRNA
2861 and ac-LK showed significantly more calcium
deposition than did the control and miRNA-only group,
indicating a tendency toward an increase over time. In
particular, the most significant difference was observed
at 2 weeks in the complex B group. On day 21, calcium
deposition was slightly increased in both the miRNA-
only group and the control group, whereas the complex
groups still showed a significant increase in intensity
(Fig. 4A). Alizarin red staining imaging also confirmed
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the higher increase in calcium deposition in the complex
groups (Figs. 4A and S4-5).

Gene expression of markers of differentiation

RT-qPCR was used to quantify the increase or decrease in
the expression of various marker genes, i.e., HDACS, OC,
ALP, and Runx2. HDACS is the primary target of miRNA
2861 2. On days 7, 14, and 21 after seeding, the gene
expression level of HDACS in the complex groups was
lower than that observed in the control and miRNA 2861-
only groups (Fig. 5A). In the case of Runx2 and ALP, which
are a major transcription factor and protein, the complex
groups exhibited higher expression levels than did the
control group and the miRNA 2861-alone group on days
7, 14, and 21 (Fig. 5C, D). Regarding the expression of the
OC gene, there was no significant difference or trend until
the 14™ day. On day 21, however, a very high increase was
observed in the complex B group compared with the con-
trol group (Fig. 5B). Among the results obtained on the
21% day, especially in the complex B group, the expression
of HDAC was suppressed, and the expression of ALP, OC,
and Runx2 was increased compared with the control and
miRNA 2861-only group (Table S1).

Protein expression during differentiation

Western blotting was performed to confirm that the
expression levels of the OC and ALP proteins were simi-
lar to the RNA level patterns (Fig. 6A). Although the LK-
only group exhibited a high ALP and OC expression level,
the expression of the ALP protein was higher in the com-
plex groups compared with the control and miRNA-only
groups on day 21 (Fig. 6B). With the exception of the LK-
only group, the OC expression levels in the complex groups
were high compared with those detected in the control and
miRNA-only groups (Fig. 6C). In the complex groups with
the combination of miRNA 2861 and ac-LK, the mRNA
expression levels of ALP on 7, 14, and 21 days were higher
in than those in other groups. The level of OC on 21 days
was higher compared to other groups. However, the pro-
tein expression of ALP and OC in the complex groups were
higher on 7 and 21 days and 14 days compared to other
groups, respectively. It means protein expression may not
always be followed after corresponding gene expression.

(See figure on next page.)

Fig. 3 A in vitro cytotoxicity of ac-LK on MSCs. B Cellular uptake activity of Tamra-LK on MSCs at 50 nM and 300 nM. C Cellular uptake activities of
FAM-mIiRNA 2861 only, complexes (50 nM of FAM-miRNA 2861 with 1, 3 and 6 equivalent of ac-LK) using flow cytometry, D Representative Confocal
laser scanning electron microscopic images of cell treated with FAM-miRNA 2861 only (50 nM) and Complexes (50 nM of FAM-miRNA 2861 with 1,
3,6 and 12 equivalent ac-LK). The complex of FAM-miRNA 2861 and Lipofectamine was used as a positive control. Fluorescence (+) cells means the
relative fluorescence intensity of FAM-miRNA 2861 based on control cells with no fluorescence
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Discussion

In this study, we showed that the efficient delivery of
miRNA 2861 using LK increased the positive effects
observed on osteoblast differentiation. The mineraliza-
tion detected in the complex groups was enhanced com-
pared with the miRNA-only and the control group. The
entry of miRNA 2861 into cells augmented the expres-
sion of the Runx2, OC, and ALP genes by inhibiting the
expression of the HDAC5 gene, and had a powerful effect
on osteoblast differentiation in human MSCs in the pre-
sent study.

Bone remodeling is important for the maintenance of
proper bone structure; in turn, osteoporosis and frag-
ile fractures are the result of dysfunctional bone remod-
eling [10, 18]. Epigenetics usually alters gene expression in
response to external and internal environmental signals,
including aging. Therefore, the cause of osteoporosis-
induced bone dysregulation is more likely attributable to

the interaction between the genetic code and the envi-
ronment [10, 19]. Previous studies reported that histone
modification and miRNAs modulated bone remodeling,
including osteoblast differentiation [20, 21]. Among
18 human HDAC:S, it was reported that an increase in
HDACS5 was associated with low expression of Runx2, a
master transcription factor of osteoblast differentiation
from MSCs [15]. In addition, miRNA 2861 promoted
osteoblast differentiation by targeting HDAC5 and
increasing Runx2 protein production in mice [15, 21]. In
our study, we showed the decreased expression of HDAC5
and increased expression of Runx2 after penetration of
miRNA 2861 into human MSCs. Therefore, miRNA 2861
may be a good therapeutic agent for promoting osteoblast
differentiation.

In this study, the effect of miRNA 2861 on human
MSCs was examined, and LK peptides were used to
increase the cellular uptake of miRNA 2861. We had



Nam et al. Biomaterials Research (2022) 26:90

Page 10 of 13

(A) 2.0- HDAC 5

-
(3]
1

Relative mRNA expression
(vs Control)
(=) -
@ __©

AL e L,

T T

7D 14D 21D
(B)
5.0+ oc
= -
o
4.0
4
& =
) .g 3.04
£5
r ©
EQ 2.0
=2
2 -
5 1.0
e Hﬂ
0.0' T
7D 14D 21D

[ Control [ LKonly [ miRNAonly [ Complex A [C] Complex B [ Complex C

Fig. 5 Investigation of gene expression related with osteoblasts differentiation. The cells were incubated in the medium containing PBS, ac-LK
(800 nM), Complex A (miRNA 2861, 50 nM and ac-LK, 300 nM), Complex B (miRNA 2861, 50 nM and ac-LK, 600 nM) and Complex C (Complex B and
fRunx2 100 nM, LK 500 nM) for 24 h. Then the expression level of HDAC5 (A), Runx2 (B), OC (C) and ALP (D) were examined on 7, 14, and 21 days
through gRT-PCR. The data represents the relative value compared with PBS, control group. This experiment was performed once

O

(

) Runx2

5.0

4.0 -

2.0

il i

Relative mRNA expression
(vs Control)
w
e

il

14D 21D
(D)
5.0+ ALP
c
S
#h  40- —
2
&:
o £ 301 e i
<5
r ©
EQ 2.0
g
2
5 1.0-
[
e Hﬂ ﬂ
0.0' T
7D 14D 21D

reported previously that the LK peptide and its deriva-
tives were effective in delivering small drugs, proteins,
nanoparticles, etc. into cells [22—24]. The cellular uptake
of FAM-miRNA started to increase when using 3 or more
equivalents of ac-LK, and was optimized at 6 equivalent
amount of ac-LK and slightly increased with 12 equiva-
lent amount of LK (Complex B). Therefore, we designated
the experimental groups as Complex A and B for investi-
gation osteogenic differentiation. Besides, in our previ-
ous research, we examined the complex of fRunx2 and
LK peptides on osteogenic differentiation and obtained
the results that the complex of fRunx2 and LK peptide
increased osteogenic differentiation [16]. Therefore, we
prepared the Complex C mixing Complex B and Com-
plex of fRunx2 and ac-LK to investigate the synergistic
effect of miRNA and fRunx2.

In human MSCs, the miRNA 2861-LK complex groups
(complex A—C groups) alone clearly showed upregulation
of the Runx2, OC, and ALP genes via the inhibition of the

expression of the HDAC5 gene. MSCs are multipotent
stromal cells and the source of osteoblasts, chondrocytes,
and adipocytes [12, 25]. In the alizarin red staining and
Western blotting studies, the miRNA 2861-LK complex
showed increased mineralization and the production of
proteins related to mineralization.

Therefore, differentiation of MSCs into osteoblasts is
an attractive treatment method for skeletal regenera-
tion. Various osteogenic factors, including miRNAs, are
involved in the differentiation of MSCs into osteoblasts
[13, 15]. Because elderly patients in need of surgical
treatment related to bone formation have a decreased
capability of bone remodeling and a weak skeletal envi-
ronment, the promotion of osteoinduction may be ben-
eficial in technologies of bone substitution [2]. miRNA
2861 could selectively upregulate osteogenesis without
stimulating adipogenesis, chondrogenesis, and myo-
genesis. Therefore, based on previous studies and the
present investigation, the increase in the penetration of
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miRNA 2861 using LK peptides into human MSCs may
be one an approach to enhance bone formation.

This study had several limitations. We did not assess
whether miRNA 2861 had an effect on the non-osteo-
blast lineage of human MSCs and did not investigate
the effect of miRNA 2861 on other signal pathways
related to osteoblast differentiation. Future studies are
needed to assess the effect on the non-osteoblast lin-
eage and other signaling pathways. In addition, we
used human MSCs derived from young adults, rather
than elderly people. Therefore, it is unclear whether
the miRNA 2861-LK complex has a positive effect on
aging MSCs. Through additional studies, we will reveal
the augmentation of osteoblast differentiation in MSCs
derived from the bone marrow of elderly patients. We
performed some different experiments using LK before.
The LK alone may influenced on gene expression
compared to control group sometimes in the previ-
ous experiments [16]. In Fig. 6, we showed the high-
est expression of OC and ALP was found in the group
treated only with LK. However, we cannot explain the
reason why LK alone may have effect on some specific
gene expression not yet. Therefore, we have a future
study to investigate the effect of LK on gene expression.
In the present study, we did not show the in vivo effect
of miRNA 2861 using bone architecture. We would

plan the future study to verify the change of bone
architecture at the in vivo level after administration of
miRNA 2861.

A future investigation using animal models, such as
the bone fusion model or fracture healing model, is also
needed. There are many miRNAs such as miRNA 449a
and 29b involved in osteogenic differentiation. Therefore,
future studies will need to use various combinations of
miRNAs with CPP to study their effects on osteogenesis.

Conclusion

The LK peptide effectively delivered miRNA 2861 into
the cytoplasm of human MSCs. As a result, the com-
plex of miRNA 2861 with LK may have a positive effect
on the osteogenic differentiation from MSCs and miner-
alization. Therefore, a therapy using miRNA 2861 com-
bined with LK may be a good therapeutic candidate for
osteogenesis.
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complex A (c), complex B (d) and complex C. The complex A and B were
prepared using 2 uM miRNA 2861 and 6, and 12 equivalent amounts of
ac-LK. The Complex C was manufactured by mixing 2 uM of fRunx2 and 10
uM of ac-LK with the complex B. Scale bar indicates 500 nm.

Additional file 4: Figure S3. Representative merged images of time
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Additional file 5: Figure S4. Representative images of Alizarin red
staining. The cells were incubated in the medium containing PBS, ac-LK
(800 nM), Complex A (miRNA 2861, 50 nM and ac-LK, 300 nM), Complex B
(mIiRNA 2861, 50 nM and ac-LK, 600 nM) and Complex C (Complex A and
fRunx2 100nM, LK 500 nM) for 24h. The degree of alizarin red staining for
mineral deposition were investigated at 7, 14, and 21 days.

Additional file 6: Figure S5. Representative optical microscopic images
of Alizarin red staining. The cells were incubated in the medium contain-
ing PBS, ac-LK (800 nM), Complex A (miRNA 2861, 50 nM and ac-LK, 300
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(Complex A and fRunx2 100nM, LK 500 nM) for 24h. The degree of alizarin
red staining for mineral deposition were investigated at 7, 14, and 21 days.

Acknowledgements
Not applicable.

Conflicts of interest
The author(s) declare no competing interests.

Authors’ contributions

SHN performed acquisition and analysis in the study and provided the study
design and wrote the manuscript. YL provided the study design. CHK, KDE and
HJY provided the study design and concept. SBP is a corresponding authors
and study supervision and wrote whole manuscript. The author(s) read and
approved the final manuscript.

Authors’ information
Not applicable.

Funding
No funding.

Availability of data and materials
All data is available upon request to the corresponding author.

Page 12 of 13

Declarations

Ethic approval and consent to participate
There are no animal experiments carried out for this article.

Consent for publication
Not applicable.

Competing interests
The authors declare no finiancial competing interests.

Author details

'College of Pharmacy, Dongduk Women's University, Seoul, Korea. 2Depart-
ment of Chemistry, Seoul National University, Seoul, Korea. *Department

of Neurosurgery, Seoul National University College of Medicine, Seoul, Korea.
“Clinical Research Institute, Seoul National University Hospital, Seoul, Korea.
°Department of Neurosurgery, Seoul National University Boramae Medical
Center, 20 Boramae-Ro 5-Gil, Dongjak-Gu, Seoul 07061, Korea.

Received: 7 July 2022 Accepted: 6 December 2022
Published online: 29 December 2022

References

1. Chin DK, Park JY, Yoon YS, Kuh SU, Jin BH, Kim KS, et al. Prevalence of oste-
oporosis in patients requiring spine surgery: incidence and significance
of osteoporosis in spine disease. Osteoporos Int. 2007;18(9):1219-24.

2. Park SB, Chung CK. Strategies of spinal fusion on osteoporotic spine. J
Korean Neurosurg Soc. 2011;49(6):317-22.

3. Blume SW, Curtis JR. Medical costs of osteoporosis in the elderly Medicare
population. Osteoporos Int. 2011;22(6):1835-44.

4. Garcia-Gareta E, Coathup MJ, Blunn GW. Osteoinduction of bone grafting
materials for bone repair and regeneration. Bone. 2015;81:112-21.

5. Goulet JA, Senunas LE, DeSilva GL, Greenfield ML. Autogenous iliac crest
bone graft. Complications and functional assessment. Clin Orthop Relat
Res. 1997,339:76-81.

6. Moore WR, Graves SE, Bain Gl. Synthetic bone graft substitutes. ANZ J
Surg. 2001;71(6):354-61.

7. Coipeau P, Rosset P, Langonne A, Gaillard J, Delorme B, Rico A, et al.
Impaired differentiation potential of human trabecular bone mesenchy-
mal stromal cells from elderly patients. Cytotherapy. 2009;11(5):584-94.

8. CampanaV, Milano G, Pagano E, Barba M, Cicione C, Salonna G, et al.
Bone substitutes in orthopaedic surgery: from basic science to clinical
practice. J Mater Sci Mater Med. 2014;25(10):2445-61.

9. XuF LiW,Yang X, Na L, Chen L, Liu G. The Roles of Epigenetics Regula-
tion in Bone Metabolism and Osteoporosis. Front Cell Dev Biol. 2020;8:
619301.

10. Husain A, Jeffries MA. Epigenetics and Bone Remodeling. Curr Osteo-
poros Rep. 2017;15(5):450-8.

11. Cantley MD, Fairlie DP, Bartold PM, Rainsford KD, Le GT, Lucke AJ, et al.
Inhibitors of histone deacetylases in class | and class Il suppress human
osteoclasts in vitro. J Cell Physiol. 2011,226(12):3233-41.

12. Jing D, Hao J, Shen Y, Tang G, Li ML, Huang SH, et al. The role of microR-
NAs in bone remodeling. Int J Oral Sci. 2015;7(3):131-43.

13. Peng S, Gao D, Gao C, Wei P, Niu M, Shuai C. MicroRNAs regulate signal-
ing pathways in osteogenic differentiation of mesenchymal stem cells
(Review). Mol Med Rep. 2016;14(1):623-9.

14. LiuT, Hou L, ZhaoY, Huang Y. Epigenetic silencing of HDAC1 by miR-449a
upregulates Runx2 and promotes osteoblast differentiation. Int J Mol
Med. 2015;35(1):238-46.

15. LiH, Xie H, Liu W, Hu R, Huang B, Tan YF, et al. A novel microRNA targeting
HDACS regulates osteoblast differentiation in mice and contributes to
primary osteoporosis in humans. J Clin Invest. 2009;119(12):3666-77.

16. Nam SH, Lee Y, Ahn JH, Chung CK, Yang HJ, Park SB, et al. Augmented
osteogenesis of mesenchymal stem cells using a fragmented Runx2
mixed with cell-penetrating, dimeric a-helical peptide. Eur J Pharm Sci.
2020;144:105210.


https://doi.org/10.1186/s40824-022-00336-9
https://doi.org/10.1186/s40824-022-00336-9

Nam et al. Biomaterials Research

20.

21

22.

23.

24.

25.

(2022) 26:90

Nam SH, Jang J, Cheon DH, Chong SE, Ahn JH, Hyun S, et al. pH-Activata-
ble cell penetrating peptide dimers for potent delivery of anticancer drug
to triple-negative breast cancer. J Control Release. 2021;330:898-906.
Oldknow KJ, MacRae VE, Farquharson C. Endocrine role of bone:

recent and emerging perspectives beyond osteocalcin. J Endocrinol.
2015;225(1):R1-19.

Karasik D, Rivadeneira F, Johnson ML. The genetics of bone mass and
susceptibility to bone diseases. Nat Rev Rheumatol. 2016;12(8):496.

Wein MN, Spatz J, Nishimori S, Doench J, Root D, Babij P, et al. HDAC5
controls MEF2C-driven sclerostin expression in osteocytes. J Bone Miner
Res. 2015;30(3):400-11.

Hu R, LiuW, Li H, Yang L, Chen C, Xia ZY, et al. A Runx2/miR-3960/miR-
2861 regulatory feedback loop during mouse osteoblast differentiation. J
Biol Chem. 2011;286(14):12328-39.

Chong SE, Oh JH, Min K, Park S, Choi S, Ahn JH, et al. Intracellular delivery
of immunoglobulin G at nanomolar concentrations with domain Z-fused
multimeric alpha-helical cell penetrating peptides. J Control Release.
2021;330:161-72.

Ha M, Nam SH, Sim K, Chong SE, Kim J, Kim Y, et al. M. Highly Efficient
Photothermal Therapy with Cell-Penetrating Peptide-Modified Bumpy
Au Triangular Nanoprisms using Low Laser Power and Low Probe Dose.
Nano Lett. 2021;21(1):731-9.

Kim'Y, Hwang S, Khalmuratova R, Kang S, Lee M, Song Y, et al. alpha-
Helical cell-penetrating peptide-mediated nasal delivery of resveratrol
for inhibition of epithelial-to-mesenchymal transition. J Control Release.
2020;317:181-94.

Kangari P, Talaei-Khozani T, Razeghian-Jahromi |, Razmkhah M. Mesenchy-
mal stem cells: amazing remedies for bone and cartilage defects. Stem
Cell Res Ther. 2020;11(1):492.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The complex of miRNA2861 and cell-penetrating, dimeric α-helical peptide accelerates the osteogenesis of mesenchymal stem cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Experimental section (Materials and methods)
	Cultivation of human bone-marrow-derived MSCs
	Materials for peptide synthesis
	Synthesis and characterization of LK peptides
	Gel shift assay
	Dynamic Light Scattering (DLS) analysis
	Transmission electron microscopy (TEM) analysis
	In vitro cytotoxicity test
	In vitro penetration test
	Osteoblast differentiation
	Gene expression
	Western blotting
	Statistical analysis
	Ethics approval

	Results
	In vitro cytotoxicity and penetration of LK peptides
	In vitro cellular uptake of miRNA 2861
	Assessment of calcium deposition using Alizarin red staining
	Gene expression of markers of differentiation
	Protein expression during differentiation

	Discussion
	Conclusion
	Acknowledgements
	References


