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Abstract

Despite the high intrinsic ability of bone tissue to regenerate, bone healing fails in some pathological conditions and especially in
the presence of large defects. Due to the strong relationship between bone development and vascularization during in vivo bone
formation and repair, strategies promoting the osteogenic-angiogenic coupling are crucial for regenerative medicine. Increasing
evidence shows that miRNAs play important roles in controlling osteogenesis and bone vascularization and are important tool in
medical research although their clinical use still needs to optimize miRNA stability and delivery. Pulsed electromagnetic fields
(PEMFs) have been successfully used to enhance bone repair and their clinical activity has been associated to their ability to
promote the osteogenic differentiation of human mesenchymal stem cells (hMSCs). In this study we investigated the potential
ability of PEMF exposure to modulate selected miRNAs involved in the osteogenic differentiation of human bone mesenchymal
stem cells (hBMSCs). We show that, during in vitro hBMSC differentiation, PEMFs up-modulate the expression of miR-26a and
miR-29b, which favor osteogenic differentiation, and decrease miR-125b which acts as an inhibitor miRNA. As PEMFs promote
the expression and release of miRNAs also involved in angiogenesis, we conclude that PEMFs may represent a noninvasive and
safe strategy to modulate miRNAs with relevant roles in bone repair and with the potential to regulate the osteogenic-angiogenic
coupling.

Keywords Bone repair - Osteogenic differentiation - Human bone mesenchymal stem cells (n(BMSCs) - Pulsed electromagnetic
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Introduction

Bone repair is a complex multistep process which involves
differentiation of mesenchymal stem cells (MSCs) into osteo-
blasts and requires coordinated coupling between osteogene-
sis and angiogenesis [1, 2]. Increasing body of evidence
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supports the crucial role of microRNAs (miRNAs) in bone
development and homeostasis [3, 4] and in promoting MSC
osteogenic differentiation [5, 6]. Complex interactions among
miRNAs coordinate osteogenesis and angiogenesis during de-
velopment, remodeling and regeneration of the skeletal sys-
tem [7].

The strategies improving bone regeneration include electro-
magnetic field (EMF) exposure that, in the last decades, has
been applied with beneficial effects in skeletal diseases and
ununited fractures [8, 9]. It is widely accepted that EMFs reg-
ulate all cells involved in the bone repair processes, including
MSCs and osteoblasts [10—13] and animal studies suggest that
EMFs promotes the osteogenesis-angiogenesis coupling [8].

EMFs were reported to modulate different phases of oste-
ogenic differentiation involving a number of intracellular sig-
naling pathways [8]. We previously demonstrated that a
pulsed electromagnetic field (PEMF) with specific physical
parameters stimulates the osteoblast differentiation of human
bone mesenchymal stem cells (hBMSCs) also by increasing
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the expression of crucial osteogenic transcription factors [12,
13], indicative of a PEMF induced modulation of gene expres-
sion. The expression of miRNAs, targeting inhibitors of the
major osteogenic transcription factors [14], was recently cor-
related with EMF activity in neural cells [15] but, to our
knowledge, only miR-21 was associated with osteogenic dif-
ferentiation of human MSCs induced by PEMFs [16].

In this study, the role of PEMFs in modulating miRNAs
that have been previously associated to osteogenic and/or an-
giogenic differentiation was investigated in differentiating
hBMSCs, revealing that PEMFs regulate miRNAs involved
in different phases of osteogenic differentiation and bone re-
pair, including angiogenesis.

Materials and Methods
BMSC Osteogenic Differentiation and PEMF Exposure

Human bone marrow mesenchymal stem cells (hBMSCs)
(Lonza, Walkersville, MD) were cultured at the density of
5,000 cells/cm? in complete mesenchymal stem cell basal me-
dium (MSCBM) (Lonza), in a humidified atmosphere contain-
ing 5% CO, at 37 °C. At the third passage cells were induced to
osteogenic differentiation by culture in the Osteogenic
Differentiation Medium (OM) (Lonza) for 28 days.

To assess the effects of PEMFs, hBMSCs cultured in OM
were subjected to PEMF exposure as reported in previous
studies [12, 13]. In particular, the used power generator
(IGEA S.p.A., Carpi, Italy) produced a pulsed signal with
pulse duration of 1.3 ms and frequency of 75 Hz, yielding a
duty cycle of 1/10. The intensity peak of the magnetic field
was 1.5 mT and the exposure was maintained continuously for
the whole differentiation time. Unexposed cells were grown in
the same incubator, placed at a distance from the coils where
no difference from background magnetic field was observed
when the PEMF generator was turned on. In all the experi-
ments, the medium was changed twice a week.

At selected differentiation times, cells were harvested for
analysis of osteogenic and angiogenic markers and of
miRNAs.

Evaluation of Osteogenic Differentiation

Detection of osteocalcin (OC) levels, calculated as ng OC/ug
DNA, was performed by using a commercial ELISA kit
(Invitrogen, Rockville, MD). Mineralization was visualized
by staining formalin fixed cells with 2% Alizarin Red S
(ARS) for 5 min and images were taken using a standard light
microscope (Nikon Eclipse TE 2000-E microscope, Nikon
Instruments Spa, Sesto Fiorentino, Italy) equipped with a dig-
ital camera (DXM 1200F; Nikon Instruments Spa, Italy).
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Quantitative Real-Time PCR Assays

High-quality RNA from hBMSCs cells under different ex-
perimental conditions was extracted with miRNeasy micro
kit (Qiagen S.p.A, Milan, I) and RNA was subjected to
single-stranded cDNA synthesis by using the TaqMan
MicroRNA RT kit (Life Technologies, Monza, I). The ob-
tained cDNAs were employed as templates for quantitative
Real-Time PCR-based miR-26a, miR-29b, miR-125b,
miR-210 and miR-218 expression measurements using
TagMan MicroRNA Assays (Life Technologies), as previ-
ously reported [17, 18].

For RUNX-2, vascular endothelial growth factor (VEGF)
and von Willebrand factor (VWF) analysis, RNA was reverse
transcribed with High-Capacity cDNA Reverse Transcription
Kit (Life Technologies) and gPCR was performed using the
iTaq Universal SYBR green SuperMix (Bio-Rad
Laboratories, Hercules, CA) on a QuantStudio™ 5 Real-
Time PCR System (Life Technologies), following manufac-
turer’s instruction.

The primers used were as follows:
RUNX-2) Fw: AAGCTTGATGACTCTAAACC; Rev:

TCTGTAATCTGACTCTGTCC,
VEGF) Fw: TCGGGCCTCCGAAACCATGA; Rev:
CCTGGTGAGAGATCTGGTTC;
VWF) Fw: CCTGTGAGTCCATTGGGGAC; Rev:
AGTCTTCAGGGTCAACGCAG.

Culture Media Analysis

After 21 days, culture media from cells under our different
experimental conditions were collected and centrifuged at
14,000 g for 10 min at RT to remove cell debris.

VEGEF levels were assessed by PicoKine™ ELISA kit
(Boster, distributed by Tema Ricerca, Bologna, Italy) as pre-
viously described [19]. Briefly, 50 ul of cell supernatant were
diluted (1:1) in sample diluent buffer and the ELISA assay
was performed according to manufacturers’ instructions. All
specific culture media were loaded as appropriate blank con-
trols. Data were normalized for the total number of cells pres-
ent in culture wells.

Isolation of miRNAs was performed using miRNeasy
Serum/Plasma (Qiagen), essentially following manufac-
turer’s instruction and total RNA was eluted in 30 pl of
RNase-free water. RNA was subjected to single-stranded
cDNA synthesis by using the TagMan MicroRNA RT kit
(Life Technologies) and the obtained cDNAs were
employed as templates for quantitative Real-Time PCR
of miR-26a, miR-29b, miR-125b, miR-210 and miR-218
using TagMan MicroRNA Assays (Life Technologies), as
previously reported [17, 18].
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Statistical Analysis

Statistical analysis was performed using the 2-tailed Student’s
t test for unpaired data with the GraphPad Prism 6.0 statistical
package (GraphPad Software, San Diego, CA). P values <
0.05 were considered statistically significant.

Results and Discussion

Repair of bone defects represents a major challenge for clini-
cians, especially when large bone faults are present [2, 9].
Because of the increasing incidence for bone disorders such
as fractures and osteoporosis, there is an urgent need for thera-
pies improving the efficiency of bone repair. Among the most
recent strategies hypothesized to increase bone regeneration,
the use of miRNAs is attracting increasing attention. In fact,
in vitro and in vivo studies have shown that complex interac-
tions among miRNAs affect bone development and homeosta-
sis [3], as well as the coordinated interaction between osteogen-
esis and angiogenesis which occurs during development, re-
modeling and regeneration of the skeletal system [7]. Despite
emerging evidence reveals the potential advantage of the appli-
cation of miRNAs in the treatment of bone fracture, osteoporo-
sis, and other bone-related diseases [20], miRNA-targeting
therapy is still in development due to some crucial issues, in-
cluding how to optimize miRNA stability and delivery. In this
context, we investigated here the potential role of PEMFs, a
noninvasive and safe physical strategy to accelerate bone re-
pair, in modulating miRNAs involved in different steps of os-
teogenic differentiation. As it is well established that PEMF
stimulation promotes osteogenesis and angiogenesis in an or-
chestrated spatiotemporal manner, ultimately enhancing the
self-repair capability of bone tissue [8], among the miRNA
investigated we included miRNAs involved in both osteogen-
esis and angiogenesis. The PEMF effects on miRNAs were
evaluated in hBMSCs induced to osteogenic differentiation,
as these cells are mainly involved in in vivo bone repair and
represent an important source of osteogenic cells in tissue en-
gineering, with good prospects for applications in the field of
bone defect repair and regeneration [21].

In agreement with our previous studies [12, 13], PEMF
exposure accelerates differentiation of hBMSCs grown in os-
teogenic medium (OM), as shown by the evaluation of min-
eralization (Fig. 1a), RUNX-2 expression and OC levels
(Fig. 1b). On the basis of the suggested role of EMFs in pro-
moting the osteogenesis-angiogenesis coupling [8], we also
investigated the expression of VEGF, the master regulator of
vascular growth, known to increase during osteogenic differ-
entiation [22]. As shown in Fig. 1b and 21 days of PEMF
exposure increased the expression of VEGF in differentiating
cells, in parallel with the increase in OC level and mineraliza-
tion. The analysis of VWF, used to assess endothelial

differentiation of MSCs [23] failed to show expression of this
angiogenic marker in all the explored experimental conditions
(data not shown), allowing to conclude that PEMFs does not
induce efficient endothelial differentiation of hBMSCs grown
in osteogenic differentiation medium.

We then investigated five miRNAs selected on the basis of
their known roles in different stages of the osteogenic differ-
entiation and/or in osteogenic-angiogenic coupling. The anal-
ysis was performed after 3 days of culture, at which we found
that PEMFs strongly induced RUNX-2 (Fig. 1b) and after 21
days of treatment, corresponding to significant increases in-
duced by PEMFs on late osteogenic markers [13], including
osteocalcin (OC), and on VEGF expression (Fig. 1b).

We firstly evaluated the effects of PEMF on miR-26a and
miR-29b, both known to promote osteogenesis by targeting
osteo-inhibitory proteins [24]. MiR-26a, that appears upregu-
lated in newly-formed bone, promotes hBMSCs osteogenic
differentiation by targeting GSK3{ [25] and has been sug-
gested for miRNA-based strategies to improve tissue regener-
ation [1]. Despite we failed to show modifications of miR-26a
in differentiating hBMSCs with respect to cells grown in con-
trol conditions (Fig. 2a), we revealed that this miRNA is in-
duced by PEMFs at both the analyzed exposure times (Fig. 2a
and b). On the basis of the reported role of miR-26a in induc-
ing early (RUNX-2) and late (OC) osteogenic markers as well
as VEGF [1, 26], our results suggest that PEMF exposure has
the potential for coupling angiogenesis to the osteogenic dif-
ferentiation of hBMSCs.

We then evaluated le levels of miR-29b that regulates os-
teogenic differentiation via several mechanisms and was pre-
viously used to develop new systems to promote osteogenic
differentiation by deliver miRNAs into BMSCs cytoplasm
[27, 28]. On one hand, miR-29b targets inhibitors of the
Wnt, ERK and MAPK signaling pathways at early stages of
osteogenesis; on the other hand, miR-29b directly
downregulates osteogenic differentiation suppressors such as
histone deacetylase-4 (HDAC4), transforming growth factor3,
CTNNBIP1, and DUSP2 [28]. MiR-29b seems also regulate
the late differentiation steps by suppressing synthesis of extra-
cellular matrix proteins, relevant to preserve the differentiated
phenotype during mineralization of mature osteoblasts [7].
We revealed here that miR-29b level increases during osteo-
genic differentiation of hBMSCs (Fig. 2a), and that 21 days of
PEMF exposure further up-modulates the expression of this
miRNA (Fig. 2b). This first bulk of data suggests that the
PEMF induced increase of osteogenic differentiation may be
correlated with up-modulation of miRNAs involved in both
carly and late stages of osteoblast maturation. As nor miR-26a
neither miR-29b are reported to directly target osteogenic tran-
scription factors, but both are known to down-modulate
RUNX-2 repressors [29, 30], our data support the assumption
that PEMFs promote osteogenic differentiation also by the
removal of osteogenic inhibitors.
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Fig. 1 Effects of PEMFs on osteogenic differentiation of hBMSCs. In a,
representative matrix mineralization evaluated by Alizarin red staining of
hBMSCs after 28 days of culture in control conditions, in osteogenic
differentiating medium (OM) and in osteogenic differentiating medium

We furthermore investigated the effects of PEMFs on miR-
125b, which negatively regulates the osteogenic differentia-
tion of hBMSC:s cells by directly targeting BMPR 1b, a mem-
ber of the bone morphogenetic protein (BMP) receptor family
[31, 32]. As silencing of miR-125b increased the mRNA
levels of osteoblastic marker genes ALP, OC, and OPN,
RUNX-2 is considered as an indirect target of miR-125b as
well [31]. Expression of miR-125b was also correlated with
reduced in vitro tube formation by endothelial cells grown
under low oxygenation, suggesting for this miRNA a role in
hypoxic regulation of angiogenesis [7]. At variance with the
expected low miR-125b levels during osteogenic differentia-
tion of hBMSCs [31], we found that this miRNA increased
after 21 days of culture in differentiating medium (Fig. 2a).
However, this result is in agreement with a previous study on
the same cell model [33] and on periodontal cells [34] indi-
cating a main role of miR-125b in driving the first rather than
the late phases of differentiation. Interestingly, 21 days PEMF
exposure significantly decreased miR-125b levels in differen-
tiating cells (Fig. 2b). As the in vitro inhibition of miR-125b
enhances the osteogenic differentiation of hBMSCs [32], and
its down-modulation in vivo promotes the new bone formation
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with continuous PEMFs exposure (OM + PEMF). In b, expression of
Runx2, OC and VEGF after 3 and 21 days of osteogenic differentiation.
All the data are the mean of 3 separate experiments +SD. *P <0.05
compared to cell grown in differentiation medium (OM), taken as 1

on a scaffold and the repair of the bone defects [31], our data
suggest that PEMFs may promote osteogenic differentiation
also by down-modulating inhibitor miRNAs.

Moreover, we investigated the role of PEMFs in modulat-
ing miR-210, a hypoxia-inducible miRNA that acts as a pos-
itive regulator of osteoblastic differentiation in vitro by up-
regulating the expression of multiple key osteogenic genes
[35]. Taking into account that oxygenation lower than 1% is
an angiogenic stimulus in bone formation [36], and that in rat
BMSCs, miR-210 promoted the expression of VEGF [37],
miR-210 may be considered at the interface between osteo-
genesis and angiogenesis [7]. We revealed here that, in
hBMSCs induced to osteogenic differentiation, miR-210 is
down-regulated with respect to undifferentiated cells
(Fig. 2a). As miR-210 is modulated by oxygen availability,
it is reasonable to conclude that, in our differentiation model,
oxygenation is guarantee and cannot constitute an angiogenic
stimulus. Interestingly, 21 days of PEMF exposure during
differentiation of hBMSCs induced a slight but significant
increase of miR-210 (Fig. 2b), suggestive of hypoxia-
independent roles of PEMFs in up-modulating this
osteogenesis-angiogenesis coupled miRNA.
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Finally, we assessed the potential role of PEMFs in modu-
lating miR-218, which promotes osteogenic differentiation
in vitro and resulted highly expressed in exosomes from
hBMSCs induced to osteogenic differentiation [38]. At vari-
ance with mouse BMSCs, in which osteogenic differentiation
induces miR-218 expression [39], we failed to reveal effects
of OM on miR-218 levels in hBMSCs (Fig. 2a). This incon-
sistency, on one hand, may be ascribed to the precursor-
related modulation of miR-218 during in vitro differentiation,
on the other hand, to the elusive in vivo role of miR-218 in
humans [39]. Nevertheless, 21 days of PEMF exposure in-
duced a slight but significant decrease of miR-218 in
hBMSCs differentiating cells (Fig. 2b), compatible with the
PEMF induced release of miR-218 outside the cell, as shown
in Fig. 3a.

In fact, to verify if PEMFs could also modulate the release
of the miRNA investigated, we evaluated their levels in cul-
ture media. As reported in Fig. 3a, in addition to miR-218,
PEMFs induced the release of miR-26a and miR-210, in-
volved in both osteogenesis and angiogenesis, as previously
reported [26, 37, 40]. Also the level of VEGF was slightly
increased in the culture medium of PEMF exposed

hBMSCs. These results suggests the existence of autocrine
and paracrine ways by means PEMFs can regulate both oste-
ogenesis and angiogenesis, in line with the role of PEMFs
stimulation described in other models [8].

Conclusions

Emerging evidence shows that miRNAs represent attractive
candidates to promote bone repair in regenerative medicine. In
this study we demonstrate that PEMFs modulate miRNAs
expression during hBMSCs osteogenic differentiation. In par-
ticular, we found that PEMFs with specific physical parame-
ters regulate the expression and the release of miRNAs poten-
tially involved in both osteogenesis and angiogenesis, which
are highly coordinated events during in vivo bone repair.
Although further extensive studies are required to elucidate
the entire pool of miRNAs modulated by PEMF and their
related molecular networks, our data suggest that PEMF ex-
posure represents a non-invasive and safe strategy to in vivo
modulate miRNAs, avoiding the limitations of direct miRNA
delivery.

@ Springer



1010

Stem Cell Rev and Rep (2020) 16:1005-1012

BN OM+PEMF
3.5 *

Relative miRNAs levels

Fig. 3 Effects of PEMFs on miRNAs levels in culture medium from
hBMSCs cells induced to osteogenic differentiation. In a, QRT-PCR
analysis of miR-26a, miR-29b, miR-125b, miR-210 and miR-218 in cul-
ture medium from 21 days differentiating hBMSCs exposed to PEMFs
with respect to hBMSCs growing in differentiation medium (OM).
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