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Abstract

Gene-activated matrix (GAM) has a potential usefulness in bone engineering as an alternate
strategy for the lasting release of osteogenic proteins but efficient methods to generate non-viral
GAM remain to be established. In this study, we investigated whether an atelocollagen-based GAM
containing naked-plasmid (p) DNAs encoding microRNA (miR) 20a, which may promote osteogen-
esis in vivo via multiple pathways associated with the osteogenic differentiation of mesenchymal
stem/progenitor cells (MSCs), facilitates rat cranial bone augmentation. First, we confirmed the
osteoblastic differentiation functions of generated pDNA encoding miR20a (pmiR20a) in vitro, and
its transfection regulated the expression of several of target genes, such as Bambi1 and PPARy, in
rat bone marrow MSCs and induced the increased expression of BMP4. Then, when GAMs fabri-
cated by mixing 100 ul of 2% bovine atelocollagen, 20 mg S-TCP granules and 0.5 mg (3.3 ug/ul)
AcGFP plasmid-vectors encoding miR20a were transplanted to rat cranial bone surface, the pro-
moted vertical bone augmentation was clearly recognized up to 8 weeks after transplantation, as
were upregulation of VEGFs and BMP4 expressions at the early stages of transplantation. Thus,
GAM-based miR delivery may provide an alternative non-viral approach by improving transgene
efficacy via a small sequence that can regulate the multiple pathways.
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Introduction

Bone engineering is a potential strategy to heal bone defects arising
from trauma or disease, since it is considered less invasive, safer and
of higher efficacy than traditional treatments such as autogenous
bone grafts. For this reason, growth factors have been receiving the
attention as key elements that can provide the osteo-inducibility to
alloplastic substitutes on bone engineering [1, 2]. However,
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controlling their bioactivities at the transplanted site is unfortu-
nately difficult due to several disadvantages, such as early inactiva-
tion with short half-lives and potential side effects [3, 4]. For
instance, recombinant bone morphogenetic protein (rBMP) 2 or 4
has been shown to induce bone formation in various situations [1, 5,
6]. However, direct administration of high dose rBMPs is known to
induce considerable swelling in patients, which may cause airway
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obstruction when applied to oral and cervical areas [4]. For such os-
teogenic growth factors, an efficient and controlled delivery system
needs to be developed for bone engineering.

Bone engineering using gene-activated matrix (GAM), which is
comprised of gene vectors encoding target proteins and a proper bio-
degradable matrix, has shown potential usefulness as an alternative
strategy to achieve the sustained delivery of osteogenic proteins [7].
To facilitate the clinical application of this strategy, it needs to de-
velop the effective conditions for in vivo gene transfer without the
use of any cytotoxic transfection reagents or viral vectors [8-11].
Although viral vectors can efficiently transfer genes, there are con-
siderable disadvantages such as the risk of virus-dependent recombi-
nation, immunogenicity or excessive protein expression exceeding
the time period required for tissue recovery [12-14]. Therefore, non-
viral plasmid-vectors have been frequently adopted for this strategy.
However, there are still unsolved problems such as low efficiency of
transfection to induce the bone regeneration [8-11]. For this reason,
we have developed GAM composed of an atelocollagen and naked-
plasmid (p) DNAs encoding osteogenic proteins such as BMP4 and
have shown its possibility of simple and safe bone engineering [11].
Nevertheless, a significant dose (approximately 6 pg/ul) of pPDNA
was required to induce enough newly formed bone even when
pBMP4 was incorporated. Therefore, non-viral GAMs display the
high transgene efficacy and low toxicity should be further
developed.

MicroRNAs (miRs) are non-coding RNAs which act as post-
transcriptional regulators of multiple proteins and associated path-
ways. MiR17-92 cluster is highly conserved in all vertebrates, and
members of this family play crucial functions in the development of
tissues and organs [15]. Among these miRs, some have been
identified to play pivotal functions during osteoblast proliferation,
differentiation, mineralization, and extracellular matrix synthesis.
Particularly, several miRs, such as miR15b, miR20a, miR26a,
miR29b and miR30c¢, have been reported to positively regulate oste-
oblast differentiation by inhibiting the negative regulation of osteo-
blasts [16-20]. For instance, miR29b functions in the promotion of
osteogenesis by both suppressing the inhibitors of cell signaling
pathways required for osteogenesis, such as HDAC4, TGFp3,
ACR2A, CTNNBIP1 and DUSP2, and modulating the expression of
collagen genes during extracellular matrix maturation in mouse
MC3T3 cells [20]. Such miRs have recently been thought to be
promising as novel therapeutic agents in bone tissue engineering be-
cause of several significant advantages, such as including a small se-
quence and having many genetically important target genes.
Therefore, GAM-based miR delivery may provide an alternative
non-viral approach by improving transgene efficacy via a small se-
quence that can regulate the multiple pathways associated with
bone formation. However, there have been only limited studies on
GAMs that apply microRNAs for bone regeneration.

Given this background, we investigated whether atelocollagen-
based GAM containing naked-pDNAs encoding miR20a (pmiR20a)
could facilitate rat cranial bone augmentation, which is considered
as a model of regenerative therapy on dental implant treatment for
jawbone atrophy. MiR20a has recently been suggested to positively
control the expressions of BMP2/4 and Runx2 in human mesenchy-
mal stem cells (MSCs) during their osteoblastic differentiation via
the inhibition of plural negative regulators that maintain the balance
between osteoblast and adipocyte differentiation, such as Crim1 (an
antagonist of BMPs), Bamb1 (an antagonist of BMP type I receptor)
and PPARy (negative regulator of BMP/Runx2 expressions) [17].
Furthermore, miR20a may function to induce angiogenic gene

expression in stromal cells under hypoxic conditions [21]. As men-
tioned above, we previously confirmed that atelocollagen-based
GAM can reliably induce engineered bone when pBMP4 or pRunx2
are incorporated at a high dose (more than 6 pg/ul) of pPDNA [11].
Therefore, we hypothesized that GAM-based miR20a delivery may
function efficiently using less pDNA because it includes a small se-
quence and can simultaneously control multiple pathways, including
BMP/Runx?2 signaling.

Methods

Plasmid preparation

All animal (rat) experiments were performed in accordance with the
relevant ethical guidelines, and all procedures were approved by the
Nagasaki University Animal Ethics and Use Committee
(1812051492). The miR20a (sequence: UAAAGUGCUUAUAGU
GCAGGUAG) overexpression vector, pCytomegalovirus (pCMV)-
mir20a-internal ribosome entry site (IRES)-green fluorescent protein
(GFP) (MI0000638) (SC403217), and its control vector, pCMV-
mir-IRES-GFP (PCMVMIR), were
Technologies, Rockville, MD, USA).

purchased  (Origene

Isolation of mesenchymal stem cells from rat compact
bone

F344 rats (five-week-old, male) (CLEA Japan Inc., Tokyo, Japan)
were sacrificed, and the femur and tibia are harvested after remov-
ing the muscles. Then, the bones were broken into small pieces using
bone scissors. After washing with phosphate buffered saline (PBS),
the bone fragments were enzymatically dissociated in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma Aldrich) supplementing
with 0.1% type II collagenase (Sigma Aldrich, St. Louis, MO, USA),
10% fetal bovine serum (FBS, Sigma Aldrich) and 2% antibiotics/
antimycotics for 1h at 37°C. The digests were filtered by a 70 pm
cell strainer (Corning Falcon, NY, USA) and the bone fragments
remaining on the cell strainer were washed three times with PBS.
The bone fragments were cultured with DMEM containing 10%
FBS and 2% antibiotic—antimycotic solution in 10 cm plates at 37°C
under 5% CO,. After 3 days of culture, the bone fragments were re-
moved, and the medium was changed. When cultured cells reached
80% confluence, they were sub-cultured as mesenchymal stem/pro-
genitor cells (MSCs) until passage 3 (P3) for subsequent
experiments.

Transfection of miR20a into MSCs, and gene
expression analysis of transfected cells

A total of § x 10* P3 MSCs were seeded per well in 12 well plates.
Then, the culture medium was replaced to the medium mixed
with miR20a-pDNA-dendrigant-poly-L-lysine (DGL)-y-polygluta-
mic acid (yYPGA) complex vector (nanoball vector) (5 ug per well) af-
ter 24h [22]. Regarding this vector, we previously found that a
pDNA complex coated with biodegradable y-PGA provided ade-
quate gene expression without cytotoxicity [22, 23]. Also, the biode-
gradable DGL that has sterically congested cations has been shown
to enhance the gene expression. Therefore, the ternary complexes
(PDNA-DGL~yPGA complexes), which show to be stable nanopar-
ticles, can exhibit markedly high gene expression and low cytotoxic-
ity. In fact, the pPDNA-DGL-yPGA complexes also had high gene
expression in the marginal zone (rich dendritic cells) of spleen after
intravenous injection into mice [23]. Furthermore, in the prelimi-
nary experiment of this study, we confirmed its high transfection
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efficacy without cytotoxicity for miR20a delivery to cultured MSCs
when compared with the commercial vectors such as a lentiviral vec-
tor (data not shown).

At 2 h post-transfection, the transfection medium was removed
and subsequently cultured for 7days. At 24h after transfection,
transfected cells were observed for GFP expression under the confo-
cal microscope (LSM 800 with Airyscan; Carl Zeiss, Inc.,
Oberkochen, Germany). Then, total RNA was extracted from the
MSCs by employing the mirVana™ miRNA isolation kit
(Invitrogen, Waltham, MA, USA), and RNA was transcribed with
the TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). miR20a expression was ana-
lyzed by the TagMan universal master mix (Applied Biosystems)
with U6 RNA as an internal control for normalization. Mx3000p
real-time PCR system (Agilent Technologies, Santa Clara, CA, USA)
was used for qRT-PCR. Subsequently, MSCs were harvested after 2
and 7 days post-transfection to assess the mRNA expressions that
are regulated by miR20a such as crim1, bambil, ppary and bmp4.
Total RNA was extracted by using TRI reagent (Molecular
Research Center Inc., Cincinnati, OH, USA), and the ReverTra Ace
qPCR RT Kit with gDNA Remover (TOYOBO, Osaka, Japan) was
employed for cDNA synthesis. Quantitative polymerase chain reac-
tion was performed using SYBR green and gene specific primers on
a Mx3000p real-time PCR system. Table 1 shows the rat-specific
primer sets, and glyceraldehyde-3-phosphate dehydrogenase (gapdh)
was used as an internal standard.

Preparation of gene-activated matrix

For all experiments, GAMs were prepared the day before transplan-
tation. 0.5 mg of CMV-GFP plasmid-vectors harboring of miR20a
were dissolved in 60 ul of sterile water, and mixed together with
20 mg of B-TCP granules (G1 Osferion; OLYMPUS, Tokyo, Japan)
and 100l of 2% bovine atelocollagen (Atelocollagen Implant,
KOKEN, Tokyo, Japan) at the lids of 1.5 ml Eppendorf tubes. These
mixtures were lyophilized overnight (Fig. 1). The vehicle of CMV-
GFP plasmid alone was applied as an experimental control for this
study. All experiments were carried out in each experimental group,
such as the pGFP group, transfected with only the pGFP vector, and
the pmiR20a group, transfected with pmiR20a-GFP.

GAM transplantation

Seven-week-old male rats (F344) were anesthetized by exposing
them to 5% isoflurane gas (Wako, Osaka, Japan), and kept warm
during and after the operation. GAMs were onlay-grafted onto the
cranial bone surface under the periosteum as a vertical bone aug-
mentation model (Fig. 1) [7#=96; 3 rats/group (each group of pGFP

Table 1. Rat primer sets

and pmiR20a containing 0.25 or 0.5 mg pDNAs, respectively) at
each time point (5 days, 1 and 2 weeks post-transplantation); 5 rats/
group (each group of pGFP and pmiR20a containing 0.25 or 0.5 mg
pDNAs, respectively) at each time point (1, 4 and 8 weeks post-
transplantation)]. At 1, 4, and 8 weeks, specimens were harvested to
evaluate the transfection efficiency and histologically new bone for-
mation. Furthermore, at 5days and at 1 and 2weeks post-
transplantation, the specimens were harvested to determine specific
gene and protein expressions. In addition, to ensure the efficacy of
GAM harboring pmiR20a, OCP/Col scaffolds (TOYOBO, Otsu,
Japan) that were seeded 0.5 mg of pGFP and pmiR20 were trans-
planted to the rat calvaria bone defects (5 mm of diameter) (3 rats/
group). Then, the specimens were harvested at 4 and 8 weeks of
transplantation and the new bone formation was analyzed by micro-

CT and histological observations.

Detection of transfected cells

At 1week post-transplantation, the specimens were harvested for
detecting the transfected cells. Harvested specimens were fixed with
4% paraformaldehyde and then decalcified with a solution contain-
ing 2.9% citric acid, 1.8% trisodium citrate dehydrate, 10% formic
acid and 90% distilled water. After embedded in paraffin wax, five-
micrometer sections were used for immunohistochemical staining
with rabbit anti-GFP antibody (1:500) (Table 2). Then, the slides
were incubated with anti-rabbit secondary-antibody (1:500) using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA).
Finally, the specimens were reacted with 0.1% w/v 3,3'-diaminoben-
zidine tetrahydrochloride (DAB) (DAB immunohistochemistry; Gen
Way Biotech, San Diego, CA, USA) and counterstained with hema-
toxylin. Negative staining was carried out by replacing the first anti-
body with pre-immune serum eluted from the corresponding affinity
columns. Tissues were examined by a light microscope under 200 x

magnification.

mRNA and protein expressions in transplants

After 5days and at 1 and 2 weeks post-transplantation, the speci-
mens were harvested and pulverized using a homogenizer (MP-
Biomedicals, Tokyo, Japan). Total RNAs and proteins were
extracted by using TRI Reagent. Quantitative PCR was employed to
detect the mRNA expressions of miR20a-related osteogenic (crim1,
bambi, ppary, bmp4), vasculogenic (vegfa, vegfb, dusp2) and macro-
phage (f4/80, cd206) genes in specimens. A ReverTra Ace gPCR RT
Kit with gDNA Remover was used for cDNA synthesis. Then, the
qPCR was performed using SYBR green and gene specific primers
on a Mx3000p real-time PCR system. Table 1 shows the rat-specific

Gene Forward primer Reverse primer

bambi 5'-CAGCCTCTTGTTCTCACTTC-3’ 5'-ACCTCATCACTAAGGTGCAG-3'
criml 5'-AATGTGTGCAGCTGTCCATG-3' 5'-AGCTGCTACTCCGAGTCTTG-3’
ppary 5'-GCTGTGAAGTTCAATGCACTGG-3’ 5'-GTTCAGCTTCAGCTGGAGTTCC-3'
bmp4 5'-CACTGTGAGGAGTTTCCATCAC-3' 5'-AGGAGATCACCTCATTCTCTGG-3'
vegf-a S'-TTGTTCAGAGCGGAGAAAGC-3' S'-TTTAACTCAAGCTGCCTCGC-3’
vegf-b 5'-CTCATGATCCAGTACCGAGC-3' 5'-GCTTCACAGCACTCTCCTTTC-3'
dusp2 5'-CAGCACTGCAACACGAGATG-3' 5'-AGCTGTTATTTTCGGCCCCA-3’
f4/80 5'-ACCTGCCACAACACTCTTGG-3’ 5'-TCACAAGATTCTTCCAGGCCC-3'
cd206 S"-TTCCTTTGGACAGACGGACG-3' 5'-TCCCTGCCTCTCGTGAATTG-3’

gapdh 5'-TGCACCACCAACTGCTTAG-3'

5'-GGATGCAGGGATGATGTTC-3'
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Figure 1. Schematic diagram describing the experimental design for the preparation and transplantation of GAMs for bone engineering

Table 2. Antibodies for immunostaining and western blotting

Antibodies Company, Catalog No.

Abcam, #6556
CST, #2435
Abcam, #39973
Abcam,# 6276
CST.,# 7074
Abcam, #97023

Rabbit polyclonal anti-GFP antibody
Rabbit polyclonal anti-PPARy antibody
Rabbit polyclonal anti-BMP4 antibody
Mouse monoclonal anti-Bactin antibody
Anti-rabbit IgG, HRP-linked antibody
Goat anti-mouse IgG HRP

primer sets, and glyceraldehyde-3-phosphate dehydrogenase (gapdh)
was used as an internal standard.

Western blotting was performed using proteins extracted from
specimen lysates. Protein lysates were separated by using Sodium
dodecyl  sulfate-Polyacrylamide  gel electrophoresis  (SDS-
PAGE) (10%) and transferred to Poly Vinylidene Di-Fluoride
(PVDF) membranes. Then, they were blocked with 5% non-fat dry
milk for 1h and incubated with anti-BMP4 and PPARY antibodies
overnight (Table 2). After rinsing, membranes were reacted with a
Horse Radish Peroxidase (HRP)-conjugated secondary-antibody
(Cell Signaling Technology, Danvers, MA, USA), and proteins
detected by chemiluminescence. Bactin was used as an internal load-
ing control (Table 2).

Histological observations

To assess the bone augmentation at 4 and 8 weeks after transplanta-
tion, the specimens were harvested and fixed with 4% paraformal-
dehyde. Then, they were decalcified by using a solution containing
2.9% citric acid, 1.8% trisodium citrate dehydrate, 10% formic
acid, and 90% distilled water, and embedded in paraffin wax. After
that, deparaffinized sections (5-um thickness) were stained with he-
matoxylin and eosin (H&E). The volume of augmented bone-like
tissues was analyzed by NTH Image] software (NIH, Bethesda, MD,
USA), and the percentage of surface area occupied by bone-like tis-
sues was observed by light microscopy under 40x magnification us-
ing five sections from each specimens per group (five specimens in a
group). Two examiners measured the newly formed bone area after
independently choosing sections randomly. Masson’s trichrome
staining were performed on the slides at 4 and 8weeks post-
transplantation for 15min at 56°C in Bouin’s solution (Sigma
Aldrich), and then the excessive stain was removed from the slides
by washing under running tap-water. The nuclei were stained with
Weigert’s iron hematoxylin (Sigma Aldrich) for 5 min, and the slides
were washed in tap-water for 5 min and rinsed with distilled water.
The slides were left in a phosphotungstic/phosphomolybdic acid so-
lution for 5min and then Aniline Blue solution for 5 min. Finally,
the slides were reacted with 1% acetic acid for 2 min and fixed by
mounting medium (Muto Pure Chemicals, Tokyo, Japan). Five
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sections were employed for this staining from each of five specimens
per group.

To label the new bones at 4 weeks post-transplantation by dou-
ble calcein labeling assay, calcein (8 mg/kg, Wako) was intraperito-
neally injected into the rats at the time of GAM transplantation and
one day before sacrifice. After fixation and embedding in methyl
methacrylate, specimens were cut into 30-40 pm thick sections and
stained with toluidine blue. The double calcein labeling was cap-
tured with a fluorescence microscope under 200 x magnification.

Statistical analysis

The means were analyzed using one-way analysis of variance.
Dunnett’s multiple-comparison #-test was applied to find the signifi-
cant differences within each group. Experimental values were shown
as means * SD, a P value of <0.05 was considered statistically

significant.

Results

Biological function of pmiR20a on cultured MSCs

All experiments in this study were carried out in each group, such as
the pGFP group, transfected with only the pGFP vector (pCMV-mir-
IRES-GFP) as a control group, and the pmiR20a group, transfected
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with pmiR20a-GFP (pCMV-mir20a-IRES-GFP) as an experimental
group.

First, the biological function of generated pmiR20a on the osteo-
blastic differentiation of MSCs was analyzed in vitro. At 24 h post-
transfection, GFP signals were detectable in cultured MSCs
(Fig. 2a), and the expression of miR20a in MSCs after pmiR20a
transfection was significantly upregulated compared to that in
MSCs after pGFP (without miR20a) transfection (Fig. 2b). Then, at
2 and especially 7 days of culture, we found that pmiR20a transfec-
tion led to the inhibition of mRNA expressions of Crim1, Bambil
and PPARY, which are co-regulators of the BMP signaling pathway
via miR20a in osteoblastic differentiation of MSCs (Fig. 2c).
Related to this, BMP4 gene expression was markedly upregulated at
these time points (Fig. 2¢).

Detection of transfected cells and gene expressions
related to new bone formation in transplants

When GFP expression in transplanted GAMs harboring 0.5 mg
pmiR20a was assessed at 1 week post-transplantation, GFP-positive
cells were detected around the surface of B-TCP granules (Fig. 3a).
Also, western blotting showed GFP expression in transplants of
both 0.5 mg pGFP and pmiR20a groups (Fig. 3b). At Day 5 and
Week 1 post-transplantation, mRNA expressions of Crim1 and
Bambi in specimens of the pmiR20a group were decreased (Fig. 3c¢).
In addition, at Week 1, BMP4 gene expression was upregulated in
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Figure 2. Biological activity of pmiR20a in cultured MSCs after transfection. (a) GFP expressions in MSCs after 24 h post-transfection. Scale bar is 50 um. (b)
MiR20a expressions in MSCs at 24 h after transfection of pGFP or pmiR20a (**P < 0.01, *P< 0.05). (¢) Expression changes of co-regulator genes of the BMP signal-

ing pathway (via miR20a) and the BMP4 gene (¥**P<0.01, *P< 0.05)
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Figure 3. Detection of biological activity of pmiR20a in vivo [number (n) of specimens; 3 rats/each group of pGFP and pmiR20a at each time point (5-days, 1- and
2-weeks post-transplantation)].(a) GFP expression (arrow) of migrated cells at the surface area of B-TCP granules in pmiR20a samples 1week after transplanta-
tion. Scale bar is 50 um. (b) Protein levels of GFP in pGFP and pmiR20a samples at 1week. (c) Expression levels of miR20a-related osteogenic, vasculogenic and
macrophage genes at 5 days and 1week post-transplantation (**P<0.01, ¥*P< 0.05). (d) BMP4 mRNA levels in transplants at 2 weeks (**P < 0.01). (e) Protein lev-

els of BMP4 and PPARYy 1 and 2 weeks after transplantation.

the pmiR20a group (Fig. 3c), though there was no obvious change
in its protein level between the pGFP and pmiR20a groups (Fig. 3e,
left). However, increased BMP4 expressions were clearly observed
at both the mRNA and protein levels in transplants of GAMs har-
boring pmiR20a at Week 2 (Fig. 3d and e, right). Meanwhile, pro-
tein expressions of PPARYy in pmiR20a specimens were decreased
both at Weeks 1 and 2 (Fig. 3e). Furthermore, VEGFA and CD206
(MRC1; a marker of M2 macrophages) genes were upregulated in
the pmiR20a group after 5days of transplantation, though there
were no obvious changes in the expression of DUSP2 (a repressor of
angiogenesis) and F4/80 (a marker of M1/M2 macrophages)
mRNAs (Fig. 3c). These characteristics may indicate that pmiR20a
promotes angiogenic and anti-inflammatory phenotypes in trans-
plants. VEGFA and VEGFB expressions were also increased in the
pmiR20a group 1 week after post-transplantation (Fig. 3c¢).

Histological analysis of bone augmentation

At 4 weeks following the transplantation of GAM to the cranium (as a
vertical augmentation model), new bone formation was observed both
in 0.5 mg pGFP and pmiR20a groups (Fig. 4a and b). However, sub-
stantial bone formation was seen along the calvarial bone in samples
of the pmiR20a group, whereas limited amounts of bone formation

were observed at the immediate proximity of calvarial bone in the
pGFP group (Fig. 4a and b). Calcein double labeling showed the actual
bone augmented area in the pmiR20a group up to 4 weeks after trans-
plantation (Fig. 4¢), and at the surface of absorbed B-TCP granules, re-
placement new bone tissue, which had osteocytes, was recognized
(Fig. 4c). This area was revealed to be immature bone tissue by
Masson’s trichrome staining (Fig. 4c). At 8weeks post-
transplantation, we found that bone tissues were largely augmented
when transplanted with GAMs harboring 0.5 mg pmiR20a, while no
obvious new bone formation was detectable in the pGFP specimens
(Fig. 4a and b). The augmented bone seemed to be mature in the
pmiR20a samples because absorption of B-TCP granules surrounded
by new bone had progressed further. However, at the far site from the
host bone, the new bone tissues were still immature, though the re-
placement of bone tissues had progressed in the surface area of B-TCP
granules (Fig. 4d). The amount of newly formed bone by GAMs har-
boring pmiR20a at 4 weeks was 28.44 = 3.25% in the entire area of
the transplants, while that by pGFP was 15.00 +4.06% (Fig. 5).
Subsequently, the amount of augmented bone in the pmiR20a group
at 8 weeks had reached 50.24 = 6.79%, but that in the pGFP group
had only reached 18.76 + 7.34% (Fig. 5). In addition, to further con-

firm the regenerative capability of GAM composed of OCP/Col disc
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Figure 4. Histological appearance at 4 and 8 weeks after transplantation of GAM onto the rat cranium [number (n) of specimens; 5 rats/each group of pGFP and
pmiR20a at each time point (4- and 8-weeks post-transplantation)]. (a, b) HE staining of specimens in pGFP and pmiR20a groups, respectively (representative
images). Substantial bone formation was seen along the calvarial bone in the pmiR20a group (b) when compared with the pGFP group (a). Scale bar; 1 mm, blue
dotted line; boundary of the cranium and newly formed bone, blue arrow; augmented bone area. (¢, d) The black box areas in (b) are shown in higher magnifica-
tion. Augmented bone clearly surrounded B-TCP granules (left panels, HE; right panels, Masson’s trichrome staining). Scale bar is 200 um. (c) Cacein double label-

ing of pmiR20a samples at 4 weeks. Scale bar is 500 pm.

and pmiR20a, we transplanted them to the calvarial bone defects with
5 mm diameter in rats. As results, the micro-CT and histological analy-
ses were presented (see Supplementary Fig. S1a—d), and the new bone
tissues were recognized ubiquitously in the pmiR20 and pGFP groups
at 8 weeks post-operatively, but this phenomenon seemed to be promi-
nent in the pmiR20 group.

Discussion

This study verified the potential of direct miR delivery with alloplas-
tic substitutes, which may provide a straightforward and effective
strategy for bone augmentation. The positive outcomes of this study
were (i) miR20a reliably induced BMP4 expression in rat cultured
MSCs after transfection by inhibiting its multiple negative regula-
tors, (ii) pmiR20a also gradually promoted BMP4 expression in
transplanted GAMs by inhibiting the negative regulators of BMP
signaling without pro-inflammatory actions and (iii) resulting bone
augmentation was promoted when atelocollagen-based GAM har-
boring pmiR20a was transplanted to the rat cranial bone. These out-
comes indicate that there are several advantages in applying miRs
for GAM-based bone engineering.

The overexpression of miR20a in cultured rat MSCs led to the
upregulation of BMP4 gene expression with the downregulation of

negative regulator genes of BMP signaling such as Crim1 and Bambi
(which are antagonists of BMP2/4/7 and their type I receptors, re-
spectively), and PPARy (which positively regulates adipogenesis and
negatively regulates BMP/Runx2 expressions) [24-28]. This evalua-
tion was based on the findings of a previous work using human cul-
tured MSCs as shown by Zhang et al. [17]. They found that
individual siRNAs of these negative regulators improved the osteo-
genic differentiation of MSCs via BMP signaling and demonstrated
that these regulators are certainly targets of miR20a. Therefore,
miR20a delivery must function effectively to promote BMP2/4 sig-
naling and subsequent osteoblastic differentiation of MSCs. Indeed,
our results are consistent with these previous findings and also dem-
onstrate that such pathways of BMP4 can be regulated by miR20a
delivery in vivo. Actually, after 1week of transplantation, trans-
fected cells were detectable around the surface of B-TCP granules in
specimens of the pmiR20a group. These cells should have differenti-
ated into osteoblasts, because BMP4 production in GAMs was cer-
tainly increased 2 weeks after transplantation due to inhibition of its
negative regulators (Crim1, Bambi, and PPARY) starting at least
5 days post-transplantation. Subsequently, bone augmentation was
obviously promoted up to 8weeks post-transplantation in those
specimens. Meanwhile, it has been shown that miR20a represses the
p38 pathways via binding to the 3'UTR region of MKK3 mRNA,
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Figure 5. Bone formation area at 4 and 8weeks post-transplantation
(**P<0.01) [number (n) of specimens; 5 rats/feach group of pGFP and
pmiR20a at each time point (4- and 8-weeks post-transplantation)].

which represses endothelial migration and then impairs the capillary
formation in an angiogenic engineered model [29]. Contrary to this
report, the expressions of VEGFs in specimens of the pmiR20a
group were markedly upregulated from the early stages of transplan-
tation. Related to the angiogenic effects of miR20a, Lin ef al. [21]
reported that miR20a activates the Extracellular Signal regulated ki-
nase (ERK) pathway via direct repression of the DUSP2 gene and
then promotes angiogenic gene expression in hypoxic stromal cells.
However, in this study, there were no obvious changes in DUSP2 ex-
pression in GAMs harboring pmiR20a after transplantation.
Therefore, we assume that increased production of BMP4 in MSCs
might induce VEGFs expression in MSCs or endothelial progenitor
cells (EPCs), and that this step may be critical to the process of neo-
vascularization in transplanted GAMs. In fact, the secretion of
VEGFs by MSCs has been suggested to enhance the endothelial dif-
ferentiation of EPCs via a paracrine mechanism [30]. Moreover, in-
terestingly, upregulation of CD206 mRNA expression was observed
in GAM specimens harboring pmiR20a at
transplantation without apparent changes in F4/80 gene expression.

Sdays post-

The detailed reasons for this phenomenon are unknown, but this re-
sult suggests that the delivery of miR20a has the effect of enhancing
the M2 profile of macrophages. miR20a is known to negatively reg-
ulate pro-inflammatory cytokines release in rheumatoid fibroblast-
like synoviocytes by directly targeting ASK1 expression [31].
Moreover, a recent investigation has shown that supplementation of
BMP2 leads to the diminished expression of the M1 phenotype in
M1 polarized macrophages and promotes macrophage differentia-
tion into osteo-specific phenotypes via the secretion of osteogenic
and angiogenic factors for bone healing [32]. At any rate, delivery of
miR20a to osteogenic sites must function to coordinate diverse oste-
ogenic and angiogenic factors in a temporospatial fashion during
osteogenesis.

With respect to actual osteoinduction in vivo, we found that
GAM harboring pmiR20a at a concentration of 3.3 pg/ul could
markedly promote bone augmentation on the rat cranium. The areas

occupied by newly formed bone tissue in pmiR20a group specimens
were increased by approximately 1.9-fold and 3-fold at 4 and
8 weeks, respectively compared to those of the pGFP specimens.
This reliably demonstrated that naked pmirR20a can be delivered
with GAM comprised of atelocollagen and B-TCP granules and in-
duce vertical bone augmentation due to high transgene efficacy.
Previously, we showed that naked pBMP4 can induce bone augmen-
tation when incorporated into atelocollagen-based GAM containing
more than 6 pg/ul of pPDNA [11]. Therefore, regulating the multiple
pathways associated with bone formation by miR may be highly ad-
vantageous for GAM-based (cell-free) bone engineering. MiRs are
expected to become successful agents for gene therapy or tissue engi-
neering because of several considerable advantages, including their
small size sequences that are often conserved among species
completely [19, 33]. However, few studies have shown the useful-
ness of non-viral GAMs using miRs to date. In the present study, we
employed naked pmiR because we considered in vivo delivery of a
small amount of naked pDNAs or pmiRs with only a biodegradable
scaffold to be a simple and low-toxic method. Indeed, administra-
tion of pDNAs is judged to be safe in vivo, particularly when applied
at a low concentration. Even large amounts of naked pDNAs, such
as 1-16 mg doses, have been transplanted to the local sites for treat-
ing cancer or limb ischemia. Their safety has been indicated by
phase I/II clinical trials [34, 35]. We then focused on an atelocolla-
gen matrix as a scaffold for GAM, because atelocollagen-mediated
nucleic-acid delivery systems have greatly progressed for the treat-
ment of various diseases [35]. In particular, researchers who devel-
oped the atelocollagen-based gene delivery have indicated that 5 pg/
ul is the proper nucleic-acid concentration for local transplantation
[36]. Therefore, such GAMs may be able to deliver pmiR20a safely
at a low-dose concentration iz vivo. In addition, atelocollagen-based
GAM including B-TCP may provide an appropriate space in local
sites for gradual release of genes. Meanwhile, a recent study has
shown that polyplexes carrying miR26a promote bone repair effec-
tively by enhancing both endogenous osteogenesis and angiogenesis
when implanted with a nanofibrous 3D scaffold into mouse cranium
bone defects [19]. Therefore, many challenges in establishing miR
delivery can be overcome by including gene vectors and biodegrad-
able matrices without adding cells.

In conclusion, GAM, comprised of atelocollagen and pmiR20a,
reliably promoted vertical bone augmentation in rats by high trans-
gene efficacy via multiple pathways. The results in this study suggest
that miRs are promising for GAM-based bone engineering using
non-viral gene delivery systems.
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Supplementary data are available at REGBIO online.

Acknowledgments

We thank Ms. Naomi Sakashita (Basic & Translational Research Center for
Hard Tissue Disease, Nagasaki University) for providing the technical assis-

tance in experiments.

Funding

This work was supported by Grants-in-Aid for Scientific Research
(15H05044, 17H01604 and 19K21349) from the Japan Society for the
Promotion of Science.

Conflict of interest statement. None declared.


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbaa060#supplementary-data

In vivo gene delivery for vertical bone augmentation

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

Lieberman JR, Daluiski A, Einhorn TA. The role of growth factors in the
repair of bone. Biology and clinical applications. | Bone Joint Surg Am
2002;84:1032-44.

Yoshida K, Sumita Y, Marukawa E et al. Effect of platelet-rich plasma on
bone engineering with an alloplastic substitute containing BMP2. Biomed
Mater Eng 2013;23:163-72.

Wang B, Guo Y, Chen X et al. Nanoparticle-modified chitosan-agarose-
gelatin scaffold for sustained release of SDF-1 and BMP-2. Int |
Nanomedicine 2018;13:7395-408.

Patel VV, Zhao L, Wong P et al. An in vitro and in vivo analysis of fibrin
glue use to control bone morphogenetic protein diffusion and bone mor-
phogenetic protein-stimulated bone growth. Spine | 2006;6:397-403.
Sciadini MF, Johnson KD. Evaluation of recombinant human bone mor-
phogenetic protein-2 as a bone-graft substitute in a canine segmental de-
fect model. ] Orthop Res 2000;18:289-302.

Pang EK, Im SU, Kim CS et al. Effect of recombinant human bone mor-
phogenetic protein-4 dose on bone formation in a rat calvarial defect
model. ] Periodontol 2004;75:1364-70.

Lu CH, Chang YH, Lin SY et al. Recent progresses in gene delivery-based
bone tissue engineering. Biotechnol Adv 2013;31:1695-706.

Fang J, Zhu YY, Smiley E, Bonadio J et al. Stimulation of new bone forma-
tion by direct transfer of osteogenic plasmid genes. Proc Natl Acad Sci
USA 1996;93:5753-8.

Geiger F, Bertram H, Berger I et al. Vascular endothelial growth factor
gene-activated matrix (VEGF165-GAM) enhances osteogenesis and an-
giogenesis in large segmental bone defects. | Bone Miner Res 2005;20:
2028-35.

. Backstrom KC, Bertone AL, Wisner ER et al. of induced bone defects in

horses to collagen matrix containing the human parathyroid hormone
gene. Am | Vet Res 2004;65:1223-32.

Umebayashi M, Sumita Y, Kawai Y et al. Gene-activated matrix com-
prised of atelocollagen and plasmid DNA encoding BMP4 or Runx2 pro-
motes rat cranial bone augmentation. Biores Open Access 2015;4:
164-74.

Niidome T, Huang L. Gene therapy progress and prospects: nonviral vec-
tors. Gene Ther 2002;9:1647-52.

Evans CH, Ghivizzani SC, Robbins PD. Arthritis gene therapy’s first
death. Arthritis Res Ther 2008;10:110.

Verma IM, Weitzman MD. Gene therapy: twenty-first century medicine.
Annu Rev Biochem 2005;74:711-38.

Fontana L, Pelosi E, Greco P et al. MicroRNAs 17-5p-20a-106a control
monocytopoiesis through AML1 targeting and M-CSF receptor upregula-
tion. Nat Cell Biol 2007;9:775-87.

Gao ], Yang T, Han J et al. MicroRNA expression during osteogenic dif-
ferentiation of human multipotent mesenchymal stromal cells from bone
marrow. | Cell Biochem 2011;112:1844-56.

Zhang JF, Fu WM, He ML et al. MiRNA-20a promotes osteogenic differ-
entiation of human mesenchymal stem cells by co-regulating BMP signal-
ing. RNA Biol 2011;8:829-38.

LiY, Fan L, Liu S et al. The promotion of bone regeneration through posi-
tive regulation of angiogenic-osteogenic coupling using microRNA-26a.
Biomaterials 2013;34:5048-58.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhang X, Li Y, Chen YE et al. Cell-free 3D scaffold with two-stage deliv-
ery of miRNA-26a to regenerate critical-sized bone defects. Nat Commun
2016;7:10376.

Li Z, Hassan MQ, Jafferji M et al. Biological functions of miR-29b con-
tribute to positive regulation of osteoblast differentiation. | Biol Chem
2009;284:15676-84.

Lin SC, Wang CC, Wu MH et al. Hypoxia-induced microRNA-20a ex-
pression increases ERK phosphorylation and angiogenic gene expression
in endometriotic stromal cells. | Clin Endocrinol Metab 2012;97:
E1515-23.

Kodama Y, Kuramoto H, Mieda Y et al. Application of biodegradable
dendrigraft poly-l-lysine to a small interfering RNA delivery system. |
Drug Target 2017;25:49-57.

Kodama Y, Nakamura T, Kurosaki T et al. Biodegradable nanoparticles
composed of dendrigraft polu-L-lysine for gene delivery. Eur | Pharm
Biopharm 2014;87:472-9.

Jeon MJ, Kim JA, Kwon SH et al. Activation of peroxisome proliferator-
activated receptor-y inhibits the Runx2-mediated transcription of osteo-
calcin in osteoblasts. | Biol Chem 2003;278:23270-7.

Lian JB, Stein GS, Javed A et al. Networks and hubs for the transcriptional
control of osteoblastogenesis. Rev Endocr Metab Disord 2006;7:1-16.
Gazzerro E, Canalis E. Bone morphogenetic proteins and their antago-
nists. Rev Endocr Metab Disord 2007;7:51-65.

Pennisi DJ, Wilkinson L, Kolle G, Sohaskey ML et al. Crim1KST264/
KST264 mice display a disruption of the Crim1 gene resulting in perinatal
lethality with defects in multiple organ systems. Dev Dyn 2007;236:
502-11.

Wilkinson L, Kolle G, Wen D et al. CRIM1 regulates the rate of process-
ing and delivery of bone morphogenetic proteins to the cell surface. J Biol
Chem 2003;278:34181-8.

Pin AL, Houle F, Guillonneau M et al. miR-20a repress endothelial cell
migration by targeting MKK3 and inhibiting p38 MAP kinase activation
in response to VEGF. Angiogenesis 2012;15:593-608.

Ge Q, Zhang H, Hou J et al. VEGF secreted by mesenchymal stem
cells mediates the differentiation of endothelial progenitor cells into
endothelial cells via paracrine mechanism. Mol Med Rep 2018;17:
1667-75.

Philippe L, Alsaleh G, Pichot A et al. Mir-20a regulates ASK1
expression and TJR4 expression and TLR4-dependent cytokine release
in rheumatoid fibroblast-like synoviocyte. Ann Rbheum Dis 2013;72:
1071-9.

Wei F, Zhou Y, Wang ] et al. The immunomodulatory role of BMP-2 on
macrophages to accelerate osteogenesis. Tissue Eng Part A 2018;24:
584-94.

van Rooij E, Purcell AL, Levin AA. Developing microRNA therapeutics.
Circ Res 2012;110:496-507.

Comerota AJ, Throm RC, Miller KA et al. Naked plasmid DNA encoding
fibroblast growth factor type 1 for the treatment of end-stage unrecon-
structible lower extremity ischemia: preliminary results of a phase I trial. J
Vasc Surg 2002;35:930-6.

Makita N, Nagahara S. Recent progress of nucleic acid delivery system
mediated by atelocollagen. Drug Deliv Syst 2010;25:607-14.

Honma K, Takeshita F, Ochiya T. Application of atelocollagen-
mediated siRNA delivery for RNAi therapies. Yakugaku Zasshi 2007;
127:807-12.





