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Abstract

Reconstruction of bone defects and compensation of deficient repair mechanisms represent important goals 
within the field of regenerative medicine and require novel safe strategies for translation into the clinic. A 
non-viral osteogenic gene therapeutic vector system (‘hybrid vectors’) was generated, combining an improved 
bone morphogenetic protein 2 (BMP2) gene cassette and single pro-osteogenic microRNAs (miR-148b-3p, 
miR-20-5p, miR-590b-5p), driven by the U6 promoter. The vectors were tested in vitro for their osteogenic 
differentiation potential in C2C12 and C3H/10T1/2 cell lines, using BMP2 alone as a control. After confirming 
BMP2 expression and miRNA transcription, increased osteogenic differentiation was observed by all hybrid 
vectors, but most consistently by BMP2/miR-590-5p, using alkaline phosphatase enzyme activity assays and 
osteogenic marker mRNA quantitation, including runt-related transcription factor 2 (Runx2), collagen type 1 
(Col1a1) and osteocalcin. To visualise target mRNAs of the respective miRNAs, next generation sequencing 
was performed, confirming down-regulation of mRNA targets of the hybrid vectors. Since the hybrid vector 
consisting of BMP2 and miR-590-5p showed the largest increase in osteogenic differentiation in vitro, this 
was tested in a mouse ectopic-bone model. Mineralisation was more than with BMP2 alone.
 The present study showed hybrid vectors as a novel non-viral gene therapeutic plasmid system for 
combining therapeutic effects of recombinant protein expression and miRNA transcription that did not 
add to the burden of the translation machinery, while improving the therapeutic efficacies. In vivo proof-of-
principle in the context of bone regeneration suggested that such hybrid vectors will be applicable in a wide 
array of gene therapeutic strategies.
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plasmids represent a suitable strategy for clinical 
translation within tissue regenerative gene therapy 
(Bleiziffer et al., 2007; Glover et al., 2005).
 An improved osteogenic vector system encoding 
BMP2 was recently introduced (Hacobian et al., 2016). 
The main bottle-neck of non-viral gene therapy – low 
target-gene expression – was compensated for by 
use of a strong promoter, codon optimisation and 
insertion of an artificial largely truncated intron 
sequence, resulting in an improved therapeutic 
BMP2 vector (BMP2-Advanced, in the following 
referred to as pBMP2ADV) (Hacobian et al., 2016). 
Aside from the need to increase therapeutic protein 
production, further improvement of therapeutic 
vector bio-efficacy, such as the simultaneous 
knockdown of transgene inhibitors, is considered 
to support successful translation of non-viral 
vectors to the clinic (Al-Dosari and Gao, 2009; Kay, 
2011; Mingozzi and High, 2011; Wang et al., 2013). 
Recently, the application of miRNAs in tissue 
regeneration has attracted much interest (Peng et al., 
2015). At the same time, scientific knowledge of the 
involvement of miRNAs throughout the osteogenic 
differentiation cascade (Lian et al., 2012; Zhai et al., 
2017) and in bone formation and osteoporosis ( et al., 
2015a) has increased. In general, miRNA-function 
can be divided into two categories depending on 
the degree of sequence complementarity: specific 
downregulation of target mRNA transcription 
and/or translation. One mRNA can be regulated 
by multiple miRNAs just as a single miRNA can 
recognise a multitude of different targets at once 
(Lim et al., 2005). Utilisation of miRNAs for in vivo 
bone tissue engineering has recently emerged to 
specifically enhance or suppress differentiation and 
target-gene expression (Deng et al., 2014; Eskildsen et 
al., 2011; Li et al., 2017; Liao et al., 2014). Therefore, a 
combinatorial approach of miRNA-dependent gene 
regulation and overexpression of a therapeutic gene 
encoded by a single-plasmid-system (hybrid vector) 
has the potential to increase biological efficacy of 
therapeutic plasmids and drive cellular fate in a 
desired direction.
 Following a literature search, multiple miRNAs 
potentially involved in the osteogenic pathway were 
selected for integration into the non-viral pBMP2ADV 
vector. In preliminary tests (data not shown), the 
selection was reduced to the three most potent 
candidates, human miR-148b-3p, hsa-miR-590-5p and 
hsa-miR-20a-5p. These miRNAs were individually 
incorporated into pBMP2ADV, under the control of 
a human U6 promoter, a well-studied competent 
RNA polymerase III promoter that constitutively 
transcribes small RNAs (Duvoisin et al., 2012). 
Combination of these elements resulted in the 
generation the hybrid plasmids. Then, these plasmids 
were tested for their osteoinductive potential, in vitro 
as well as in vivo, using an ectopic-bone mouse model. 
The study hypothesis was that these newly designed 
miRNA-BMP2 co-expression constructs possessed a 

ΔCT  delta threshold cycle
DMEM  Dulbecco’s modified Eagle’s medium
EF1α  translation elongation factor 1 alpha
ELISA  enzyme-linked immunosorbent
   assay
FCS  foetal calf serum
FGF  fibroblast growth factor
FOP  fibrodysplasia ossificans progressiva
hASCs  human adipose-tissue-derived
   stromal cells
HE  haematoxylin and eosin
hMSCs  human mesenchymal stem cells
HPRT  hypoxanthine-guanine
   phosphoribosyl transferase
hsa-miR homo sapiens microRNA
µCT  micro-computed tomography
MetLuc  Metridia longa luciferase
miRNA  microRNA
mRNA  messenger RNA
MSCs  mesenchymal stem cells
NGS  next generation sequencing
OCN  osteocalcin
PPARG  peroxisome-proliferator-activated
   receptor γ
rhBMP2 recombinant human BMP2 protein
rRNA  ribosomal RNA
ROCK1  rho-associated coiled-coil containing
   protein kinase 1
ROI  region of interest
RT-qPCR reverse transcription quantitative
   polymerase chain reaction
RUNX2  runt-related transcription factor 2
SD   standard deviation
shRNA  short hairpin RNA
siRNA  short interfering RNA
SMAD7  SMAD family member 7
snRNA  small nuclear RNA
TGFβ  transforming growth factor β
TGFBR2 TGFβ receptor 2
WNT3A Wnt family member 3A

Introduction

Reconstruction of bone defects and compensation 
for deficient repair mechanisms represent important 
goals within the field of regenerative medicine. Large 
bone regeneration is required in complex clinical 
conditions, such as reconstruction of large bone-
defects caused by trauma, infection and tumour 
resection, or cases in which the regenerative process 
is compromised, including non-union bone defects 
and osteoporosis (Audigé et al., 2005; Dimitriou et 
al., 2011). Current strategies for stimulating bone 
growth range from application of recombinant 
protein to viral as well as non-viral gene therapeutic 
approaches (Bleiziffer et al., 2007; Feichtinger et al., 
2014a; Kempen et al., 2010; Koh et al., 2008; Sood et 
al., 2012; Southwood et al., 2004). Due to transient 
expression profiles and clinical safety, non-viral 
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greater osteoinductive potency than the previously 
introduced BMP2 overexpression plasmid (Hacobian 
et al., 2016).

Materials and Methods

Plasmid construction
The BMP2ADV-Hybrid vectors (Fig. 1a) include a 
codon-optimised human BMP2 sequence (Gene 
ID: 650) with an implemented intron, as previously 
described (Hacobian et al., 2016). The original EF1α-
BMP2-Adv vector, in the following called pBMP2ADV, 
was modified by incorporating a selection of shRNA 
sequences (Table 1) into the variable cloning site in 
forward direction respect to the EF-1α promoter, as 
this facilitated stronger target gene knockdown (Fig. 
1b). A U6 RNA polymerase III promoter was inserted 
upstream of the shRNAs.

 A schematic illustration of control plasmid 
pHybrid_MetLuc, specifically designed to investigate 
miRNA influence on differentiation processes 
uncoupled from BMP2ADV expression, is also depicted 
in Fig. 1a. BMP2ADV was replaced by secreted MetLuc 
gene.
 To investigate successful knockdown of a reporter 
gene via the incorporated shRNA/U6 promoter 
system, an artificial hairpin structure (anti-Luc) was 
expressed, targeted against a click-beetle luciferase 
gene, co-expressed from a pGL3 plasmid (Promega).

Cell culture and reagents
C3H/10T1/2 (ATCC CCL-226) mouse embryonic cells 
and Chinese hamster ovary (CHO-K1) cell line (ATCC 
CCL-61) were cultured in DMEM (Sigma-Aldrich) 
high glucose (4.5 g/L glucose), supplemented with 
2 mmol/L L-glutamine (Sigma-Aldrich) and 10 % 
FCS (Sigma-Aldrich). C2C12 mouse muscle myoblast 

Fig. 1. Plasmid maps and reporter gene knockdown. (a) Schematic representation of the Hybrid vector 
system. U6 RNA III promoter controls shRNA expression. Downstream transcription of a gene of interest, 
here BMP2ADV or Metridia longa luciferase, is regulated via a minimal EF1α promoter sequence. Res, antibiotic 
resistance selection marker; ori, origin of bacterial replication. Plasmid map was designed with SnapGene 
Viewer software (from GSL Biotech; available at www.snapgene.com). (b) Reporter luciferase gene 
knockdown. Luciferase activity 2 d after transfection of C3H/10T1/2 cells. Both anti-Luc hairpin orientations 
showed successful reduction in target protein. However, forward orientation suppressed luciferase 
production more efficiently. Averaged data are presented as means ± SD, n = 8. Statistical differences were 
determined by one-way ANOVA followed by Tukey post-hoc test analysis.
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precursor cell line (DSMZ, Braunschweig, Germany, 
#ACC565) was cultivated under the same conditions 
except for a reduced serum concentration of 5 %.

In vitro transfection
Cells were seeded 24 h before transfection into 
24- or 48-well cell culture plates at a cell density 
of 0.25 × 105/cm2 (C3H/10T1/2), 0.3 × 105/cm2 
(C2C12) or 0.4 × 105/cm2 (CHO-K1). According to 
the manufacturer’s instructions, endotoxin-free 
plasmids were incubated with transfection reagent 
(Turbofect, Peqlab Biotechnologie GmbH, Erlangen, 
Germany) in serum-free medium for 15 min. Target 
cells were transfected at 80 to 90 % confluency 
with 1 µg of indicated plasmid/mL medium using 
2 µL transfection reagent. 6 h post transfection, 
medium was changed. Transfection efficiencies 
were approximated for each cell line using parallel 
control transfections with GFP-expression plasmids 
(data not shown). Transfection efficiency was 
accepted when a level of approximately ≥ 80 % was 
reached. No statistical comparison between cell lines 
was performed. Therefore, possible differences in 
transfection efficiency were not considered relevant.

ALP assay
Transfected cells were lysed for 1 h at room 
temperature using 100 µL lysis buffer consisting of 
ALP buffer [0.5 mol/L 2-amino-2-methyl-1-propanol 
(Sigma-Aldrich, #A9199), 2 mmol/L magnesium 
chloride (Sigma-Aldrich, #M8266, pH 10.3), 0.5 % 
Triton X-100 (Sigma-Aldrich, #93443)]. Enzymatic 
activity was induced by addition of substrate solution, 
consisting of 20 mmol/L p-nitrophenylphosphate 

(Sigma-Aldrich, #71768) in 50 µL ALP buffer. After 
20 min, the reaction was stopped using 50 µL of 
0.2 mol/L NaOH (Sigma-Aldrich, #71689). Conversion 
of p-nitrophenylphosphate to p-nitrophenol by ALP 
was measured at 405 nm using a Polarstar Omega 
plate reader (BMG Labtech, Ortenberg, Germany). 
Due to distinct differentiation kinetics, ALP activity 
was measured 3 (C2C12) and 6 d (C3H/10T1/2) after 
transfection, respectively. A single treatment with 
150 ng/µL rhBMP2 was used as a positive osteogenic-
differentiation control.

Luciferase assay
Luciferase activity was quantified according to 
the Renilla Luciferase Assay System (Promega 
Corporation, #E2810) standard protocol.

ELISA
Quantification of secreted BMP2 levels was carried 
out using the DuoSet ELISA Development kit (R&D 
Systems, #DY335) for human BMP2, according to 
the manufacturer’s instructions. Absorbance was 
measured at 450 nm using a Polarstar Omega plate 
reader (BMG Labtech), with wavelength correction at 
570 nm. ELISA was performed 2 and 4 d (CHO-K1) 
as well as 3 and 6 d (C2C12, C3H/10T1/2) after 
transfection. 100 µL cell culture supernatants 
were collected at stated time points and cells were 
incubated in remaining medium up to the last 
sampling day.

RT-qPCR
Cells were harvested and total RNA was extracted 
using TriFast reagent (Peqlab, Biotechnologie 

Table 1. List of plasmids constructed and used.

Plasmid name
Encoded 
miRNA

NCBI 
accession 
number shRNA sequence (5’-3’)

pH_BMP2ADV148b hsa-miR-148b NR_029894.1 CAAGCACGATTAGCATTTGAGGTGAAGTTCTGTTATACACTCAGGCTGTG-
GCTCTCTGAAAGTCAGTGCATCACAGAACTTTGTCTCGAAAGCTTTCTA

pH_BMP2ADV590 hsa-miR-590 NR_030321.1 TAGCCAGTCAGAAATGAGCTTATTCATAAAAGTGCAGTATGGTGAAGT-
CAATCTGTAATTTTATGTATAAGCTAGTCTCTGATTGAAACATGCAGCA

pH_BMP2ADV20a hsa-miR-20a NR_029492.1 GTAGCACTAAAGTGCTTATAGTGCAGGTAGTGTTTAGTTATCTACTGCAT-
TATGAGCACTTAAAGTACTGC

pH_BMP2ADVscr anti-Luc-fwd n/a CCCCgactaaactgagcgtccagttTCAAGAGaactggacgctcagtttagtcTTTT

Table 2. Primer sequences used for RT-qPCR analysis.

Target 
mRNA

NCBI accession 
number Forward primer (5’-3’) Reverse primer (5’-3’)

Amplicon 
length

Annealing 
temperature

BMP2ADV n/a GAGCAGATGCAGGATGC TCCATCTCATCACGGCA 187 bp 61 °C

HPRT NM_013556.2 AGTCCCAGCGTCGTGATTAG TGGCCTCCCATCTCCTTCAT 167 bp 63.5 °C

GAPDH XM_017321385.1 CTGAGTATGTCGTGGAGTC GGATGCATTGCTGACAATC 179 bp 55 °C

ACTR5 XM_016964770 TGCTGGATGCCTGGTATGG ACCCAGGCTCCACTGTCTTCT 67 bp 62 °C

ALPL XM_006538497 GCACCTGCCTTACCAACTCTT GGCTACATTGGTGTTGAGCTTTT 122 bp 61 °C

COL1A1 XM_021213774 CAGCCGCAAAGAGTCTACATG GGTTTCCACGTCTCACCATTG 172 bp 61 °C

OCN NM_007541.3 GAACAGACAAGTCCCACACAG CTGCTTGGACATGAAGGCTTT 448 bp 60 °C

RUNX2 XM_006523540.2 CAAGTAGCCAGGTTCAACGA CTGAGGCGATCAGAGAACAA 209 bp 58 °C
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GmbH, #30-2010). Time points for qPCR analysis 
were selected specifically for each marker of 
osteogenesis. RNA concentrations were determined 
using a NanoDrop One spectrophotometer (Thermo 
Fisher Scientific). cDNA was synthesised from total 
RNA (2 µg) using an OneScript cDNA Synthesis Kit 
(abmGood, Richmond, Canada, #G234). Each PCR 
reaction consisted of 4 µL diluted cDNA (40 ng), 
10 µL PerfeCTa SYBR Green SuperMix (Quantabio, 
Beverly, MA, USA, #733-1247) and specific primer 
pairs (250 nmol/L) in a total volume of 20 µL. 
Reaction volume was collected in a colourless PCR 
96-well TW-MT plate (Biozym, Hamburg, Germany, 
#712240X) sealed with adhesive clear PCR seal sheets 
(Biozym, #600208). Three-step reaction protocols 
were performed using a C1000/CFX96 Thermal 
Cycler (BioRad). To confirm amplification specificity, 
the PCR products were subjected to a dissociation 
curve analysis. Gene expression levels were reported 
relative to gene expression of reference gene using 
the 2−ΔΔCt method (Schmittgen and Livak, 2008). The 
reference genes Hprt for C2C12 and C3H/10T1/2 
(Masilamani et al., 2014; Rahim et al., 2017) and 
Actr5 for CHO-K1 (Bahr et al., 2009) were used for 
normalisation. All primers were synthesised by 
Microsynth (Balgach, Switzerland). Primer names 
and sequences used for RT-qPCR are listed in Table 2.

miRNA quantification using RT-qPCR
Following C3H/10T1/2 cell transfection with 
hybrid plasmids, quantification of basal as well as 
overexpressed cytosolic and secreted miRNAs was 
conducted by TAmiRNA (Vienna, Austria).
 Total RNA was extracted from cell pellets and 
supernatants using the miRNeasy mini Kit (Qiagen). 
Samples were thawed on ice and centrifuged at 
12,000 ×g for 5 min to remove any cellular debris. 
For each sample, 200 µL of supernatant or cell pellet 
were homogenised with 1 mL QIAzol (Qiagen). A 
mix of three synthetic spike-in controls (Exiqon) 
was added to QIAzol prior to homogenisation to 
monitor extraction efficiency and the variance of the 
analytical procedure. Following incubation at room 
temperature for 10 min, 200 µL of chloroform were 
added to the lysates followed by centrifugation at 
12,000 ×g for 15 min at 4 °C. 650 µL of the upper 
aqueous phase were mixed with 7 µL glycogen 
(50 mg/mL) to enhance precipitation. Samples were 
transferred to a miRNeasy mini column and RNA 
was precipitated using 750 µL ethanol followed by 
automated washing with RPE and RWT buffer in a 
QiaCube liquid handling robot. Finally, total RNA 
was eluted in 30 µL nuclease-free water and stored 
at − 80 °C until further analysis.
 Starting from total RNA samples, cDNA was 
synthesised using the Universal cDNA Synthesis Kit 
II (Exiqon). Reaction conditions were set according 
to recommendations by the manufacturer. For total 
RNA extracted from supernatants, 2 µL of total 
RNA were used per 10 µL reverse transcription 
reaction, since RNA concentrations were below the 

limit of detection. In contrast, 10 ng total RNA from 
cell pellets were applied for reverse transcription. 
PCR amplification was performed in a 96-well plate 
using a Roche LC480 II instrument and EXiLENT 
SYBR Green master mix (Exiqon), with the following 
settings: 95 °C for 10 min, 45 cycles of 95 °C for 10 s 
and 60 °C for 60 s, followed by melting curve analysis. 
The second derivative maximum method was used 
to calculate the cycle of quantification values (Ct-
values).
 In case of supernatants, the raw Ct-values were 
normalised to the RNA spike-in control level, by 
subtracting the individual miRNA Ct-value from the 
individual RNA Spike-In Ct, thus obtaining delta Ct 
(ΔCt) values that were used for the analysis. In case of 
cell pellets, U6 snRNA and 5S rRNA (assays derived 
from Exiqon) of each sample were used for individual 
normalisation using the same procedure.

NGS
Total RNA from C3H/10T1/2 cell lysate was collected 
3 d after transfection. mRNA libraries were generated 
from 100 ng total RNA input using Quant Seq 
3’mRNA Library Prep KitFWD for Illumina (Lexogen, 
Austria) according to the manufacturer’s instructions. 
Libraries were amplified for 16 cycles using barcoded 
Illumina reverse primer (i7 index primer ) in 
combination with Illumina forward primer. Fragment 
size and quantity was assessed using the Bioanalyzer 
DNA High Sensitivity Chip (Agilent). An equimolar 
pool was generated from the individual libraries and 
sequenced on an Illumina Hiseq2500 with 100 bp 
single-end reads.

NGS data analysis
Reads obtained by NGS were analysed using the 
integrated Data Analysis Pipeline on the Bluebee® 
platform. This pipeline uses fastQC (v0.11.5) (Web 
ref. 1) for overall sequencing quality assessment 
and bbduk (v35.92) to trim adapters and polyA tails. 
Reads are aligned with the STAR aligner (v2.5.2a) 
(Dobin et al., 2013) and gene reads counted using 
HTSeq-count (v0.6.0) (Anders et al., 2015). Differential 
expression analysis is performed with DESeq2 (v3.11) 
(Love et al., 2014) following best practice guidelines 
from the package’s description. Validated miRNA-
targets for mmu-miR-20a-5p, mmu-miR-148b-3p 
and mmu-miR-590-5p were obtained from TarBase 
(Karagkouni et al., 2018). As the seed sequences of 
mmu-miR-590-5p and mmu-miR-21-5p are identical, 
the latter’s targets were also included.

In vivo transfection
Eight female CD-1® mice [Charles River, Crl:CD1 
(ICR)], 14 weeks old and weighing approximately 
30 g were used in the ectopic-bone model. Mouse 
analgesia was performed using Meloxicam (0.1 mg/
kg, Boehringer Ingelheim). Prior to transfection, 
mice were placed under inhalation anaesthesia with 
isoflurane 1 to 3 volume % (Forane, AbbVie, Vienna, 
Austria) and 3 L/min air. 30 µg of plasmid DNA was 
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first incubated for 20 min at room temperature with In 
vivo PolyMag™ Transfection Reagent (OzBiosciences, 
Marseille, France, #IV-PN31000) at a 1 : 2 ratio for 
complex formation in a total volume of 100 µL. 
Subsequently, complexed DNA was injected in a 
single-shot manner into the centre of the musculus 
gastrocnemius at the hind limb using a 27G needle. 
Magnets (17 × 17 × 5 mm) were applied at the site 
of transfection for 30 min to facilitate gene delivery. 
Animal experiments were approved by the City 
Government of Vienna, Austria and were conducted 
in accordance with the Guide for the Care and Use 
of Laboratory Animals as defined by the National 
Institute of Health (TVA-No.: 1755694/2014/11).

µCT
All 16 hind limbs were scanned 8 weeks after 
transfection and hind limb harvested using a 
SCANCO µCT 50 (SCANCO AG) at 70 kVp, 200 µA 
with an integration time of 500 ms. The resulting 
resolution was 10 µm isotropic. Calcification volumes 
were measured using ImageJ 1.51h, Fiji (Eliceiri et al., 
2012; Schindelin et al., 2012). A ROI that included all 
visible ectopic calcifications was drawn using the ROI 
Manager. A minimal gap of 150 µm was kept between 
the entopic bone and the ROI. Scans were median-
filtered using the 3D median filter with a radius of 
3 pixels. The volume of all structures inside the ROI 
above a threshold of 100 mgHA/cm³ was measured.

Histological analysis
After an 8-week observation period, all mice 
were euthanised by cervical dislocation under 
inhalation anaesthesia using isoflurane 5 volume % 
(Forane, AbbVie) and 3 L/min air. Hind limbs were 
removed as proximally as possible, fixed for 48 h 
in 4 % formaldehyde solution, rinsed in tap water, 

transferred to 50 % ethanol for slow dehydration of 
samples and stored in 70 % ethanol at 4 °C. Musculus 
gastrocnemius was excised and embedded in paraffin-
wax using a Tissue-Tek VIP (Sakura Finetek Europe, 
Alphen aan den Rijn, the Netherlands). Multiple 
sections of each sample were stained with HE, as 
well as von Kossa and collagen type 2 (NeoMarkers, 
Freemont, CA, USA, MS-306-P1) for detection of 
mineralisation, according to standard histological 
protocols. Samples were processed using a Microm 
HM 355 s microtome (Thermo Fisher Scientific) to 
3 µm slices for HE staining and 4 µm slices for von 
Kossa and collagen type 2 staining.

Statistical analysis
Averaged data are presented as mean ± SD. Data 
sets were tested for Gaussian distribution using 
Kolmogorov-Smirnov test (with Dallal-Wilkinson-
Lillie for p value). Subsequent comparison between 
multiple data groups was performed by one-way 
ANOVA followed by Tukey or Dunnett post-hoc test 
analysis. All statistical analyses were performed 
using GraphPad Prism 5 software. Differences 
were considered statistically significant at * p < 0.05, 
** p < 0.01, *** p < 0.001.

Results

Forward orientation of a miRNA-expression cassette 
was optimised for knockdown of luciferase target 
example
To validate the most efficient orientation of the miRNA 
expression cassettes, shRNA expression system 
plasmids harbouring a shRNA targeting click-beetle 
luciferase gene, co-expressed from a pGL3 plasmid, 
were transiently introduced into C3H/10T1/2 cells. 

Fig. 2. ALP activity assay. ALP enzyme activity in C2C12 and C3H/10T1/2 cells after transfection. pH_
MetLuc control plasmids encoding for Metridia longa luciferase and miRNAs, namely pH_MetLuc148b, 
pH_MetLuc590 and pH_MetLuc20a. pBMP2ADV, pH_BMP2ADV148b, pH_BMP2ADV590 and pH_BMP2ADV20a 
were analysed relative to untransfected control. 150 ng/mL rhBMP2 was used as a positive control. 
Quantification of ALP activity was measured 3 (C2C12) and 6 d (C3H/10T1/2) after transfection. Averaged 
data are presented as means ± SD, n = 3.
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Fig. 3. Secreted BMP2 protein levels by C2C12 and C3H/10T1/2 determined by ELISA in cell supernatants 
after transfection with pH_BMP2ADV148b, pH_BMP2ADV590, pH_BMP2ADV20a, pH_BMP2ADVscr or 
pBMP2ADV plasmids. Supernatants were sampled 3 and 6 d after transfection. Averaged data are presented 
as means ± SD, 3 d n = 4, 6 d n = 3. Statistical differences were determined by one-way ANOVA followed 
by Tukey post-hoc test analysis, comparing all groups with control group pBMP2ADV. 

Fig. 4. Secreted BMP2 protein levels in CHO-K1 cells; determined by ELISA. Cells were transfected with 
pH_BMP2ADV148b, pH_BMP2ADV590, pH_BMP2ADV20a, pH_BMP2ADVscr or pBMP2ADV. Cell supernatants 
were sampled 2 and 4 d after transfection. Data are represented as means ± SD, n = 3. Statistical differences 
were determined by one-way ANOVA followed by Tukey post-hoc test analysis. 
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shRNA was expressed either in sense (convergent) 
or antisense (divergent) orientation in respect to the 
EF-1α-promoter-controlled luciferase expression 
module. shRNA efficiency in downregulating 
luciferase activity was quantified through luciferase 
assay 2 d after transfection. Target enzyme activity 
was significantly reduced when the anti-Luc miRNA 
was co-expressed in comparison to the control 
plasmid [containing a missense hairpin structure 
instead (scrambled)]. In addition, convergent co-
expression of the anti-Luc hairpin (anti-Luc-fwd) 
resulted in significantly stronger downregulation of 
target luciferase than divergent co-expression (anti-
Luc-rev) (Fig. 1b). Based on these data, a consecutive 
expression design was adopted for the subsequent 
construction of the osteogenic hybrid plasmids.

miRNAs alone were not able to induce osteogenic 
differentiation in target cells
To compare the osteogenic potency of miRNAs 
alone or co-expressed with BMP2, a control hybrid 
vector system, pH_MetLuc, was constructed 
expressing osteogenic miRNAs in the absence of 

BMP2. Transfection of C2C12 and C3H/10T1/2 cells 
with pH_MetLuc hybrid plasmids was surprisingly 
not sufficient to induce osteogenic differentiation 
(quantified by ALP activity), independent of the 
used shRNA, while the hybrid vectors did (Fig. 2). 
rhBMP2 protein treatment (150 ng/µL) resulted in 
an increase in ALP enzyme. In C2C12, this positive 
control exceeded the osteogenic effect of hybrid 
plasmid transfection.

Hybrid vectors increased BMP2 protein levels in 
C2C12 and C3H/10T1/2 cells after transfection
To evaluate the influence of the miRNA expression 
cassette on the expression level of the adjacent 
BMP2 cassette, C2C12 and C3H/10T1/2 cells were 
transfected with hybrid vectors (Fig. 3) for subsequent 
quantification of secreted BMP2. To track time-
dependent expression changes, supernatants of 
transfected cells were collected at day 3 and 6. In 
both studied cell types, the highest BMP2 protein 
levels were reached when cells were transfected 
with either pH_BMP2ADV148b, pH_BMP2ADV590 or 
pH_BMP2ADV20a. The lowest concentration of BMP2 

Fig. 5. RT-qPCR gene expression analysis. C2C12, C3H/10T1/2 and CHO-K1 cellular mRNA after 
transfection with pH_BMP2ADV148b, pH_BMP2ADV590, pH_BMP2ADV20a or pBMP2ADV plasmid. Quantification 
of BMP2ADV transcript levels was performed 3 d after transfection. Expression data represented as ΔΔCt 
values relative to pBMP2ADV. Reference genes Hprt (C2C12 and C3H/10T1/2) and Actr5 (CHO-K1) were 
used for normalisation. C3H/10T1/2 data are depicted logarithmically. Averaged data are presented as 
means ± SD, n ≥ 3.
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protein was detected in supernatants when cells 
were transfected with pBMP2ADV. Only in C2C12 
at day 3, pH_BMP2ADVscr showed significantly 
higher therapeutic protein levels when compared to 
pBMP2ADV, which was followed by a strong decrease 
over the investigated time course.

Homogeneous expression of BMP2 in CHO-K1 
cells upon hybrid vector transfection
To exclude one possible cause for BMP2 variation 
– BMP2 consumption due to cellular uptake during 
cell differentiation (Garzon-Alvarado et al., 2014) 
– osteogenic-differentiation-incompetent CHO-K1 
cells were transfected with selected hybrid plasmids. 
Interestingly, they showed comparable BMP2 
expression levels over a 4 d time course (Fig. 4). At 
day 2 and 4 after transfection, no significant difference 
between construct groups was detectable.

Quantification of BMP2ADV and miRNA transcription 
levels and subsequent localisation of miRNAs
To evaluate consistency of gene transcription (mRNA 
levels) and BMP2 protein production, amounts of 
BMP2ADV mRNA produced by different hybrid vector 
constructs (harbouring different miRNAs) were 
quantified using RT-qPCR (Fig. 5) for subsequent 
comparison with BMP2 protein levels. Hybrid-vector-
generated mRNA levels of BMP2ADV significantly 
exceeded those of pBMP2ADV control (conventional 
plasmid lacking miRNA expression cassette). 
In CHO-K1 cells, pH_BMP2ADV148b and pH_
BMP2ADV590 induced the largest amounts of BMP2ADV 
mRNA, whereas pH_BMP2ADV20a and pBMP2ADV 
reached similar relative expression levels. In C2C12 
cells, all hybrid constructs displayed significantly 
larger amounts of BMP2ADV mRNA than pBMP2ADV 
control. Interestingly, C3H/10T1/2 cells transfected 
with pH_BMP2ADV590 resulted in significantly higher 
transgene mRNA expression when compared with 

other hybrid plasmid constructs harbouring other 
miRNA sequences. Untransfected cells served as a 
negative control, lacking a primer-specific transcript.
 To verify miRNAs’ overexpression, determine their 
intracellular versus secreted levels and understand 
their potential paracrine effects, C3H/10T1/2 cells 
were transfected with the chosen hybrid vector 
constructs. pBMP2ADV plasmid transfection served 
as normalisation sample for osteogenic expression 
of miRNAs 20a-5p, 148b-3p and 590-5p. Intracellular 
and extracellular miRNA levels were analysed (Fig. 
6), always comparing miRNA transcript levels 
after transfection with the plasmid expressing 
the same miRNA. Baseline miRNA levels were 
similar intracellularly and extracellularly (data not 
shown). In comparison to cells transfected with 
pBMP2ADV, a 57.0 ± 5.3-fold increase of miR-148b-
3p expression levels was detected intracellularly, 
while an 80.2 ± 30.1-fold increase was observed in 
extracellular supernatants. Elevated expression levels 
were also observed for miRNAs 20a-5p and 590-5p 
after corresponding hybrid plasmid transfection. 
Abundance of miR-20a-5p increased intracellularly 
by 1.9 ± 0.1 and extracellularly by 1.9 ± 0.7-fold. 
Expression level of miR-590-5p changed 18.0 ± 9.6-
fold upon transfection intracellularly and 5.3 ± 2.1-
fold in extracellular supernatant samples. Secretion 
of these miRNAs into body fluids has indeed been 
observed in the context of bone metabolism and 
dysfunctions ( et al., 2013; Zhang et al., 2020).

miRNA590 exhibited the highest potential for 
osteoinduction in C2C12 and C3H/10T1/2 cells
Biomarkers for osteoinduction, Alpl, Col1a1, Runx2 
and OCN, were found to be differentially up-regulated 
in C2C12 and C3H/10T1/2 cells after transfection with 
hybrid constructs (Fig. 7). In C3H/10T1/2 cells, pH_
BMP2ADV148b, pH_BMP2ADV590 and pH_BMP2ADV20a 
reached significantly higher levels of OCN mRNA 

Fig. 6. Intracellular and extracellular miRNA localisation profiles 2 d after transfection of C3H/10T1/2 
cells. Data were normalised to reference genes U6 snRNA, 5S rRNA (intracellular) and RNA Spike-In 
(extracellular) and are presented relative to pBMP2ADV transfection (vector lacking miRNA expression 
cassette) as means ± SD, n = 3.
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Fig. 7. RT-qPCR analysis of C2C12 and C3H/10T1/2 cell lines. Cells were transfected with pH_BMP2ADV148b, 
pH_BMP2ADV590, pH_BMP2ADV20a or pBMP2ADV plasmid. Total RNA was collected 3 (C2C12) and 6 d 
(C3H/10T1/2) after transfection. Threshold cycles (Ct) of each reaction, relative to untransfected control 
group, were normalised to those obtained for reference mRNA using 2−ΔΔCt method. Individual data sets 
are depicted in a logarithmic scale. Statistical differences were determined by one-way ANOVA followed 
by Tukey post-hoc test analysis, comparing all groups with pBMP2ADV. Averaged data are presented as 
means ± SD, n ≥ 3. 
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when compared with conventional pBMP2ADV 
plasmid. All 3 hybrid vectors led to significantly 
increased OCN mRNA counts. No difference in Col1a1 
mRNA expression was detected between transfected 
groups and untransfected control. In C2C12, Alpl 
mRNA was up-regulated in all transfected cells, 
especially pH_BMP2ADV590 and pH_BMP2ADV20a led 
to a significantly larger mRNA increase. In addition, 
Runx2 mRNA levels were up-regulated the most in 
C2C12 cells transfected with pH_BMP2ADV590 and 
pH_BMP2ADV20a. Col1a1 expression significantly 
increased upon transfection with pH_BMP2ADV590. 
mRNA levels were quantified 3 (C2C12) and 6 d 
(C3H/10T1/2) after transfection.

Regulation of mRNAs after hybrid vector 
transfection suggested miRNA-specific mRNA 
targets
To confirm that the 3 miRNAs showed specific 
patterns of mRNA regulation, NGS of mRNAs 
was performed 3 d after transfecting C3H/10T/1 
cells with pH_BMP2ADV20a, pH_BMP2ADV148b, 
pH_BMP2ADV590 and pBMP2ADV plasmid. All hybrid 
RNA profile data were analysed relative to pBMP2ADV, 
serving as control. To exclude effects of BMP2 alone, 
the mRNA transcription profiles were compared to 
pBMP2ADV. NGS data were controlled for total and 
mapped reads. Raw data were submitted to GEO 
(Web ref. 2) (accession number GSE166110). Principal 
component analysis showed clustering of the 3 
independent transfections, whereby pBMP2ADV590 
hybrid was more distinct than the others (Fig. 8a). 
Transfection of cells with pH_BMP2ADV590 resulted 
in identification of 532 significantly up-regulated 
and 463 significantly down-regulated genes. While 
pH_BMP2ADV20a resulted in an up-regulation of 78 
and a down-regulation of 100 genes, transfection 
with pH_BMP2ADV148b showed 68 genes to be up-
regulated significantly and 32 genes to be down-

regulated significantly. Fig. 8b shows the number 
of significantly up-regulated and Fig. 8c down-
regulated genes after hybrid vector versus BMP2ADV-
only transfection. Overlapping areas represent 
significantly affected genes common to all 3 hybrid 
vectors (Table 3,4). Since all 3 hybrid constructs 
resulted in increased osteogenic differentiation in 
vitro, this could be reflected in the small number 
of jointly regulated mRNAs, which might be 
indispensable for boosting osteogenesis and on which 
the very specific and different regulatory activity of 
the 3 different miRNAs converge. Such a specific 
activity of the single miRNAs is supported by the 
fact that the differentially expressed mRNAs after 
miR-590, 20a and 148b are prevailing.
 To corroborate specific effects of the 3 single 
miRNAs, the study hypothesis was that confirmed 
target mRNAs would be down-regulated after 
transfection. Therefore, the significantly down-
regulated mRNAs were compared to the complete 
list of validated specific miRNA targets derived from 
TarBase (Karagkouni et al., 2018) (Fig. 9). Indeed, of all 
significantly down-regulated genes after transfection 
with pH_BMP2ADV590, 134 (28.57 %) were validated 
targets (Fig. 9a). For pH_BMP2ADV20a, a lower 
fraction of 23 mRNAs (23.00 %) of total significantly 
down-regulated genes was matched with validated 
targets (Fig. 9b). pH_BMP2ADV148b led to the down-
regulation of 2 validated targets, which was 6.25 % 
of all significantly down-regulated genes affected 
by this plasmid (Fig. 9c). Summarised, these data 
prompted the selection of the BMP2/miR-590-5p 
hybrid vector for an in vivo proof-of-principle study.

In vivo transfection of pH_BMP2ADV590 indicated 
osteogenic potential of hybrid plasmid
pH_BMP2ADV590, as one of the most promising 
plasmids regarding osteoinductive potential in vitro, 
was directly compared to the original pBMP2ADV 

Fig. 8. NGS principle components analysis and commonly regulated genes. (a) Principal component 
analysis of NGS data showed clustering of the 3 independent transfections of C3H/10T/1 cells with 
either pH_BMP2ADV148b, pH_BMP2ADV20a or pH_BMP2ADV590, whereby pBMP2ADV590 hybrid was more 
distinct than the others. NGS was used to identify significantly (b) down- and (c) up-regulated genes 3 d 
after transfection of C3H/10T/1 cells with either pH_BMP2ADV148b, pH_BMP2ADV20a or pH_BMP2ADV590. 
Generated data were calculated relative to transfection of C3H/10T/1 cells with pBMP2ADV. Overlapping 
areas indicate the number of commonly regulated genes, with 13 targets significantly down- and 10 targets 
significantly up-regulated in all three transfection settings.
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Table 3. List of 13 common significantly down-regulated genes.

Abbreviated gene name Full gene name Ensemble code
Gadd45b Growth arrest and DNA-damage-inducible 45 beta ENSMUSG00000015312

Resf1 Retroelement silencing factor 1 ENSMUSG00000032712
Klf6 Kruppel-like factor 6 ENSMUSG00000000078

Rnd1 Rho family GTPase 1 ENSMUSG00000054855
Csf1 Colony stimulating factor 1 ENSMUSG00000014599
Mt2 Metallothionein 2 ENSMUSG00000031762

Adamts5 A disintegrin-like and metallopeptidase (reprolysin 
type) with thrombospondin type 1 motif, 5 ENSMUSG00000022894

2610008E11Rik RIKEN cDNA 2610008E11 gene ENSMUSG00000060301

Gadd45g Growth arrest and DNA-damage-inducible 45 
gamma ENSMUSG00000021453

Ajuba Ajuba LIM protein ENSMUSG00000022178
SnhG15 Small nucleolar RNA host gene 15 ENSMUSG00000085156

Ccl2 Chemokine (C-C motif) ligand 2 ENSMUSG00000035385
2410006H16Rik RIKEN cDNA 2410006H16 gene ENSMUSG00000086841

Table 4. List of 10 common significantly up-regulated genes.

Abbreviated gene name Full gene name Ensemble
Rpl41 Ribosomal protein L41 ENSMUSG00000093674

Myl6 Myosin, light polypeptide 6, alkali, smooth muscle 
and non-muscle ENSMUSG00000090841

Adgrg2 Adhesion G protein-coupled receptor G2 ENSMUSG00000031298
Rgs2 Regulator of G-protein signaling 2 ENSMUSG00000026360

Mmp2 Matrix metallopeptidase 2 ENSMUSG00000031740
Hey1 Hairy/enhancer-of-split related with YRPW motif 1 ENSMUSG00000040289
Pass Prosaposin/Spingolipid activator protein ENSMUSG00000004207

Krt13 Kreatin 13 ENSMUSG00000044041
Cdsn Corneodesmosin ENSMUSG00000039518

Mmp11 Matrix metallopeptidase 11 ENSMUSG00000000901

plasmid in an in vivo ectopic-bone mouse model. 
To allow for optimal intra-animal comparison, each 
hind limb was transfected with one of the plasmids. 
8 weeks after transfection, hind limbs were scanned 
ex vivo for ectopic mineralisation by high-resolution 
computed tomography (Fig. 10). None of the 4 
transfections with the negative control luciferase 
plasmid showed relevant mineralisation (Fig. 10c). In 
all animals but one, mineralised volumes were larger 
when transfected with the hybrid plasmid instead of 
the original pBMP2ADV. Four out of 6 in vivo muscle 
transfections with pH_BMP2ADV590, but only 1 out 
of 6 pBMP2ADV transfections, showed significant 
mineralisation (Fig. 11). Ectopic-bone volume varied 
strongly and showed substantial differences in shape.

Histological analysis confirmed ectopic 
mineralisation
Histological evaluation of transfected muscle tissue 
sites, 8 weeks after plasmid injection, confirmed 
formation of mineralisation in accordance with µCT 
images. Upon standard HE and von Kossa treatment, 
muscle tissue transfected with pBMP2ADV and pH_
BMP2ADV590 hybrid plasmid revealed mineralised 

areas (Fig. 12,13). Collagen type 2-enriched matrix 
was shown by positive immunostaining within the 
area of interest (brown). In contrast, transfection 
with luciferase control plasmid did not induce 
intramuscular mineralisation. Response differences 
to transfection with the same plasmid were visible 
in histology. While pBMP2ADV #1 showed extensive 
mineralisation within the muscle tissue, the other 
hind limb transfected with pBMP2ADV #2 showed 
distinctly less mineralisation. Similarly, the variability 
in osteoinduction of the same plasmids became 
apparent in histological images of pH_BMP2ADV590 #1, 
#2 and #3, where #3 revealed the smallest area of 
mineralisation.

Discussion

Recent developments in terms of miRNA expression 
profiles and subsequent target silencing within the 
setting of tissue regeneration offer an additional 
approach to enhance the biological impact of 
non-viral gene therapy. The main objective of the 
present study was to utilise miRNA gene-regulation 



TK Brenner et al.                                                                                 Non-viral BMP2/miRNA co-expression systems 

257 www.ecmjournal.org

to further increase the efficacy of the previously 
published osteogenic vector system (Hacobian et 
al., 2016). This was accomplished by combining an 
optimised BMP2 (BMP2ADV) under the control of 
an EF1α minimal promoter with different shRNA 
sequences regulated by a human RNA polymerase 
III U6 promoter. In a previous study, Hacobian et al. 
(2016) showed that the EF1α promoter regulation is 
superior to the CMV promoter in terms of expression 
level and duration. The U6 promoter was chosen due 
to its well-studied, competent and constitutive small-
RNA-transcription properties (Duvoisin et al., 2012).

 To validate the miRNA expression system, 
luciferase-reporter gene activity was down-regulated 
via expression of a specific anti-Luc shRNA from a 
co-transfected plasmid. When comparing forward 
and reverse orientation (with regard to the co-
expressed luciferase transgene) of the U6 promoter 
anti-Luc hairpin expression cassette, significantly 
more reduction in luciferase protein expression 
was facilitated by the forward expression direction 
(Fig. 1b). The existence of the promoter interference 
phenomena has been described before (Shearwin et 
al., 2005), such as for a constitutive CMV-promoter 
co-expression system (Feichtinger et al., 2014a). There, 
transgene co-expression from the same plasmid 
lead to lower protein levels when compared to the 
expression from two distinct plasmids, indicating 
a negative cross talk between the RNA polymerase 
II promoters. On the other hand, the present 
study indicated a positive influence of synchronic 
polymerase II and III promoter activity. Therefore, 
the synchronous rather than the asynchronous or 
bidirectional arrangement of expression units was 
adopted for the osteogenic hybrid plasmids.
 To test the hybrid system in an osteogenic set-up, 
3 candidate miRNAs (hsa-miR-148b-3p, hsa-miR-590-
5p, hsa-miR-20a-5p) and a control scrambled anti-Luc 
miRNA were selected for further experiments and 
incorporated into the hybrid vector system (Fig. 1). 
To evaluate the isolated osteogenic potential of each 
miRNA, hybrid plasmids were tested against control 
plasmids pH_MetLuc, which expressed Metridia 
longa luciferase instead of BMP2ADV. Keeping the 
expression occurrence of reporter gene and shRNA 
constant, whilst excluding influence of the growth 
factor was not sufficient to increase ALP enzyme 
activity in C2C12 and C3H/10T1/2 cell lines at the 
selected time points (Fig. 2). The murine myoblast 
cell line C2C12 was chosen as an in vitro osteogenic 
transdifferentiation model, due to its rapid cellular 
response following BMP2 treatment and the 
functional resemblance to the in vivo experimental 
setup, where mouse muscle tissue was transfected. 
To test the plasmids in a non-osteogenic multipotent 
cell line, C3H/10T1/2 cells were also used for in 
vitro transfection experiments. Albeit miR-148b-3p 
alone can result in differentiation of hASCs into an 
osteogenic lineage (Qureshi et al., 2013), it was not 
possible to confirm this effect at selected time points 
in the experiments using C2C12 and C3H/10T1/2 cell 
lines. A possible explanation may be a prolonged 
processing time and a lower overall concentration 
of active miR-148b-3p, when introduced via transient 
gene expression as compared to transfection with 
particle-conjugated pre-processed single stranded 
miR-148b-3p (Qureshi et al., 2013). The early ALP 
assay sampling time point (3 d) for C2C12 was 
based on the observation of myogenic changes in 
morphology, which are thought to be irreversible, 
as early as 4 d after transfection (data not shown), 
if no BMP2 transgene was co-introduced. At the 
designated time points, C2C12 as well as C3H/10T1/2 

Fig. 9. Identified miRNA-targets versus validated 
targets. The diagram depicts the significantly down-
regulated genes 3 d after transfection of C3H/10T/1 
cells with (a) pH_BMP2ADV590, (b) pH_BMP2ADV20a, 
or (c) pH_BMP2ADV148b, identified by NGS and 
mapped against all miRNA-specific validated targets 
derived from TarBase (Karagkouni et al., 2018).
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cells (6 d time point) showed strong induction of 
ALP enzyme activity when treated with rhBMP2 
protein (150 ng/mL). Although pBMPADV induced 
an increase in ALP activity, compared to the pH_
MetLuc group, this difference was not statistically 
significant. C3H/10T1/2 showed a delayed induction 
of differentiation as compared to C2C12. Therefore, a 
later sampling time point for ALP assay was chosen.
 Interestingly, ELISA showed that BMP2 protein 
amounts produced by cells transfected with different 
hybrid vectors differed significantly between studied 
cell types (C2C12 and C3H/10T1/2) (Fig. 3). The 
detected protein was a combination of endogenous 
and transgenic Bmp2, as these are not distinguishable 
by their amino-acid sequence. The obtained results 
may be affected by enhanced endogenous protein 
production by simultaneously introduced miRNA 

(positive feedback loop of Bmp2 production). One 
of hsa-miR-148b-3p’s targets predicted by the 
miRTargetLink free online software tool (Hamberg 
et al., 2016) was Rock1, which when inhibited has 
been shown to increase transcription factor Runx2 
nuclear translocation as well as differentiation and 
mineralisation of rat calvarial osteoblasts (Prowse 
et al., 2013), demonstrating the pro-osteogenic 
properties of miR-148b-3p. miR-148b-3p affects 
osteogenic differentiation of hMSCs in a positive 
manner, as verified by increased ALP enzyme activity 
(Schoolmeesters et al., 2009). Furthermore, in hASCs, 
baculovirus-mediated expression of the same miRNA 
improves osteogenesis in vitro and implantation of 
hASCs co-expressing BMP2/miR-148b-3p accelerates 
as well as ameliorates bone healing and remodelling 
in a critical-size calvarial defect model (Liao et al., 
2014). Target prediction of hsa-miR-20a-5p revealed 
incongruent results. On one hand, Bmpr2 and 
Tgfbr2, both important for BMP2-mediated cellular 
signalling, were supposedly down-regulated. 
Therefore, reduced osteogenic differentiation would 
be expected. On the other hand, the same non-coding 
RNA knocks-down BMP2 antagonists Crim1, BAMBI 
as well as PPARG (Wilkinson et al., 2003; Umulis et al., 
2009; Zhang et al., 2011). Measurement of knockdown 
efficacy of these targets might give more insight into 
the hsa-miR-20a-5p mode of action. In the case of 
hsa-miR-590-5p, strong evidence exists for the targets 
TGFBR2 (Ekhteraei-Tousi et al., 2015) and Smad 
(Vishal et al., 2017), a corepressor of Runx2. Reduced 
repression of the transcription factor RUNX2 enables 
elevated BMP2-induced osteogenic gene expression. 
The complementary seed sequence hsa-miR-590-3p 
induces osteogenic differentiation in MSCs. The 
underlying mechanism includes knockdown of 

Fig. 10. Representative 
µCT-images of mouse 
hind limbs 8 weeks 
a f t e r  t r a n s f e c t i o n . 
Coloured areas indicate 
mineralisation. Changes 
of shading, from violet 
to yellow, increase with 
density. Bones (tibia and 
fibula) are visualised 
in grey. (a) pBMP2ADV;

 

(b) pH_BMP2ADV590; 
(c) luciferase control 
plasmid. 

Fig. 11. Intra-animal comparison of ectopic 
mineralised volumes. Each line represents a single 
animal and each dot the limb harbouring the tested 
plasmid. 
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Fig. 12. Histology of intramuscular mineralisation 8 weeks after plasmid transfection. Higher 
magnification in the right column of the area of interest is indicated by a black rectangle in the left column. 
HE staining of muscle tissue transfected with luciferase control, pBMP2ADV or pH_BMP2ADV590. Mineralised 
ectopic tissue (arrowhead) is indicated by violet, brittle areas embedded within the muscle tissue in the 
HE staining, blood vessels (not shown) and fatty tissue (star) are also present within the transformed 
tissue. To underline variability of induced mineralisation, samples representing high and low response 
to transfection were included, labelled with #1 (high response) and #2 (low response) for the pBMP2ADV 
plasmid. Histological samples pH_BMP2ADV590#1 and pH_BMP2ADV590#2 showed high response, while 
#3 represented a low response sample upon transfection. Scale bars at the bottom of images account for 
all images of column except if indicated differently.
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Fig. 13. Histology of intramuscular mineralisation 8 weeks after plasmid transfection. The images are 
the higher magnification of the area of interest as indicated by the black rectangle in Fig. 12, here stained 
with von Kossa and antibodies against collagen. The muscle tissue was transfected with luciferase control, 
pBMP2ADV or pH_BMP2ADV590. Mineralised ectopic tissue (arrowhead) is indicated by distinctly black areas 
visible in the von Kossa staining. Collagen type 2-enriched matrix is indicated by brown staining. Blood 
vessels (not shown) and fatty tissue (star) are also present within the transformed tissue. To underline 
variability of induced mineralisation, samples representing high and low response to transfection were 
included, labelled with #1 (high response) and #2 (low response) for the pBMP2ADV plasmid. Histological 
samples pH_BMP2ADV590#1 and pH_BMP2ADV590#2 showed high response, while #3 represented a low 
response sample upon transfection. Scale bars at the bottom of images account for all images of column 
except if indicated differently.
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APC and consequently activation of Wnt/β catenin 
signalling (canonical WNT pathway) through 
stabilisation of Wnt-target gene transcription factor 
β catenin (Wu et al., 2016).
 In C2C12, transfection with pH_BMP2ADVscr 
resulted in increased Bmp2 protein level detected by 
ELISA, when compared with pBMP2ADV (Fig. 3). As 
the scrambled miRNA does not specifically bind to 
any known mRNA, this difference must be facilitated 
by other interactions. Cross-talk between two 
promoters in local vicinity can lead to a positive, up-
regulatory effect on neighbouring genes (Hampf and 
Gossen, 2007). This kind of transcriptional influence 
has been described for promoters of the same type 
(polymerase II) (Feichtinger et al., 2014a), where the 
convergent arrangement of expression cassettes had a 
favourable effect on transgene expression levels when 
compared to a divergent arrangement. There might 
be underlying promoter cross-talk events leading to 
the observed Bmp2 protein up-regulating properties 
of the U6-miRNA expression machinery.
 Quantification of BMP2 protein secreted by 
CHO-K1 cells transfected with hybrid constructs 
showed no significant variance between all tested 
plasmids (Fig. 4). As this cell line has a reduced 
consumption of produced BMP2 due to its deficiency 
in osteogenic differentiation (Garzon-Alvarado et 
al.et al., 2014), the measured BMP2 protein levels 
could reflect plasmidal expression more directly. 
Thus, revealing a consistent expression potential of 
all tested constructs.
 Transcription levels of BMP2ADV were analysed by 
RT-qPCR using intron-spanning primers specifically 
targeting only the codon-optimised version of BMP2. 
As shown in Fig. 5, mRNA amounts of the introduced 
therapeutic gene were differing for each hybrid 
vector as well as between all used cell types 3 d after 
transfection. In CHO-K1 cells, where protein analysis 
indicated homogenous expression levels, significant 
differences in mRNA amounts were detected. In 
the same cell type, pBMP2ADV and pH_BMP2ADV20a 
constructs resulted in the translation of equal Bmp2 
protein amount from lower mRNA counts. This 
phenomenon may be caused by distinct mRNA 
abundance, ribosome occupancy and turnover (Maier 
et al., 2009). In C2C12 cells, all miRNA-encoding 
vectors achieved significantly larger mRNA counts 
than the conventional pBMP2ADV. This finding was 
consistent with Bmp2 protein quantification by ELISA 
(Fig. 3). C3H/10T1/2 cells, on the other hand, only 
showed significantly enhanced expression of BMP2ADV 
mRNA upon transfection with pH_BMP2ADV590, 
whereas Bmp2 concentrations in supernatants were 
similarly enhanced by all hybrid vectors. Thus, 
overexpression of these miRNAs must influence 
the translation of transgenic and endogenous Bmp2 
protein either directly by stabilising the encoding 
mRNA or indirectly by repressing the translation of 
inhibiting factors (Vasudevan, 2012).
 The next step was to elucidate if miRNAs were de 
facto overexpressed and if so, to what extent they were 

secreted into the extracellular environment enabling 
a paracrine effect that might be involved in the 
osteoinductive process within the tissue (Linero and 
Chaparro, 2014; Santos et al., 2011; Scott et al., 2012). 
This inquiry was confirmed after quantifying miRNA 
levels of intracellular and extracellular samples 
following cell transfection (Fig. 6). Hence, up-
regulation of miR-148b-3p and miR-590-5p inside the 
cell as well as in the supernatant was detected when 
cells were transfected with corresponding hybrid 
vectors, relative to cells transfected with pBMP2ADV 
construct. Interestingly, miR-148b-3p displayed the 
highest up-regulation. This might seem favourable, 
but as a saturation of miRNA-machinery, e.g. 
exportin-5, can occur, supraphysiological amounts of 
unprocessed miRNA can be disadvantageous (Grimm 
et al., 2010). The lower increase in intracellular and 
extracellular miR-20a-5p, upon hybrid transfection, 
could be explained by higher endogenous transcript 
levels in the investigated cell line (data not shown). 
Thus, the potential relative change is minimised.
 miRNAs are reported to regulate many aspects 
of bone development (Li et al., 2017; Vishal et al., 
2017). The present study focused on consequential 
differentiation of target cells. The evaluation method 
of choice was RT-qPCR, as it is an acknowledged 
sensitive transcriptional validation technique and 
allowed for the study of osteoblast-related genes 
serving as early and late differentiation markers 
(Fig. 7). Changes in OCN and Runx2 mRNA after 
miRNA transfection are reported as early as one 
night after transfection (Gámez et al., 2013). 3 d after 
transfection with miR-690, changes in Alpl expression 
are measured (Yu et al., 2016). Huang et al. (2014) 
treated C2C12 with BMP2 protein for 3 d leading to 
changes in OCN and Col1a1 mRNA. Based on these 
studies, changes in osteogenic gene expression were 
tested 3 d after transfection in C2C12 and 6 d after 
transfection in C3H/10T1/2.
 In C2C12, the largest Alpl mRNA fold change 
occurred upon transfection with pH_BMP2ADV590 
and pH_BMP2ADV20a. Also, the early markers Col1a1 
and Runx2 were significantly more up-regulated in 
the presence of miR-590-5p than upon transfection 
with pBMP2ADV alone. In C2C12, mRNA expression 
levels of OCN were up-regulated the most by 
pH_BMP2ADV20a transfection. In C3H/10T1/2 cells, 
pH_BMP2ADV148b and pH_BMP2ADV590 hybrid 
vectors caused a comparably significant fold change 
of Alpl mRNA transcription, whereas relative type I 
collagen mRNA count was similar in all groups, even 
in the untransfected control. As Alpl is known to be 
regulated by Wnt3a signalling (Rawadi et al., 2003) in 
contrast to Col1a1 (Jackson et al., 2005), a differentially 
regulated signalling pathway may be the explanation 
for this inconsistent transcriptional regulation upon 
transfection. Runx2 transcription was not positively 
affected by miRNA co-expression when compared 
with BMP2ADV expression alone. Osteocalcin mRNA 
quantification indicated an up-regulation in all 
C3H/10T1/2 cells transfected with hybrid constructs.
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 Generation of NGS profiles after transfection of 
C3H/10T/1 with hybrid plasmids revealed regulation 
of specific and commonly regulated miRNA targets as 
depicted in Fig. 8b,c. These findings clearly supported 
the hypothesis that the plasmid’s effects on gene 
regulation and hence expression are driven by the 
different miRNAs incorporated in the vectors.
 While transfection with pH_BMP2ADV590 resulted 
in the largest number of significantly up- and down-
regulated targets, it also showed the largest number 
of validated miRNA targets extracted from TarBase, 
which supported its choice for an in vivo study. Of 
note, miR-590 shares seed sequence homology to 
miR-21-5p (Web ref. 3), which is also well known for 
its regulatory role in bone metabolism (Strauss et al., 
2020;  et al., 2015b; Zarecki et al., 2020).
 The presented sum of in vitro gene expression 
data supported the hypothesis that a combinatorial 
approach of BMP2ADV and osteogenic miRNA 
overexpression led to enhanced osteogenic 
differentiation. Yet, the inability to proof the own 
inherent osteogenic potential of the used miRNAs 
(ALP assay), as well as the absence of transfection 
experiments in primary MSCs might represent the 
main limitations of the in vitro study design. Yet, the 
preliminary in vitro data was considered solid enough 
to proceed to in vivo testing.
 A mouse ectopic-bone model was chosen for 
translating the hybrid plasmid system from cell 
culture to an in vivo setting. As the osteoinductive 
potential of miR-590-5p was most stable in vitro, 
pH_BMP2ADV590 hybrid vector was selected for 
direct comparison with the original pBMP2ADV. Each 
hind limb was transfected with one of the plasmids, 
allowing for intra-animal comparison. Final high-
resolution ex vivo µCT scans were conducted after 
8 weeks.
 In 4 out of 6 hind limbs, transfection with the 
pH_BMP2ADV590 hybrid vector resulted in substantial 
mineralisation, when compared to the negative 
control plasmid (Fig. 11). On the other hand, in 
only 1 out of 6 injected hind limbs, transfection 
with pBMP2ADV plasmid led to mineralisation. The 
transfection success-rate of the pH_BMP2ADV590 
hybrid vector (4 out of 6 limbs, 67 %) was comparable 
to the 2 W sonoporative gene delivery rate of the 
non-viral BMP2/7 co-expression plasmid constructed 
by Feichtinger et al. (2014b). Although, sonoporation 
with 4 W resulted in a 100 % transfection rate, which 
is comparable to the viral gene delivery conducted by 
Luk et al. (2003), who also detected ossification in all 
rats upon injection of AAV-BMP4. On the other hand, 
in the present study, the plasmid was administered 
only once by single injection of DNA-complexes, 
while sonoporation by Feichtinger et al. (2014b) 
was carried out repeatedly for 5 consecutive days. 
However, when compared to Feichtinger’s study, the 
tissue samples of the present study did not show a 
stem cell niche.
 Although both plasmids were able to induce 
mineralisation in an ectopic model, the hybrid 

vector showed a higher probability of mineralisation 
occurrence and, therefore, a greater potential for 
further in vivo trials. This may be due to a variety 
of osteoinductive properties of the miR-590-5p, 
such as increased Alpl expression via targeting 
Smad7, an inhibitor of osteoblast differentiation 
(Vishal et al., 2017). Accordingly, hsa-miR-590 
overexpression increases pro-osteogenic target 
expression by stabilisation of β catenin in human 
MSCs (Wu et al., 2016). Confirming previous 
findings (Chen et al., 2009), extracellular miRNAs 
was detected in mesenchymal cell supernatants (Fig. 
6). Consequently, overexpressed Bmp2 and miR-
590-5p might act not only intracellularly but also 
intercellularly via paracrine effects in transfected 
muscle tissue.
 As outlined by Wosczyna et al. (2012), excess 
BMP and induction of intracellular effectors such 
as SMADs contribute to ossification within the 
muscle tissue. In human FOP, a mutation of the 
BMP type I receptor (Alk-2) results in hypersensitive 
or even BMP-independent signalling, leading 
to ossification of muscle tissue upon soft tissue 
trauma. Although the detailed pathophysiology of 
muscle tissue ossification is still unclear, potential 
explanations for muscle-bone transformation 
involve recruitment and differentiation of circulating 
osteoprogenitor cells restricted to the skeletal muscle, 
such as satellite cells, as well as the contribution of 
endothelial cells or multipotent mesenchymal cells 
to the mouse muscle tissue. Concerning bone tissue 
formation pathways, Lounev et al. (2009) showed 
that endothelial precursor cells can be triggered by 
an inflammatory microenvironment to differentiate 
via the endochondral pathway in an animal model 
of FOP. Also, a study using adenoviral vectors (Jane 
et al., 2002) expressing BMP2 for intramuscular 
injection, showed ectopic-bone formation by 
endochondral ossification. In the present study, 
the presence of collagen type II-enriched matrix 
surrounding mineralised areas (Fig. 12) in the absence 
of collagen type I (data not shown) suggested bone 
formation via the endochondral pathway (Stoeger et 
al., 2002).
 The vector system showed great potential for 
directing the cellular fate toward an osteogenic 
direction, indicated by mineralisation of transfected 
muscle tissue. However, a large variation in size and 
shape of mineralised areas was observed. Therefore, 
a density threshold (100 - 600 mgHA/cm3) was 
selected to limit areas of mineralisation for volume 
approximation. Potential diffusion of transfection 
solution could have led to this widespread effect 
throughout the layers of soft tissue. To prevent this, 
biomaterials retaining DNA complexes at the target 
site could be included in future experiments (Huang 
et al., 2005; Raftery et al., 2018). Also, a reduction in 
injection volume might decrease potential effects 
caused by diffusion.
 To increase efficiency and concentration of 
transfection reagent at the desired region, another 
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option for improvement might be repetitive 
transfections (Kawai et al., 2003). However, regarding 
ease of handling and application, as well as animal-
stress reduction, single shot transfection remains 
the preferable approach, if possible. Finally, since 
the ectopic-bone model was a first step to prove 
the efficacy of the plasmids in vivo, experiments 
in bone defect models will be needed to evaluate 
their potential for clinical application. Within these 
models, stationary biomaterials and/or hybrid vector 
pre-transfected MSCs could locally contribute to 
stimulate mineralisation and improve bone healing.
 The main concept of these plasmids is versatility. 
The constructs were designed to be adjustable to 
different target tissues using specific miRNAs with 
corresponding therapeutic genes, thereby providing 
the opportunity to meet various clinical demands.

Conclusion

Scientific findings on miRNAs and their effects 
have increased in recent years. The present study 
contributed significantly to the field of tissue 
regeneration. In vitro validation of double-active 
non-viral hybrid plasmids showed increased 
osteoinduction in different cell lines. Acting via 
simultaneous overexpression of BMP2 and miRNAs, 
the plasmids not only supported the osteogenic 
differentiation process, but could also counterbalance 
the potential drawbacks of conventional gene 
therapy. Further refinement of invention should 
be pursued in the future, which could be done in a 
calvarial defect model. The studied constructs could 
also be adjusted to meet the requirements for different 
targets and tissues. Therefore, the presented vector 
system could meet the demands of a broad field of 
clinical applications. The present study hoped to 
encourage additional research on multi-target gene 
therapeutic approaches.
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Discussion with Reviewers

Jennifer Bara: In terms of biological mechanisms, 
which molecular pathways are known to be involved 
in BMP2-mediated muscle-bone transformation?
Authors: With regard to molecular signalling 
pathways leading to formation of ossification in 
muscle tissue, Kan et al. (2018, additional reference) 
suggested that aside from the TGFβ/BMP pathway, 
other signalling pathways, such as Wnt, the FGF 
and the Hedgehog pathways, may contribute by 
cross-talk with the central BMP pathway. Although 
it is not clear via which specific pathway ectopic 
mineralisation in the present in vivo study was 
induced upon transfection with the hybrid plasmid, 

literature suggests that hsa-miR-590 is involved with 
TGFBR2 and Smad7 as well as the Wnt/beta catenin 
signalling pathway and can also induce osteogenic 
differentiation in MSCs (Ekhteraei-Tousi et al., 2015; 
Vishal et al., 201, Wu et al., 2016).

Jennifer Bara: What advantages does this vector 
system confer over other viral and non-viral methods 
of gene delivery? Could higher levels of control, i.e. 
an inducible, tissue-specific approach be achieved 
using this type of hybrid vector?
Authors: One of the general advantages of the vector 
system was the non-viral base of the plasmid, which 
allowed for transient expression of therapeutic 
proteins for tissue regeneration. In contrast to viral 
gene therapeutic approaches, which holds a multitude 
of pitfalls, transient therapeutic intervention suits 
ideally the demands of tissue regeneration. Also, 
as previous work shows (Hacobian et al., 2016), it 
is possible to overcome low target-gene expression, 
one major disadvantage in comparison to viral 
gene delivery, by combining a strong promotor 
as well as a codon-optimised BMP2-sequence. 
Furthermore, by using the combinatorial approach 
of BMP2 overexpression and miRNA-dependent 
gene regulation favouring the same result, i.e. 
pushing cell fate towards osteogenic differentiation 
and creating a beneficial environment for bone 
regeneration. Also, as endogenous cells express the 
introduced BMP2 directly, adequate posttranslational 
modifications provide more bioactivity in comparison 
to recombinant proteins (Brooks, 2006; additional 
reference).

Jennifer Bara: BMP2/BMP7 heterodimers are known 
to have more osteogenic potency when compared to 
homodimers. Do the authors know in which form(s) 
endogenous/plasmid-delivered BMP2 was present?
Authors: Immunohistochemistry, using anti-BMP7-
antibodies, was not performed. Therefore, it is not 
known if delivered BMP2 was present as a homodimer 
or as a heterodimer together with endogenous 
BMP7. However, induction of endogenous BMPs 
can be achieved upon gene transfer with BMP2 and 
BMP7 (Zhu et al., 2006, additional reference). Data 
suggested that most of the released BMP2 was present 
in a homodimeric state, but additional endogenous 
expression of other BMPs, including BMP7, probably 
resulted in different heterodimers. Unfortunately, 
there is no ELISA assay specified for detecting BMP 
heterodimers, such as BMP2/BMP7 dimers. The setup 
was focused on the evaluation of the hybrid vector 
system using BMP2 homodimers, but with future 
prospect of integrating co-expression of BMP2 and 
BMP7 in this system. This could further contribute 
to successful bone formation, as priorly shown by 
Feichtinger et al. (2014a) and Kawai et al. (2006) as 
the heterodimer would be more stable towards 
endogenous inhibition.
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Georg Feichtinger: The described work tested an 
expression system designed using human sequences. 
Are there any differences in target specificity expected 
in a murine system for the applied miRNAs? Has the 
target analysis been performed on murine or human 
transcripts?
Authors: Target prediction has been performed 
on human transcripts, whereas, high sequence 
similarities exist for the used miRNAs in both 
organisms. Both seed sequences of hsa-miR-
148b are complementary to the murine ortholog 
mmu-miR-148. Binding sequences for mmu-miR-
148b are found in the orthologous murine Rock1 
mRNA sequence. The murine miR-590, which is 
complementary to the human miR-590, shares its seed 
sequence with mmu-miR-21a, which targets the tgfb2, 
tgfbr1, crim1, bmpr2 and bmpr1a mRNAs. hsa-miR-20a 
shares binding sites with the murine mmu-miR-20a, 
these are located in the mRNA sequences of bambi, 
bmpr2, crim1, bmp2k, bmp2, tgfbr2 and smad 4-7. All 
data were retrieved from mirbase.org, TarBase and 
ensembl.org.

Georg Feichtinger: Whilst the current system 
is interesting and relatively novel, its suitability 
for clinical translation could be questioned by 
highlighting the use of highly pleiotrophic miRNAs 
as effectors, which could affect the expression of 
multiple known and unknown target transcripts. 
What obstacles or issues could be faced when 
planning to use the proposed miRNAs in human 
patients in the future?
Authors: We agree that miRNA action is pleiotropic, 
but also that it is considered to fine-regulate and 
balance homeostasis in cells and tissues. Therefore, 
the transient transcription of miRNAs in combination 
with equally pleiotropic proteins such as BMP2 might 
be therapeutically valuable and, indeed, several 
RNAi-based therapies are under clinical trials. To 
bring the approach closer to the clinics, safety has to 
be tested in pre-clinical models to exclude that the 
miRNAs might have an influence on a wide range of 
cell functions, affecting proliferation, differentiation, 
apoptosis and other metabolic processes by down- 
or up-regulating target-gene expression (Felekkis et 
al., 2010, additional reference; Lim et al., 2005; Liao 
et al., 2014; Qureshi et al., 2013; Schoolmeesters et 
al., 2009; Vishal et al., 2017, additional reference). 
As opposed to siRNA, complementarity between 
miRNA and its target mRNA does not require perfect 
matching. This results in an effect where one mRNA 
is regulated by a multitude of different miRNAs, 
while a single miRNA recognises multiple targets at 
once (Lim et al., 2005), similar to the mechanism of 
action of transcription factors. Finally, also secretion 
of miRNAs into the supernatant in the in vitro 
experiments was observed, implying that systemic 
effects might be possible. Therefore, it needs to be 
carefully established whether the increased versatility 
of the used system, in addition to its higher efficacy, 
makes it safe to use.

Georg Feichtinger: Inclusion of miRNA cassettes 
into expression systems might lead to additional 
positional cis-acting effects that might influence gene 
expression of the therapeutic transgene positively or 
negatively and might impact therapeutic outcome 
indirectly. Did the authors investigate such potential 
effects using a control cassette or can they comment 
on this potential effect?
Authors: No, positional cis-acting effects were not 
investigated. Interestingly, as described in a study 
by Hampf et al. (2007), in which crosstalk signals 
between different promotors were investigated, the 
presence of the EF1α promotor shows only little 
effect on reporter gene expression. The possibility 
of cis-acting effects cannot be excluded. However, 
the differences in miRNA effects and their impact on 
gene expression were shown (Fig. 5,7), including NGS 
data to support the study hypothesis. Therefore, we 
are convinced that the desired results can not only be 
due cis-acting contribution by the U6 promotor. As 
an addition, future experiments may include trials 
using MetLuc reporter genes to further investigate 
cis-acting effects.

Georg Feichtinger: miRNA effectors can target 
specific transcripts or can show a pleiotropic effect 
due to the regulation of multiple downstream target 
mRNAs. Did the authors investigate the number of 
target mRNAs potentially regulated by the employed 
miRNAs and their function in the obtained NGS data? 
Can they comment on the potential impact of the 
targeting of multiple intended and unintended target 
mRNAs for future translation of this technology?
Authors: NGS was used to investigate commonly 
regulated targets, pointing out significantly up-
regulated and down-regulated target genes upon 
transfection (Fig. 8). Also, significantly down-
regulated genes were identified by NGS and mapped 
against all miRNA-specific validated targets derived 
from TarBase database (Fig. 9).
 According to Ishida et al. (2013, additional 
reference) the full scale of off-target effects is 
only known when in vivo studies are conducted. 
Interestingly, it is even suggested that due to the 
miRNAs modus operandi, this being a simultaneous 
action of small amplitude on multiple targets, the 
term off-target is incorrect. However, understanding 
the targeting of multiple unintended effectors 
remains a highly complex challenge for future 
translation into clinical application. As we were able 
to show on multiple levels of expression that our 
selected miRNAs had the desired effect, we remain 
optimistic that our approach will be of high interest 
in future projects.
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Editor’s note: The Scientific Editor responsible for 
this paper was Martin Stoddart.

Supplementary video details
(available on paper website)

Video 1. CT-generated 3D reconstruction of 
mouse hind limbs 8 weeks after transfection with 
indicated plasmids. Transfection-induced ectopic 
mineralisation is shown in colour distinctly located 
within the soft tissue. Tibial and fibular bone is visible 
in white. Depicted hind limbs in the video correspond 
to the samples processed for histology (Fig. 12,13). 
Samples of high and low response to transfection 
were included. Upper left hind limb was transfected 
with luciferase control plasmid. Upper middle (high 
response) and upper right (low response) hind limbs 
were transfected with pBMP2ADV plasmid. Lower left 
and middle (high response), as well as lower right 
(low response) hind limbs were transfected with 
pH_BMP2ADV590 plasmid.


