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Abstract

Obijectives: Delivery systems that provide time and space control have a good appli-
cation prospect in tissue regeneration applications, as they can effectively improve
the process of wound healing and tissue repair. In our experiments, we constructed a
novel micro-RNA delivery system by linking framework nucleic acid nanomaterials to
micro-RNAs to promote osteogenic differentiation of mesenchymal stem cells.
Materials and Methods: To verify the successful preparation of tFNAs-miR-26a, the
size of tFNAs-miR-26a were observed by non-denaturing polyacrylamide gel electro-
phoresis and dynamic light scattering techniques. The expression of osteogenic
differentiation-related genes and proteins was investigated by confocal microscope,
PCR and western blot to detect the impact of tFNAs-miR-26a on ADSCs. And finally,
Whnt/B-catenin signaling pathway related proteins and genes were detected by confo-
cal microscope, PCR and western blot to study the relevant mechanism.

Results: By adding this novel complex, the osteogenic differentiation ability of mesenchy-
mal stem cells was significantly improved, and the expression of alkaline phosphatase
(ALP) on the surface of the cell membrane and the formation of calcium nodules in mes-
enchymal stem cells were significantly increased on days 7 and 14 of induction of osteo-
genic differentiation, respectively. Gene and protein expression levels of ALP (an early
marker associated with osteogenic differentiation), RUNX2 (a metaphase marker), and
OPN (a late marker) were significantly increased. We also studied the relevant mechanism
of action and found that the novel nucleic acid complex promoted osteogenic differentia-
tion of mesenchymal stem cells by activating the canonical Wnt signaling pathway.
Conclusions: This study may provide a new research direction for the application of

novel nucleic acid nanomaterials in bone tissue regeneration.
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1 | INTRODUCTION

Micro-RNAs (miRNAs) attract substantial research attention given
that they play important roles in cell differentiation, biological devel-
opment, and disease pathogenesis.! Further researches use advanced
high-throughput technology like miRNA microarrays to study the rela-
tionship between miRNAs and disease, and conduct in-depth discus-
sions on the mechanism of miRNAs, making miRNAs expected to
become new and promising targets in tissue engineering research.>®
miRNAs are a class of small noncoding RNA sequences that act as
efficient molecular managers, regulating multiple endogenous pro-
cesses simultaneously. miRNAs can regulate protein-coding gene
expression, translation process and various biological behaviors of
normal or inflammatory cells at multiple levels.* The combined appli-
cation of mesenchymal stem cells (MSCs) and miRNAs capable of pro-
moting their osteogenic differentiation to repair damaged bone tissue
has become a popular field of bone tissue engineering research.”®
According to reports in the literature, miRNA26a plays an active role
in osteogenic differentiation of MSCs, and it can enhance the expres-
sion of ALP, an early marker of osteogenic differentiation of MSCs.”®
However, due to the single-stranded RNA instability of miRNA, it is
still difficult to use it widely. Thus, screening for a good vector capable
of delivering miRNAs is one of the important problems that limit the
application of miRNAs in tissue engineering.” Therefore, in this study,
we attempt to use novel nucleic acid nanocarriers to promote the
transport and stability of miRNAs in organisms, improve the clinical
relevance of miRNA therapy, and provide new research methods for
bone tissue regeneration.

The so-called bone defect is the loss of bone caused by trauma,
surgery, inflammatory erosion, or various bone diseases and tumors,
which results in functional damage to the human body.?%!! How to
repair bone tissue defects and restore the related functions has
become the research focus of clinical doctors. The current method to
repair bone tissue defects is bone grafting, which includes autologous
bone grafting and allogeneic bone allografting. However, when the
length of a bone defect reaches 1.5 times of the diameter of the shaft,
it exceeds the critical size of autologous repair, thereby resulting in
bone resorption and nonunion.*?12 Therefore, how to use tissue engi-
neering technology to repair bone tissue defects becomes the focus
of surgeons.***> Tissue engineering technology mainly includes seed
cells, scaffold materials, and other stimulating factors. MSCs, an
important member of the stem cell family, are mainly derived from the
early mesoderm and a small part of the ectoderm.?®” Significant
research efforts have been undertaken in the last decade to develop
specific cell-based therapies and, in particular, multipotent MSCs hold
great promise toward such regenerative strategies.*® The adipose
tissue-derived mesenchymal stem cells (ADSCs) have the following
advantages: easy separation and purification; easy to culture and fast
amplification; easy for the patient to accept; and the damage and pain
to the donor are limited.'? Therefore, this study explored the com-
bined application of new nucleic acid nanomaterials and miRNA to
promote osteogenic differentiation of ADSCs and ultimately promote

the repair of bone tissue defects.

Tetrahedral frame nucleic acid (tFNAs) is a new type of nucleic acid
nanomaterials, which is self-assembled through strict base pairing.2°-22
Compared with other nanocarriers, tFNAs has good biocompatibility,
biodegradability, and biosafety.?>?4 Compared with single-strand DNA,
which needs the assistance of other carriers to enter the cell, tFNAs can
enter the cell through the formed three-dimensional structure, and it can
achieve lysosomal escape and targeted localization by connecting spe-
cific nucleic acid sequences.2>~2” In recent years, an increasing number
of researchers have applied tFNAs to tissue regeneration engineering to
explore its multiple effects on cell biological behavior. It has been found
that tFNAs has certain effects on cell proliferation, differentiation, migra-
tion, apoptosis, and other biological processes.?®° In this study, we
attempt to use tFNAs as a carrier to deliver miRNA into cells, and syner-
gistically promote osteogenic differentiation of ADSCs, so as to provide

new research ideas and methods for bone tissue regeneration.

2 | MATERIALS AND METHODS

21 | Materials

A predesigned nucleic acid single strand was obtained from Takara
(Dalian, China), and the miRNA was ligated to the nucleic acid single
strand at the design stage (Table 1). Antibodies were purchased from
Abcam (Cambridge, UK); fetal calf serum, double antibody, and
medium were purchased from HyClone (London, USA); osteogenic
induction medium was purchased from Cyagen (California, USA); and
an alkaline phosphatase assay kit was purchased from Beyotime
(Shanghai, China). Other reagents used during the experiment were of

analytical grade or better.

2.2 | Preparation and characterization of tFNAs
complexes

We added the presynthesized nucleic acid single strand to a buffer
solution (10 mM Tris and 5mM MgCl,) at a final concentration of
1 pM per single chain, vortexed it, and placed it in a PCR machine.
The mixture was heated at 95°C for 20 min and then cooled to 4°C
for 20 min. The successful synthesis of tFNAs complexes was vali-
dated by non-denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) and dynamic light scattering techniques (DLS).

2.3 | Culture of ADSCs

All of the operations involving animals were in compliance with the
requirements of the Ethics Committee. We extracted adipose stem
cells from the 5-day-old SD rat inguinal adipose tissue. Specifically,
we crushed the obtained adipose tissue and digested it with type |
collagenase for 45 min at 37°C. Subsequently, the mixture was cen-
trifuged at 200g for 6 min, and then the supernatant was discarded.
The cells were then resuspended by a conventional growth medium
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TABLE 1 Base sequence of each single-stranded DNA
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S1: 5'-ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA-3'
$2: 5'-ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCG-3'
S3: 5'-ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC-3
S4: 5'-ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG-3'

S4-miR-26a:

5'-UUCAAGUAAUCCAGGAUAGGCUTTTTACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG-3'
Cy5-51: 5'-Cy5-ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA-3'

consisting of a-MEM (Gibco, CA), 100 U/ml penicillin/streptomycin
(Gibco, CA), and 10% fetal bovine serum. Finally, the cells were inocu-
lated in a culture flask. We changed the culture medium every 2 days.

Cells in the third passage were used for subsequent experiments.

2.4 | Detection of the ability of different materials
to enter cells

Compared with single-stranded DNA, which requires the assistance of
another vector to enter the cells, the tFNAs nanomaterial can enter
the cells due to its three-dimensional structure, thereby exerting
corresponding biological effects. To detect whether the synthetic
novel tFNAs complex can be successfully inserted into the cells, we
ligated the CY-5 fluorescent molecule on the single strand of the
nucleic acid. Then, we detected the ability of different materials to
enter cells by immunofluorescence and flow cytometry. The obtained
ADSCs were seeded on a six-well plate. Then, after 24 h of culture,
single nucleic acid single strands, tFNAs, and tFNAs-miR-26a complex
were separately added into the cells for 12 h. Then, we carried out the

corresponding test.

2.5 | Osteogenic induction of ADSCs

An OriCell Rat ADSCs Osteogenic Differentiation Kit (Cyagen
Biosciences Inc., Goleta, CA) was used to detect the effect of tFNAs-
miR-26a on osteogenic differentiation ability of ADSCs. We inocu-
lated ADSCs in a six-well plate (1 x 10° cells per well, 2 ml medium
per well), and cultured them for 3 days. When the density reached
85%-90%, ADSCs were starved with a-MEM containing 1% FBS for
2 h and then treated with 250nm tFNAs-miR-26a for 48h.
Afterwards, the cells were gently rinsed with phosphate buffer
solution (PBS), and the medium was substituted with OriCell Rat

ADSCs complete medium for osteogenic induction.

2.6 | Real-time polymerase chain reaction

In order to detect the effect of tFNAs-miR-26a on the expression

of osteogenic-specific genes, we used real-time polymerase chain

reaction (RT-PCR) technology to detect the expression of
osteopontin (OPN), alkaline phosphatase (ALP), and runt-related
transcription factor 2 (RUNX2). As shown in Table 2, we also
detected the expression of genes related to the Wnt signaling
pathway, such as -catenin, glycogen synthase kinase (GSK) and
lymphatic enhancement factor-1 (Lef-1). After treatment with
tFNAs-miR-26a for 1 day, TRIzol reagent (Thermo Fisher Scientific,
MA) was employed to extract gene samples. Subsequently, we used
a cDNA synthesis kit (Mbi, Glen Burnie, MD) to purify and obtain
the cDNA, and then we employed SYBR Green | PCR master mix
and the Bio-Rad real-time PCR system (Bio-Rad, Hercules, CA) to
perform qPCR.

2.7 | Western blot

In order to explore the effect of tFNAs-miR-26a complex on osteo-
genic differentiation of ADSCs, the protein expression levels of OPN
and RUNX2 were detected by western blot. In addition, to examine
the relevant mechanism, the expression levels of the Wnt signaling
pathway-related proteins were also examined. A cell protein extrac-
tion reagent (KeyGen Biotech, Nanjing, China) was used to harvest
total proteins. All of the collected samples were added to 5x load-
ing buffer (Beyotime, Shanghai, China), mixed well, placed in boiling
water for 5 min to allow albumin denaturation, and then finally
stored at —20°C. Anti-OPN (Abcam, Cambridge, UK), anti-Runx2
(Abcam, Cambridge, UK), anti-Lef-1 (Abcam, Cambridge, UK), anti-
GSK (Abcam, Cambridge, UK), anti-cyclin D (Abcam, Cambridge,
UK), and anti-p-catenin (Abcam, Cambridge, UK) were incubated
with the protein samples overnight. The second day, samples were
incubated with relevant secondary antibody (Beyotime, Shanghai,
China). Finally, an ECL reagent (Millipore, MA) was used to visualize

the protein bands.

2.8 | Cellularimmunofluorescence

To further verify the ability of tFNAs-miR-26a to promote the expres-
sion of the osteogenesis-related proteins and the key proteins of the
Wt signaling pathway, we used immunofluorescence technology to

detect the expression levels of the related proteins. The cells were



40f11 Wl LEY— SHAO ET AL
TABLE 2 Primer sequences used to detect the relevant genes by gPCR
Genes Lengths (bp) Primer (5'-3') Sequence
GAPDH 233 Forward ACAGCAACAGGGTGGTGGAC
Reverse TTTGAGGGTGCAGCGAACTT
GSK-3p 266 Forward GCAGATCATGCGTAAGCTGGAC
Reverse GGTACACTGTCTCGGGCACATA
p-Catenin 281 Forward AAGTTCTTGGCTATTACGACA
Reverse ACAGCACCTTCAGCACTCT
Lef-1 120 Forward ACAGATCACCCCACCTCTTG
Reverse TGATGGGAAAACCTGGACAT
ALP 106 Forward ATCTTTGGTCTGGCTCCCATG
Reverse TTTCCCGTTCACCGTCCAC
OPN 160 Forward CACTCCAATCGTCCCTACA
Reverse CTTAGACTCACCGCTCTTCAT
Runx 2 137 Forward AGGGACTATGGCGTCAAACA
Reverse GGCTCACGTCGCTCATCTT
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FIGURE 1 Successful synthesis of tFNAs-miR-26a. (A) Sketch map of tFNAs-miR-26a. (B) Confirmation of the successful synthesis of
tFNAs-miR-26a by native SDS-PAGE (M: marker, S: single-stranded DNA). (C) Confirmation of the successfully assembled tFNAs-miR-26a by

dynamic light scattering.

seeded and treated in groups in line with the above method. At the
corresponding time point, the supernatant was discarded; the plate
was washed with PBS, fixed with paraformaldehyde for 15 min,
treated with 0.5% TritonX-100 for 20 min, and blocked with 0.5%
goat serum at room temperature for 20 min; and then the plate was

incubated with the relevant primary antibodies (anti-Runx2, anti-OPN,

anti-GSK, and anti-p-catenin) overnight at 4°C. The next day, the sam-
ples were incubated with secondary antibodies at 37°C for 1 h. We
stained nuclei and cytoplasm with DAPI and phalloidin, respectively,
and the samples were finally mounted with 10% glycerol. Finally, a
confocal laser microscope (LSM700; Zeiss, Oberkochen, Germany)

were used to capture images.
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2.9 | Statistical analysis

Student's t test or one-way ANOVA in GraphPad Prism version 8.0.2

(GraphPad Soft-ware Inc., San Diego, CA) were used for statistical

analysis.
3 | RESULTS
3.1 | Preparation and characterization of materials

Through relevant literature searches, miR-26a, which can significantly
promote osteogenic differentiation of ADSCs, was screened out.
When designing the single-stranded S4 chain of tFNAs, four thy mines
were added to the end, and then the base sequence of miR-26a was
connected. The synthesis conditions of tFNAs that had been explored
in previous experiments were used to prepare new tFNAs carrying
miR-26a. As shown in Figure 1A, the tFNAs-miR-26a complex was
formed by the self-assembly of four single strands (S1, S2, S3, and
S4-miR-26a) through the principle of complementary base pairing,

(A)

control

ss DNA

tFNAs-miR-26a

" WILEY_ Lo

and each single strand was connected end-to-end to form a face of
the tetrahedral structure. Subsequently, we used native SDS-PAGE to
verify the successful synthesis of the complex (as shown in
Figure 1B). Finally, DLS was used to detect the particle size of the
material. The detection results showed that the particle size of tFNAs
was about 7 nm, and the particle size of the tFNAs-miR-26a complex
was about 8 nm, which is consistent with the results reported in the

literature (Figure 1C).

3.2 | Cellular membrane crossing of the tFNAs-
miR-26a complex

To further confirm that the tFNAs-miR-26a complex, rather than the
DNA single strand, plays the corresponding biological role in ADSCs,
we used flow cytometry and immunofluorescence techniques to eval-
uate the cell entrapment ability of the material. The detection results
of flow cytometry showed that tFNAs and tFNAs-miR-26a com-
plexes had better ability to enter cells than DNA single strands,
which had difficulty entering ADSCs (Figure 2B). The results of

Cytoskeleton

(B)
g . g
0.5% -
o
FIGURE 2 Cellular uptake of L TR TR L T :
tFNAs-miR-26a. (A) Cellular EUite Fl4Log FL4 Log FL4Log
uptake of Cy5-tFNAs-miR-26a, copirol asONA
Cy5-tFNAs, and Cy5-single-
stranded DNA in ADSCs 84
(Cytoplasm: green; Nucleus: blue; Ce% 1 %
Cy5: red). Scale bars are 50 um. s ] E
(B) Cellular uptake of 8 ] 2
Cy5-tFNAs-miR-26a, jA
Cy5-tFNAs, and Cy5-single- prana .
stranded DNA by flow FL4 Log
tFNAs tFNAs-miR-26a

cytometry.
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immunofluorescence detection (Figure 2A) further demonstrated the
infiltration of the material, which was consistent with the results of
flow cytometry detection. The above results suggest that the
tFNAs-miR-26a complex has a good ability to enter ADSCs, which
lays a solid foundation for the subsequent experiments to detect the
role of the tFNAs-miR-26a complex in inducing osteogenic differen-
tiation of ADSCs.

3.3 | Promotion of osteogenic differentiation

The cells were grouped to Ctrl, tFNAs, and tFNAs-miR-26a for subse-
quent experiments. To examine the effect of the complex on the oste-
ogenic differentiation ability of ADSCs, we measured the early
osteogenic differentiation marker ALP activity using the BCIP/NBT
alkaline phosphatase chromogenic kit 7 days after the osteogenic dif-
ferentiation treatment. Compared with the nontreated group and the
tFNAs group, the ALP activity was significantly enhanced after treat-
ment with the tFNAs-miR-26a complex, and more nitro blue tetrazo-
lium (NBT) formation was found (Figure 3A). To further explore

control tFNAs

whether tFNAs-miR-26a can promote the differentiation ability of
ADSCs, we applied Alizarin Red to stain calcium nodules formed after
15 days of osteogenic induction culture (Figure 3B). Calcium nodules
are considered the late markers of osteogenic differentiation of
adipose-derived mesenchymal stem cells. In this part of the experi-
ment, we found that more calcium nodules were formed after
treatment with tFNAs-miR-26a, which further confirmed that tFNAs-
miR-26a had a certain effect on the osteogenic differentiation ability
of ADSCs.

3.4 | Promotion of the expression of osteogenic
differentiation-specific genes and proteins

The previous experimental results showed that tFNAs-miR-26a had a
certain effect on the expression of early and late osteogenic differen-
tiation markers of ADSCs. To further confirm the effect of tFNAs-
miR-26a on the osteogenic differentiation ability of ADSCs, we
detected the expression levels of osteogenic differentiation-specific
genes and proteins (ALP, Runx2, and OPN). We examined the

FIGURE 3 Enhancement of
ALP activity and calcium nodules
formation after exposure to
tFNAs-miR-26a. (A) Osteogenic
differentiation was detected by
ALP staining (top) at day 7 and
NBT-formation in ALP-stained
cells after 7 days of osteogenic
differentiation (bottom).

(B) Osteogenic differentiation
was detected by Alizarin Red
staining (top) at day 15 and
calcium nodules in Alizarin Red-
stained cells after osteogenic
induction for 15 days (bottom).

tFNAs-miR-26a
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FIGURE 4 Detection of osteogenic differentiation-specific proteins and genes. (A) Western blot analysis of protein expression levels upon
exposure to tFNAs-miR-26a (250 nM) for 24 h. (B) Quantification of protein expression levels upon exposure to tFNAs-miR-26a (250 nM) for 24
h. Data are presented as mean + SD (n = 4). Student's t test: **p < 0.01, ***p < 0.001. (C) Quantification of gene expression levels upon exposure
to tFNAs-miR-26a (250 nM) for 24 h. Data are presented as mean + SD (n = 4). Student's t test: **p < 0.01, ***p < 0.001. (D) Photomicrographs
showing treated ADSCs (Cytoplasm: green, Nucleus: blue, Runx2: red). Scale bars are 50 um. (E) Photomicrographs showing treated ADSCs

(Cytoplasm: green, Nucleus: blue, OPN: red). Scale bars are 50 pm.

expression of these osteogenic-specific genes in different treatment
groups after 7days of osteogenic differentiation. As shown in
Figure 4C, the expression of the specific genes related to osteogenic
differentiation of these ADSCs was significantly upregulated after
treatment with the tFNAs-miR-26a complex. Specifically, the expres-
sion levels of OPN were 2.21 times higher than those in the control
group. In addition, the expression of Runx2 was increased to 1.63-fold
compared with the control group (Figure 4C).

In addition to detecting osteogenic differentiation-related genes
of ADSCs, we also detected the expression levels of osteogenic
differentiation-related proteins by western blot and immunofluores-
cence techniques. After treatment with the tFNAs-miR-26a complex,
we performed immunofluorescence staining on the samples. By con-
focal laser microscopy, we detected that OPN and Runx2 showed
stronger fluorescent signals in the tFNAs-miR-26a-treated group than
in the control group (Figure 4D,E). In addition, by western blot, we
detected the expression changes of osteogenic-specific proteins after
tFNAs-miR-26a treatment. As shown in Figure 4A, the protein

expression levels of OPN and Runx2 were significantly enhanced after
the tFNAs-miR-26a complex treatment. Statistical analysis further
confirmed this conclusion (1.85-fold increase in OPN and 2.05-fold
increase in Runx2, Figure 4B). Taken together, these results suggest
that the tFNAs-miR-26a complex can promote osteogenic differentia-
tion of ADSCs and significantly upregulate the expression of osteo-
genic differentiation-specific proteins and genes.

3.5 | tFNAs-miR-26a promotes osteogenic
differentiation of ADSCs by downregulating the
expression of GSK-3f

To further study the regulatory mechanism of tFNAs-miR-26a in pro-
moting osteogenic differentiation of mesenchymal stem cells, three
miRNA target gene prediction databases (PicTar (http://pictar.mdc-
berlin.de/), TargetScan (http://www.targetscan.org/mmu_50/), and
TargetRank (http://genes.mit.edu/targetrank/)) were used to predict
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Detection of canonical Wnt/B-catenin signaling pathway related proteins and genes. (A) Western blot analysis of protein

expression levels upon exposure to tFNAs-miR-26a (250 nM) for 24 h. (B) Quantification of protein expression levels upon exposure to tFNAs-
miR-26a (250 nM) for 24 h. Data are presented as mean + SD (n = 4). Student's t test: **p < 0.01, ***p < 0.001. (C) Quantification of gene
expression levels upon exposure to tFNAs-miR-26a (250 nM) for 24 h. Data are presented as mean = SD (n = 4). Student's t test: **p < 0.01, ***p
<0.001. (D) Photomicrographs showing treated ADSCs (cytoplasm: green, nucleus: blue, GSK-3p: red). Scale bars are 50 pm. (E) Photomicrographs
showing treated ADSCs (Cytoplasm: green, Nucleus: blue, f-Catenin: red). Scale bars are 50 pm.

the target genes of miR-26a. Among the predicted target genes, GSK-
3B was considered to be closely related to osteogenic differentiation.
Subsequently, the gene and protein expression of GSK-3f was
detected after tFNAs-miR-26a treatment of ADSCs. The results
showed that compared with the blank control group and the uni-
ntentional sequence group without material treatment, the expression
of GSK-3p was significantly downregulated in the process of regulat-
ing osteogenic differentiation of ADSCs with tFNAs-miR-26a. It has
been reported in the literature that GSK-3p is a key enzyme of the
Wnt pathway, and the canonical Wnt/B-catenin signaling pathway
regulates osteogenic differentiation, bone matrix formation, and min-
eralization of mesenchymal stem cells by regulating downstream
osteogenesis-related transcription factors. When the expression of
GSK-3p decreases, a large amount of f-catenin accumulates in the
cytoplasm, and the excess f-catenin is translocated to the nucleus to
interact with Lef-1 and subsequently regulate the expression of
Runx2, which can promote mesenchymal stem cells osteogenic differ-

entiation. Subsequently, we used RT-PCR, western blot, and

immunofluorescence to detect the expression levels of the Wnt sig-
naling pathway-related genes and proteins. As shown by PCR
(Figure 5C), tFNAs-miR-26a treatment led to a significant increase in the
expression of B-catenin and Lef-1 (1.65-fold increase for B-catenin and
1.71-fold increase for Lef-1). Then, we examined the expression levels of
the related proteins. As shown in Figure 5A, the protein expression levels
of p-catenin and Lef-1 were significantly enhanced after adding tFNAs-
miR-26a. After tFNAs-miR-26a treatment, compared with the blank con-
trol group, the protein expression level of B-catenin increased by 2.52
times, that of Lef-1 increased by 2.71 times, and that of GSK decreased
by 1.81 times (Figure 5B). To further confirm the role of the Wnt/p-
catenin signaling pathway, we visualized the changes in p-catenin protein
expression by immunofluorescence staining. We showed that after
adding tFNAs-miR-26a, p-catenin protein in ADSCs showed a stronger
fluorescent signal (Figure 5D). In conclusion, tFNAs-miR-26a may play an
important role in osteogenic differentiation of ADSCs by downregulating
the expression of GSK-3p and activating the canonical Wnt/p-catenin sig-

naling pathway.
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4 | DISCUSSION

Maxillofacial trauma, tumors, and congenital deformities are common
causes of craniofacial bone tissue defects. Craniomaxillofacial bones
are crucial to maintaining facial beauty, chewing, swallowing, language
and other functions, and craniomaxillofacial bone defects can easily
lead to serious psychological problems, causing great physical and
mental pain to patients and a great burden to the patient's family.®!
The biggest obstacle to the clinical application of the existing craniofa-
cial bone tissue defect repair materials is that the tissue materials lack
good osteoinductive and osteogenic properties, so they cannot obtain
sufficient amount of mature new bone in a short period of time.®23
With the rapid development of molecular biology, regenerative biol-
ogy, and genetic engineering technology, it is of great significance to
combine stem cells, biomaterials, and growth factors to regulate cell
regeneration, thereby promoting the repair of defective tissues.>* Pre-
vious studies have reported that some miRNAs (miR-133, miR-135,
miR-138, miR-637, and miR-26a) are abnormally expressed during
osteogenic differentiation of mesenchymal stem cells, indicating that
some miRNAs are involved in the repair of bone tissue defects.®>¢
However, the disadvantages of miRNAs, such as poor stability, inabil-
ity to penetrate cell membranes, and low specificity, severely restrict
their applications.” At present, the commonly used miRNA delivery
vehicles include viral transfection and liposome delivery, but the bio-
logical safety of viral transfection is low, and the use of liposomes as
miRNA delivery vehicles confers certain cytotoxicity.>” Therefore,
finding an ideal carrier to safely and efficiently transfect exogenous
miRNAs that can promote osteogenic differentiation into ADSCs, and
conduct in-depth research on the specific regulatory mechanism has
become an important breakthrough in the regeneration and treatment
of bone tissue defects. In this study, when we designed the single-
stranded S4 chain of tFNAs, we added five thymines to its end, and
then linked the base sequence of miR-26a. Subsequently, a novel
tFNAs-miR-26a complex was prepared by applying the synthetic con-
ditions of tFNAs that had been explored in previous experiments.?*
After tFNAs carry miR-26a into cells, the five thymines at the junction
of the complex are digested by intracellular nucleases, and tFNAs and
miRNAs are released intracellularly and exert their biological func-
tions. The subsequent experimental results revealed that tFNAs can
carry miR-26a into ADSCs, and that tFNAs-miR-26a can effectively
increase the expression of the key growth factors related to osteo-
genic differentiation (ALP, OPN, and Runx2) at both gene and protein
levels, thereby improving the activity of alkaline phosphatase and min-
eralization ability of ADSCs, and further promoting ADSCs' osteo-
genic differentiation. MiR-26a can play an important regulatory
role in the osteogenic differentiation of ADSCs, and can effectively
promote the expression of key growth factors ALP, OPN and Runx2
related to osteogenic differentiation at the gene and protein levels.
In the in vivo environment, the ideal effect of bone defect repair
can be achieved by overexpressing miR-26a in the defect area and
its surrounding cells.®? What are the target genes and regulatory

networks of tFNAs-miR-26a-induced osteogenic differentiation of
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ADSCs? To further verify the mechanism of tFNAs-miR-26a-
induced osteogenic differentiation of ADSCs, we examined the
canonical Wnt signaling pathway, which is considered to be a key
regulator of mesenchymal stem cells. The canonical Wnt/p-catenin
signaling pathway plays an important role in the process of osteo-
genic differentiation.®® Our results showed that after tFNAs-miR-
26a treatment, the osteogenic differentiation ability of ADSCs was
enhanced, which was accompanied by the downregulation of GSK-
3B and the increased expression of the genes and proteins related
to the canonical Wnt/f-catenin signaling pathway. Alkaline phos-
phatase staining and calcium deposition experiments showed that
tFNAs-miR-26a could play a significant role in promoting bone for-
mation by enhancing alkaline phosphatase activity and stimulating
matrix mineralization.

In summary, our experimental results confirmed that tFNAs can
serve as excellent delivery vehicles for miR-26a, to carry miR-26a into
ADSCs and improve the targeting of miRNA effects; moreover, tFNAs
can be used in the process of bone tissue defect repair and treatment,
combined with miR-26a to promote osteogenic differentiation of
ADSCs, thereby promoting the formation of sufficiently mature new
bone. The tFNAs-miR-26a complex can activate the canonical
Wnt/p-catenin signaling pathway by downregulating the expression
of GSK-3B, and it can promote the expression of the osteogenic
differentiation-specific genes ALP, OPN, and Runx2 in ADSCs. This
study promotes the formation of sufficiently mature new bone from
the perspective of constructing a novel microRNA delivery system
that promotes osteogenic differentiation of ADSCs, and it provides

new ideas for bone defect repair.
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