
Chinese Chemical Letters 34 (2023) 107448 

Contents lists available at ScienceDirect 

Chinese Chemical Letters 

journal homepage: www.elsevier.com/locate/cclet 

Delivery of MicroRNAs by plant virus-based nanoparticles to 

functionally alter the osteogenic differentiation of human 

mesenchymal stem cells 

Fei Xue 

a , Jeroen J.L.M. Cornelissen 

b , Quan Yuan 

a , ∗, Shuqin Cao 

a , ∗

a State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University, Chengdu 610041, China 
b Department of Molecules & Materials, MESA + Institute for Nanotechnology, University of Twente, Enschede AE 7500, the Netherlands 

a r t i c l e i n f o 

Article history: 

Received 2 December 2021 

Revised 15 April 2022 

Accepted 19 April 2022 

Available online 22 April 2022 

Keywords: 

VLPs 

Cowpea chlorotic mottle virus 

Gene delivery 

MicroRNAs 

Osteogenesis 

a b s t r a c t 

MicroRNA-26a (miR-26a) has been verified to promote osteogenic differentiation of mesenchymal stem 

cells in recent years. The main obstacles to its application in bone regeneration are instability in the 

physiological environment and low efficiency of cellular membrane penetration. To overcome these prob- 

lems, we constructed a novel plant virus gene delivery system based on Cowpea chlorotic mottle virus 

(CCMV). By encapsulating miR-26a with purified capsid protein (CP) dimers derived from CCMV, CP- 

miR-26a (CP26a) virus-like particles (VLPs) were obtained. CP26a retained a structure similar to the na- 

tive CCMV and protected miR-26a from digestion with its exterior CP. Moreover, CP26a featured simi- 

lar cellular uptake efficiency, osteogenesis promotion ability, and better biocompatibility compared with 

Lipofectamine20 0 0-miR-26a (lipo26a), which indicated a promising prospect for CCMV as a novel gene 

delivery system. 

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Treatment of bone defects due to trauma, tumor, inflammation, 

tc . is a major challenge from the standpoints of clinical and so- 

ioeconomic perspectives. To date, autogenous bone grafts are still 

he gold standard and most considered therapeutic strategy due 

o their remarkable osteoconductive and osteoinductive properties 

1] , albeit drawbacks such as the limited amount of donor tissue, 

xcessive harvest procedure, and the possibility of postoperative 

nfection of the donor site [2] . Alternatively, xenogeneic bone graft 

aterials represented by bovine-derived bone materials are widely 

sed in clinics despite their limitations including inflammatory re- 

ponse, quick absorption rate, and obstacles in modification [ 3 , 4 ]. 

herefore, it is necessary to pursue high-efficiency and bio-safe 

one regeneration materials. 

Biomaterials that mimic the structural, mechanical, and biolog- 

cal properties of natural tissues have been attracting significant 

ttention [5–8] . Meaningful progress has been made in design- 

ng and fabricating new materials to properly address cell activ- 

ty. For example, ROS-PAMAM could assist siRNA release in the 

umor environment [9] , PEI-FeOOH facilitated siRNA delivery in 

he cancer cell to induce gene silencing [10] , nano assembly HA- 
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DA/TEPA-CD served as a pDNA container and achieved controlled 

elease [11] . For bone regeneration biomaterials, one of the com- 

only used methods is to incorporate biologically active molecules 

uch as growth factors [ 12 , 13 ], bioactive peptides [14] , and nu-

leic acids [ 15 , 16 ]. MicroRNAs (miRNAs) are highly conserved non- 

oding small RNAs consisting of 20–23 nucleotides, they can inter- 

ct with target sites present in the 3 ′ -untranslated regions (UTR) 

f specific mRNAs. MiRNAs represent an important class of tran- 

criptional modulators for both fine-tuning and dramatically al- 

ering cell behavior by inducing degradation of targeted mRNA 

nd inhibition of translating process, and it is believed that miR- 

As control the activity of 60% of all protein-coding genes in hu- 

ans [17] . For example, MicroRNA-26a (miR-26a), which has been 

erified to specifically inhibit GSK-3 β protein, subsequently in- 

ibit β-catenin phosphorylation and activate Wnt signaling path- 

ay to promote osteogenic differentiation of MSCs, thereby in- 

uce osteogenic differentiation process in vitro [18–20] . Nonethe- 

ess, being negatively charged, miRNAs cannot easily penetrate the 

ell membranes. And it tends to biodegrade in vivo . To overcome 

hese, Liu et al . [21] reported that lentivirus-mediated miR-26a 

verexpression in BMSC could promote the regeneration of mouse 

alvaria bone defects. However, biosafety and host immune re- 

ponse caused by lentivirus-based transfection limited its appli- 

ation. Synthetic gene delivery systems such as liposome vesi- 

les and high molecular weight polyethylenimine (PEI) are be- 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 

https://doi.org/10.1016/j.cclet.2022.04.046
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cclet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cclet.2022.04.046&domain=pdf
mailto:yuanquan@scu.edu.cn
mailto:caoshuqin2020scu@foxmail.com
https://doi.org/10.1016/j.cclet.2022.04.046


F. Xue, J.J.L.M. Cornelissen, Q. Yuan et al. Chinese Chemical Letters 34 (2023) 107448 

i

e

t

f

p

m

s

h

s

Y

i

K

p

e

a

s

i

a

b

s

e

v

t

p

f

c

a

b

t

v

l

a

h

c

g

i  

t

p

f

(

i

o

w

t

c

g

o

i

e

w

m

R

c

b

N

a

(

c

o

t

c

C

Scheme 1. CCMV disassembly and CP26a VLPs preparation strategy. CCMV was dis- 

assembled in RNA removal buffer to obtain CP, then miR-26a was encapsulated with 

CP at lower pH. 

Fig. 1. Physicochemical characteristics of CP26a versus CCMV, CP, and miR-26a. (A) 

Nucleotides (left) and protein (right) detection of miR-26a (Lane1), CP26a VLPs 

(Lane 2), and CP dimers (Lane 3) by agarose gel electrophoresis. (B) FPLC analysis 

of CCMV and CP26a. (C) DLS analysis of CCMV and CP26a. (D) UV–vis absorbance 

spectrophotometry detection of CCMV, CP, miR-26a, and CP26a. (E) A260/A280 ratio 

of CCMV, CP, miR-26a, and CP26a. (F) Zeta potential detection of CCMV and CP26a 

VLPs. TEM images and size statistics of CCMV (G), CP26a (H), and CP26a 15 days 

after preparation (I). (Scale bar = 20 nm). 
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ng widely used due to their good transfection efficiency, Zhang 

t al . [16] developed a novel cell-free scaffold, which featured with 

wo-stage delivery of miR-26a to repair critical-sized calvaria de- 

ects. The hyperbranched polyesters formed “double shell” poly- 

lexes and then were encapsulated into PLGA microspheres. PLGA 

icrosphere was then immobilized on a poly( l -lactic acid) (PLLA) 

caffold. The PLLA scaffold exhibited long-term release of miR-26a, 

igh transfection efficiency, and capability of regenerating critical- 

ized calvarial bone defects both in healthy and osteoporotic mice; 

an et al . [20] applied PEI and KALA decorated mesoporous sil- 

ca nanoparticles (MSNs) to deliver miR-26a. MSN_miR-26a@PEI- 

ALA nanoparticles could protect miR-26a from degradation and 

romote rBMSCs osteogenic differentiation in vitro efficiently; how- 

ver, their biocompatibility would be a major concern for regener- 

tive therapy. Recently, many studies focused on exploring the pos- 

ibility of plant virus as a gene delivery system and made promis- 

ng progress. Tobacco mosaic virus (TMV) has been experimentally 

pplied in targeted delivery to tumor cells such as melanoma [22] , 

reast cancer cells [23] , and ovarian tumor cells [24] . Cowpea mo- 

aic virus (CPMV) can also be modified chemically for dual deliv- 

ry to macrophages and cancer cells [25] . Cowpea chlorotic mottle 

irus (CCMV), a single-stranded RNA plant virus with the struc- 

ure of regular icosahedron of 28 nm diameter, has also been re- 

orted. CCMV could be stable in vitro and protect its nucleotide 

rom degradation [26] . 

CCMV can disassemble and reassemble under different ion con- 

entrations and pH conditions, which facilitates its application as 

 nucleotide delivery platform [27] . When CCMV was disassem- 

led and its native RNA genome was removed, the purified posi- 

ive charged capsid protein (CP) could be obtained to encapsulate 

arious cargoes. For example, CCMV has been confirmed to de- 

iver siRNA and downregulate gene expression [28] , improve the 

ntitumor efficacy of CpG oligonucleotides [29] . Moreover, the en- 

anced green fluorescent protein (EGFP) has been successfully en- 

apsulated by CP with noncovalent binding [30] . Among various 

ene vectors, the superiority of plant virus is better biocompatibil- 

ty and acceptable efficiency [ 31 , 32 ]. At present, a mature protocol

o disassemble CCMV, remove its native RNA genome, and obtain 

urified CP components has been established. 

Based on the above, we used virus-like particles (VLPs) derived 

rom CCMV, to carry miR-26a, into human mesenchymal stem cells 

hMSCs) to promote the osteogenesis process in vitro . By adjust- 

ng the pH and ion concentration, we removed the native RNA 

f CCMV to obtain CP and successfully encapsulated the miR-26a 

ith them. Compared with the traditional gene vector Lipofec- 

amine20 0 0 reagent, the CP26a VLPs exhibited satisfactory bio- 

ompatibility and comparative delivery efficiency as well as osteo- 

enesis ability. Thus, there is great promise for CCMV to be devel- 

ped and applied in short-stranded nucleic acid delivery therapy 

n vitro . 

CCMV was replicated by inoculation of the cowpea leaves and 

xtracted by PEG precipitation, density gradient centrifugation in 

hich CCMV suspension was mixed with cesium chloride. The re- 

oval of native viral genomic RNA was performed by dialysis in 

NA buffer and cleaning buffer in turn and long-hour, high-speed 

entrifugation [33] . Then CPs were dialyzed into a 5x assembly 

uffer to maintain their form of protein dimer. To encapsulate miR- 

As, miR-26a and CP were mixed at a 6:1 (w/w) ratio and re- 

ssembled in the buffer with low pH and the presence of Mg 2 + 

 Scheme 1 ) [23] . 

Agarose gel electrophoresis assay was used to confirm the suc- 

essful preparation of CP26a. Fig. 1 A revealed that the migration 

f CP26a was distinctly lower than naked miR-26a. Furthermore, 

he image of the gel stained with coomassie bright blue dye indi- 

ated a co-localization of nucleotide with protein in the lane of the 

P26a sample. The results could be explained by charge density 
2 
hange due to VLPs formation. Particularly, the pure CPs sample 

tayed around the electrophoresis starting point near the negative 

eld, which could be caused by the absence of negative charge due 

o the removal of native viral genomic RNA [32] . 

After the successful encapsulation, CP26a was purified by FPLC, 

nd the individual peak exhibited the satisfactory structural in- 

egrity of VLPs with no significant CP dimers nor naked miRNAs 

 Fig. 1 B). Meanwhile, the elution volume of CP26a was ∼12.5 mL 

hile that of CCMV was ∼11 mL, which might indicate that CP26a 

s smaller than native CCMV. 

To further investigate the structure difference between CP26a 

nd CCMV, DLS, UV–vis spectrometer, and zeta potential experi- 

ents were carried out. DLS measurement indicated the diame- 

er of CP26a was 27.1 ± 3.5 nm, PDI as 0.017, whereas that of na- 

ive CCMV was 33.7 ± 14 nm, PDI as 0.039 ( Fig. 1 C). UV–vis ab-

orbance spectrophotometry showed a similar spectrum of CP26a 

nd CCMV ( Fig. 1 D). The A260/A280 ratio of CP26a was 1.37, which

as similar to the native CCMV particles (1.66). In contrast, the ra- 
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Fig. 2. Internalization of CCMV, lipo26a, and CP26a by hMSCs. (A) Fluorescence mi- 

croscope images of hMSCs treated with CCMV, lipo26a, and CP26a for 72 h (Scale 

bar = 100 μm). (B) Flow cytometry was used to detect cellular uptake efficiency of 

CCMV, lipo26a, and CP26a by hMSCs after treatment for 72 h. (C) Confocal laser 

scanning microscopy (CLSM) images of hMSCs treated with CP26a for 6 h, 12 h, 

and 24 h were taken to study the lysosome escape (Scale bar = 20 μm; Red: miR- 

26a/CCMV, Blue: nucleus, Green: lysosome). 
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io of CP dimers was 0.62, indicating the complete removal of na- 

ive viral ssRNA. The variation from 0.62 to 1.37 indicated the suc- 

essful encapsulation of miR-26a ( Fig. 1 E). No significant change 

n the electric potential of CP26a was found as that of CP26a 

nd CCMV were −6.23 ± 0.25 mV and −5.37 ± 0.90 mV respectively 

 Fig. 1 F). In terms of microscopic morphology, TEM revealed that 

oth native CCMV and CP26a were uniform and regular spherical 

anoparticles. We counted particle size and found that the distri- 

ution of CCMV ranged from 22 ∼28 nm while that of CP26a in 

he range of 17 ∼26 nm ( Figs. 1 G and H). Researchers have stud-

ed the resemble structure of VLPs derived from CCMV with cryo- 

M, there they claimed that CCMV-CP remained intrinsic structure 

hen assembled with negatively charged polymers, RNA, or DNA 

34] . Furthermore, Stan et al . [35] have demonstrated that the min- 

mal length required for the assembly of VLPs is 14 nucleotides. In 

ur experiment, 22 bp dsRNA was applied to form VLP. Therefore, 

e claimed that the VLPs featured a similar structure to native 

CMV. 

Finally, the quantity of nucleic acid encapsulated in CP26a 

as measured by UV–vis absorbance spectrophotometry (Fig. S1 

n Supporting information). To facilitate the quantification, CY3 

as used to functionalize miR-26a at its 5 ′ . Then the concen- 

ration of loaded miR-26a was calculated via standard curve 

s 100 ∼150 μg/mL (5.7 ∼8.6 μmol/L), 0.186 (w/w) of miR-26a/CP 

eight ratio. It can be deduced that each CP cage packed about 

6 double-stranded miR-26a. This disassembly and reassembly ap- 

roach is therefore a rapid and efficient way to prepare CP26a. 

To further verify the stability of CP26a after preparation, FPLC, 

LS, and TEM were used to study the composition and morphol- 

gy change of CP26a at 7, 15, and 30 days after preparation. Both 

EM and statistical analysis ( Fig. 1 I) indicated the uniform size of 

P26a nanoparticles at 15-days after preparation. According to the 

LS study (Fig. S2B), the size of CP26a was around 27.8 ± 5.3 nm 

ith a relatively low PDI value (0.057). Furthermore, FPLC (Fig. 

2A in Supporting information) results showed that CP26a sam- 

les were eluted at elution volume V ≈ 12.5 mL, and no monomers 

ere eluted out (supposed elution volume: 18.5 mL) indicating that 

P26a retained its assembled structure at 15 days after prepara- 

ion. What is more, DLS and TEM data of CP26a indicated that 

P26a remained its uniform size (Fig. S2D in Supporting informa- 

ion) even 30 days after preparation. The diameter statistics also 

evealed a narrow distribution (PDI: 0.056). The results above sug- 

ested that miR-26a encapsulated VLPs were stable under in vitro 

ircumstances within one month, this might expand the applica- 

ion of miRNAs. 

To investigate the cellular uptake efficiency of hMSCs to CP26a, 

e co-cultured hMSCs with CCMV-Atto647 (CCMV surface dec- 

rated with Atto647 fluorescence), CP26a-CY3 (CP encapsulated 

iR-26a decorated with CY3 at 5 ′ ), and lipo26a-CY3 (liposome 

omplex encapsulated miR-26a decorated with CY3 at 5 ′ ), respec- 

ively. Fluorescence microscope images showed that most hMSCs 

ere Atto647/CY3-positive cells, and red fluorescence localization 

as constrained within the cytoplasm ( Fig. 2 A). Fluorescence im- 

ges of hMSCs exhibited acceptable transport efficiency of CP26a 

nto hMSCs cells. 

Next, we quantified the uptake efficiency of CCMV, 

ipofectamine20 0 0-miR-26a (lipo26a), and CP-miR-26a (CP26a) via 

ow cytometry ( Fig. 2 B). The peak of cells treated with CCMV- 

tto647 was shifted to the right side compared to the negative 

ontrol group (hMSCs without any further treatment), which 

ndicated that hMSCs could absorb CCMV. A similar tendency was 

bserved in lipo26a-CY3 and CP26a-CY3 groups, and the positive 

ell proportion of lipo26a and CP26a was at a comparable level 

84.0% versus 94.1%). Taken together, CP26a could be taken in by 

MSCs efficiently and localized in the cytoplasm, while the lipo26a 

ad relatively lower efficiency to access hMSCs. 
3 
To further study the location of miR-26a, hMSCs were incu- 

ated with CP26a-CY3 at a concentration of 100 nmol/L. CLSM im- 

ges were taken at different incubation time points. As shown in 

ig. 2 C, after incubation for 6 h, red fluorescence was observed in 

he cytoplasm, and overlapped with the green fluorescence of the 

ysosome, suggesting that CP26a has entered the cell and internal- 

zed with the lysosome. Following the incubation for 12 h, red fluo- 

escence was partially separated from green fluorescence and dis- 

ersed in the cytoplasm, whereas red fluorescence was observed 

hroughout the cytoplasm for 24 h, suggesting the successful re- 

ease of miR-26a from the lysosome. This is in line with a previ- 

us study of CCMV uptake pathways by Mark et al ., where they 

laimed that CCMV was taken into cells through the endocytosis 

athway followed by internalization with lysosome and ultimate 

scape from lysosome [32] . 

Plant viruses have the potential to be novel gene delivery sys- 

ems as they are noninfectious to mammals, thereby with no risk 

f gene integration. Likewise, as a traditional gene transfection sys- 

em, Lipofectamine20 0 0 has been widely applied. It can pack the 

egatively charged nucleotide with a positively charged lipid mem- 

rane by electrostatic interaction to form a nucleotide-liposome 

omplex and infiltrated it into the cell membrane by endocytosis. 

However, high-dosage liposomes could cause great cytotoxicity 

o cells resulting from hydrophilic headgroups [36] , the large size, 

nd the highly positively charged surface of cationic lipids [37] . 

o compare the cytotoxicity of CCMV-CP and Lipofectamine20 0 0, 
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Fig. 3. (A) Cellular proliferation of hMSCs treated with CCMV, lipo26a and CP26a 

for 72 h (detected by CCK-8 assay). (B) qPCR analysis of TNF- α, IFN- β and IL-6 ex- 

pression levels of RAW264.7 incubated with CCMV and CP26a after 6 h. ∗ P < 0.05; 
∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0 0 01; ns: no significance. 
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Fig. 4. Osteogenesis of hMSCs induced by CCMV, lipo26a, and CP26a. (A) ALP and 

ARS staining of hMSCs treated with CCMV, lipo26a, and CP26a for 72 h and incu- 

bated in osteogenic medium. (B) ALP activity and mineralization nodules of hM- 

SCs treated with CCMV, lipo26a, and CP26a for 72 h and incubated in osteogenic 

medium. (C) qPCR analysis of Runx2, Ocn, and Col-1 osteogenic gene expression 

levels of hMSCs treated with CCMV, lipo26a, and CP26a for 72 h and incubated in 

osteogenic medium. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001; ns: no 

significance. 
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MSCs were treated with CCMV, lipo26a, and CP26a at various 

oncentrations (0, 20, 50, 100 nmol/L) for 24, 48, and 72 h. The 

CK-8 assay results revealed that lipo26a caused significant cy- 

otoxicity at the concentration of 100 nmol/L, which is a recom- 

ended biofunctional dosage of miR-26a to induce mesenchymal 

tem cells osteogenesis to hMSCs. At 24 and 48 h, the prolifera- 

ion of cells treated with lipo26a has been restrained greatly (Fig. 

3 in Supporting information). The inhibition effect on cell growth 

as also detected after incubation for 72 h ( Fig. 3 A). The relative

ell viability of hMSCs in the 100 nmol/L lipo26a group was 57.59% 

t 24 h, 72.69% at 48 h, and 75.19% at 72 h respectively. Further-

ore, no significant cytotoxicity of CCMV or CP26a was detected. 

he medium of CCMV and CP26a group was not refreshed before 

he cell viability assay. This part of results shows that CCMV-CP 

ad no adverse effect on hMSCs proliferation and exceed Lipofec- 

amine20 0 0 in the field of biocompatibility, providing a promising 

ay to build a novel plant viral gene delivery platform. 

We also detected monocyte/macrophage immune response to- 

ard CCMV and CP26a. After treating RAW264.7 cells with CCMV 

nd CP26a for 6 h, the mRNA expression level of TNF- α, IFN- β and

L-6 was measured. As shown in Fig. 3 B, there was no significant 

hange in the mRNA expression level of TNF- α, IFN- β , and IL-6, 

ndicating that CCMV or CP26a did not cause a severe immune re- 

ponse. Sourabh et al . [38] performed experiments focusing on the 

otency of Cowpea mosaic virus (CPMV) to trigger anti-tumor im- 

unity as a vaccine. They compared several plant viruses’ ability 

o elevate pro-inflammatory cytokines and concluded that CPMV 

ould significantly promote the expression of IL-6 and IFN- γ (pro- 

otes recruitment of immune cells into the tumor microenviron- 

ent and induces Th-1 anti-tumor immunity), while the level of 

L-10 (alleviate immunosuppression which leads to immunothera- 

ies resisted) was decreased. On the contrary, CCMV did not per- 

orm outstandingly since it caused no significant impact on IL-10 

nd IFN- β expression levels. Our result is in line with Sourabh’s 

bservation. 

To further study the release of miR-26a from CP26a in 

itro , hMSCs were incubated with CP26a at a concentration of 

00 nmol/L miR-26a, the level of miR-26a released at different in- 

ubation time points was analyzed by qPCR experiments (Fig. S4 

n Supporting information). The expression level of miR-26a both 

n the lipo26a and CP26a group were significantly increased com- 
4 
ared with that of the blank group, there was no significant dif- 

erence between the blank group and CCMV group. Accumulated 

elease of miR-26a from the CP26a group was found after incuba- 

ion for 72 h, suggesting good delivery efficiency of CP26a. 

The increase in ALP activity was defined as a marker of early 

steogenic differentiation towards mature osteoblasts [39] . Calcium 

odules were produced during the late stage of osteogenesis [5] . 

hus, to investigate whether CP26a could release miR-26a and pro- 

ote osteogenesis, activity assays of ALP and ARS were performed 

fter osteogenic induction. Fig. 4 A revealed that CP26a and lipo26a 

roups exhibited the highest ALP intensity compared with blank 

nd CCMV groups. Meanwhile, native CCMV did not cause any pro- 

otion effects on osteogenesis. The quantity assay revealed that 

LP activity in CP26a and lipo26a groups displayed a 2-fold in- 

rease compared with blank and CCMV groups, which is in line 

ith the staining results ( Fig. 4 B). A vast number of mineralized 

odules were observed in CP26a and lipo26a groups according to 

he ARS staining results. The quantification of mineralized nod- 

les also showed the superiority of CP26a and lipo26a over other 

roups ( Figs. 4 A and B). This part of the results indicated that 

P26a had a comparative induction effect on osteogenesis with 

ipo26a. 
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[
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[

[  

[

[

[

[

[

[

Since osteogenesis phenotype induced by CP26a and lipo26a 

as been observed, we tried to uncover the mechanisms. Previ- 

us studies have revealed that miR-26a could specifically inhibit 

SK-3 β protein, subsequently inhibit β-catenin phosphorylation 

nd active Wnt signaling pathway to promote osteogenic differen- 

iation of MSCs, which ultimately resulted in bone regeneration. 

unx2 is a transcription factor involved at the initial stages of os- 

eoblast differentiation, which regulates some important proteins 

elated to osteogenesis. In addition, Col-1 plays an important role 

n the maturation and mineralization of the bone matrix, and it is 

n early-stage marker of osteoblast differentiation. Moreover, Os- 

eocalcin (Ocn) is expressed at the late stage of osteoblast differen- 

iation and it is involved in the process of cell adhesion, prolifer- 

tion, and extracellular matrix. Thus, the expression level of these 

hree representative osteogenic regulation genes was analyzed and 

hown in Fig. 4 C. hMSCs treated with CP26a and lipo26a exhib- 

ted an increase in levels of Runx2, Ocn, and Col-1 after osteogenic 

nduction on both the 7 th and 21 st days. There was no significant 

ifference between CCMV and blank groups. This result indicates 

hat CP26a could efficiently promote the expression of osteogenic 

egulated genes in hMSCs. 

The physiological roles of miR-26a on the osteogenesis regula- 

ion of MSCs have been widely reported. However, the main obsta- 

les for miR-26a to be applied to bone regeneration therapy come 

rom its instability under physiological conditions and low cell 

embrane penetration capability. Cowpea chlorotic mottle virus, 

wning to its advantages of noninfectious to mammals, great bio- 

ompatibility, and passive transporting through cells, appears to 

ave great prospects for development as a gene delivery platform. 

ere we successfully built a novel vector by packing miR-26a with 

CMV-CP and examined its potential in protecting and transport- 

ng nucleotides into cells. What needs to be emphasized is that 

e packed double-stranded miRNAs in this experiment, consider- 

ng short single-stranded miRNAs were extremely unstable in vitro 

nd prone to be degraded during preparation. Even though the na- 

ive genomic ssRNA was replaced by miR-26a, the essential char- 

cteristic of reassembled VLPs did not change. What is more, CP 

ould protect miRNA from degrading under storage situations for 

 relatively long term. In a series of experiments focusing on bio- 

aterials application in vitro , CP26a could be taken into hMSCs ef- 

ciently and showed no cytotoxicity to hMSCs. On the contrary, 

ipo26a inhibited hMSCs proliferation significantly. As for bioactiv- 

ty assay, both CP26a and lipo26a could promote osteogenic differ- 

ntiation of hMSCs both at the early and late stages of osteogen- 

sis. The possibility of CP dimers inducing osteogenesis was also 

xcluded since CCMV treatment did not contribute to positive re- 

ults, confirming valid delivery of miR-26a by CCMV-CP. 

Unlike other gene delivery systems, such as the liposome 

ystem, which was prepared before cell treatment immediately, 

CMV-CP packed nucleotide could be produced several days ahead 

f use, making it more convenient. We also certified the structure 

f CP26a remained stable 30 days after preparation. In a word, 

lant virus CCMV is feasible to serve as a novel gene delivery sys- 

em with its superiority of higher biocompatibility than Lipofec- 

amine20 0 0 reagent. 

Viruses are natural vehicles for the delivery of genes, nu- 

erous works have been carried out to investigate the full po- 

ential of CCMV as gene vectors. Cai et al . [29] have used 

CMV VLPs carrying CpG ODN to inhibit tumor growth via en- 

anced uptake by tumor-associated macrophages. Attempts of de- 

ivering siRNA and mRNA into mammalian cells by CCMV have 

lso been reported [ 26 , 28 ], CCMV exhibited excellent cellular 

ptake efficiency. Here, it is the first time for us to deliver 

iR-26a into hMSCs with favorable transfection efficiency and 

oth low cytotoxicity and immune response. However, an in- 

epth study is still required to understand the lysosome escape 
5 
echanism, and thereafter in vivo experiments could be carried 

ut. 
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