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Abstract 

The efficiency of gene therapy is often dictated by the gene delivery system. Cationic polymers are 
essential elements of gene delivery systems. The relatively cheap cationic polymer, polyethyleneimine, has 
high gene delivery efficiency and is often used for gene delivery. However, the efficiency of gene therapy 
with polyethyleneimine-pDNA polyplex (PEI) is low. Human mesenchymal stem cells transfected with 
polyethyleneimine and a plasmid carrying the important osteogenic differentiation gene runt-related 
transcription factor 2 (RUNX2) accumulated DNA double-strand breaks and mitochondrial damage 
proportional to the amount of polyethyleneimine, reducing viability. Genomic/cellular stabilizer mediating 
RUNX2 delivery (GuaRD), a new reagent incorporating RS-1 NPs developed in this study, promoted 
DNA repair and prevented the accumulation of cell damage, allowing the delivery of pRUNX2 into 
hMSCs. while maintaining genome and mitochondrial stability. DNA damage was significantly lower and 
the expression of DNA repair-related genes significantly higher with GuaRD than with PEI. In addition, 
GuaRD improved mitochondrial stability, decreased the level of reactive oxygen species, and increased 
mitochondrial membrane potential. Osteogenic extracellular matrix (ECM) expression and calcification 
were higher with GuaRD than with PEI, suggesting improved osteogenic differentiation. These results 
indicate that lowering the cytotoxicity of PEI and improving cell stability are key to overcoming the 
limitations of conventional gene therapy, and that GuaRD can help resolve these limitations. 
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Introduction 
Gene transfection into cells is an established 

technique to induce cellular functions. Both viral and 
non-viral vectors have been used as carriers to safely 
deliver these genes; however, this can lead to cellular 
stress, which can interfere with the functions of 
transfected genes [1-4]. Therefore, we must consider 
the reagents used and the intrinsic level of cellular 
stress, as well as the stress induced by the gene 
delivered, when conducting gene transfection 
experiments. 

Polyethyleneimine is a well-known, non-viral 
vector for gene delivery during gene therapy. 
Polyethyleneimine has many cations that readily bind 

to anionic DNA, which becomes internalized before 
delivery into cells [5-9]. However, polyethyleneimine 
has been shown to be cytotoxic. It has been reported 
that the polyethyleneimine-pDNA polyplex (hereafter 
referred to as PEI) induces genotoxicity in various cell 
types. For instance, a 25 kDa branched PEI induces 
DNA damage in A431 and Jurkat T cells [10-13]. In 
addition, cytotoxicity occurs when multiple molecular 
weight PEI is used for the transfection of Neuro2A 
cells, and reactive oxygen species (ROS) and DNA 
damage are induced in proportion to the molecular 
weight of polyethyleneimine [14, 15]. PEI has been 
widely reported to cause mitochondrial damage. 
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Mitochondrial membrane potential (MMP) is lost 
following PEI treatment, leading to cytochrome C 
leakage into the cytoplasm, inducing apoptosis [16].  

Mitochondrial damage slows the differentiation 
of stem cells. Studies have shown that mitochondrial 
dysfunction decreases osteogenic differentiation 
[17-19]. In addition, mitochondrial DNA mass 
increases during osteogenic differentiation [20, 21]. 
These studies indicate that mitochondria can regulate 
the differentiation of stem cells, stressing the 
importance of mitochondrial stability. There have 
been attempts to overcome these problems, but to no 
avail. Nanoparticles based on tocopherol, an 
antioxidant, were produced to suppress ROS 
generation and MMP loss [22-24], while acetylation of 
PEI was shown to suppress DNA damage and ROS 
accumulation [25].  

DNA damage caused by ROS can induce 
inappropriate transcriptional activation, which can 
have deleterious effects on cells. Stem cells that 
accumulate DNA damage cannot perform some 
fundamental physiological activities, which reduces 
their differentiation efficiency. Therefore, it is 
essential to maintain cell stability. 

Here, we show that RS-1 (3-(benzylsulfamoyl)-4- 
bromo-N-(4-bromophenyl)benzamide) suppresses 
DNA damage during PEI-mediated gene therapy. 
RS-1 has been widely reported as a stimulator of 
RAD51 recombinase (RAD51), a protein essential for 
homologous recombination (HR) during DNA repair 
[26-30]. RS-1 treatment of mouse embryos during 
somatic cell nuclear transfer reprogramming 
improves genome stability and reprogramming 
efficiency [31]. Also, RAD51 promotes the synthesis of 
mtDNA and maintains the integrity of the 
mitochondrial genome [32-35], which protects 
mitochondrial activity in mammalian oocytes [36]. In 
addition, the inhibition of the expression of DNA 
repair proteins RAD51 and MRE inhibits 
mitochondrial function [37-39]. Thus, DNA repair and 
mitochondrial stability are closely related to each 
other. 

RUNX2 gene and PLGA NPs were used to 
induce osteogenic differentiation. RUNX2 is a 
well-known transcription factor involved in the 
osteogenic process. PLGA, a polymer, is suitable for 
bone differentiation because it has excellent 
biocompatibility and biodegradability and 
mechanical strength [40-42]. In this study, the 
co-delivery of a plasmid expressing pRUNX2 with 
RS-1 NPs improved osteogenic differentiation via the 
stabilization of genomic and mitochondrial DNA, 
thereby reducing mitochondrial damage and 
increasing cellular stability. The efficiency of 
RUNX2-dependent osteogenesis was higher with a 

genomic/cellular stabilizer mediating RUNX2 
delivery (GuaRD) than with PEI, suggesting that 
GuaRD could be used to develop new strategies for 
gene therapy. 

Experimental section 
Materials 

Human MSCs were purchased from Lonza 
(Basel, Switzerland). DMEM high glucose, FBS, and 
DPBS were purchased from HyClone (Utah, USA). 
Polyethyleneimine (25k) and RS-1 (R9782) were 
purchased from Sigma Aldrich (St. Louis, USA). 
Comet assay kit was purchased from R&D systems 
(Minneapolis, USA). Mitotracker Green AM, TMRE, 
ROS (DCFDA) staining dyes, and Live/Dead cell 
staining kit were purchased from Invitrogen 
(California, USA). ImmPRESS Duet double staining 
polymer and DAB staining kit was purchased from 
Vector Laboratories (California, USA).  

Synthesis of RS-1 NPs 
RS-1 NPs were synthesized using an oil-in-water 

solvent evaporation technique. 1 g poly(D,L-lactide- 
co-glycolic acid (PLGA) was dissolved in 17 mL 
dichloromethane, and 5 mg RS-1 was dissolved in 100 
µL DMSO. The RS-1 solution was emulsified with 
PLGA, dropped into 50 mL of a 2 % (w/v) aqueous 
PVA (12-23 kDa) solution, and mechanically stirred 
for 5 h at 500 rpm. The RS-1 NPs were stored 
overnight in a refrigerator, isolated, and then dialyzed 
at 4 °C for 24 h. After lyophilization, the solution was 
dissolved in distilled water at a concentration of 5 
mg/mL.  

Characterization of two gene carriers 
To confirm the shape and distribution, GuaRD 

and PEI were applied on carbon tape, dried 
completely, coated with Pt, and observed through a 
scanning electron microscope (SEM, Hitachi, Tokyo, 
Japan). The size and surface charge were measured by 
dynamic light scattering (DLS, Zetasizer Nano ZS, 
Malvern Panalytical, Malvern, UK). In addition, 
Fourier transform infrared (FTIR; IRspirit, Shimadzu, 
Japan) analysis was performed to confirm RS-1 
synthesis. The sample was lyophilized and analyzed 
in its solid state. 

Evaluation of genomic stability 
GuaRD was prepared by coating 0.5 mg of RS-1 

NPs with 5 µg polyethyleneimine and adding 2 µg of 
pRUNX2. PEI was prepared by combining 5 µg of 
polyethyleneimine with 2 µg of pRUNX2. 2.5 x 105 
hMSCs were treated and analyzed after 6 h. RS-1 was 
used at a final concentration of 20 µM in DMSO. 
Single-cell gel electrophoresis (SCGE; comet assay) 
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was performed as follows: cells were harvested, 
seeded in low melting temperature agarose, and lysed. 
After alkaline electrophoresis, the agarose was stained 
with Midori green and the slides were dried and 
observed under a CLSM (Olympus FV3000, Tokyo, 
Japan). mRNA was extracted from the cells using 
Trizol and sequenced. mRNA sequencing was 
outsourced to eBiogen (Seoul, Korea). The fixed cells 
were stained with γH2A.X antibody (ab22551, Abcam), 
and DNA DSBs foci were observed under a CLSM. 
Western blotting was performed on hemolyzed cells 
to quantify protein expression.  

Evaluation of mitochondrial stability 
ROS dye-stained cells were treated with RS-1, 

PEI, or GuaRD and photographed for 5 min and 6 h. 
Staining intensity was quantified using CellSens 
software (Olympus, Japan). All other analyses were 
performed after 6 h had elapsed. After staining with 
TMRE and Mitotracker Green AM, cells were 
observed by CLSM. Cell TEM (Hitachi, Tokyo, Japan) 
was performed by outsourcing the fixed cells to Eulji 
University (Seongnam-si, Korea). For western 
blotting, p-DRP1 antibody (dynamin-related protein 
1, #3455s, Cell signaling technology) NRF1 antibody 
(nuclear respiratory factor1, #46743, Cell signaling 
technology) and TOMM20 antibody (translocase of 
the mitochondrial membrane complex subunit 20; 
sc-17764, Santa Cruz) were used. 

 

 
Scheme 1. Schematic diagram of the GuaRD configuration and its functions. (A) The components and the process used to produce GuaRD. (B) The effects of 
PEI-pDNA polyplex (PEI) and GuaRD on cells. PEI causes genomic and mitochondrial damage, but GuaRD prevents this from happening. (C) The methods used to analyze the 
function of GuaRD. 



Theranostics 2022, Vol. 12, Issue 14 
 

 
https://www.thno.org 

6412 

Evaluation of osteogenic differentiation 
Cells were treated with RS-1, PEI, or GuaRD for 

6 h, and then removed and analyzed by 3D cell 
culture in a round-bottom tube for 4 weeks. mRNA 
was extracted from the cells using Trizol, and cDNA 
was synthesized. Real-time PCR was performed using 
SYBR (Takara, Japan). For western blotting, BSP 
antibody (bone sialoprotein; MAB1061, Millipore, 
Burlington, USA), COL I antibody (collagen type I, 
MAB3391, Millipore), and OCN antibody (osteocalcin, 
sc-74495, Santa Cruz, USA) were used. Cells were 
fixed with 4% PFA for 2 h and dehydrated with 2.5% 
sucrose for 2 h, and cryosection (Leica, Wetzlar, 
Germany) was performed. The tissue sections 
obtained were subjected to IF, IHC, and Alizarin red S 
staining. Areas specifically stained with tissue were 
quantified with Photoshop CS6. 

Statistical analysis 
Statistical analysis was performed using the 

student’s t-test in the SigmaPlot software. *P < 0.05, 
**P < 0.01, and ***P < 0.001 were considered to be 
statistically significant. 

Results and Discussion  
Characterization of GuaRD  

RS-1 is a stimulator of the DNA repair factor 
RAD51. We loaded RS-1 into poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles with the RUNX2 gene 
residing on the outside (Figure 1A). This complex was 
named genomic/cellular stabilizer mediating RUNX2 
delivery (GuaRD; RS-1 NP-PEI-pRUNX2), while a 
simple polyplex formed between PEI and plasmid 
DNA was denoted as PEI. The structures of PEI and 
GuaRD were observed by SEM (Figure 1B-C). GuaRD 
had a spherical shape with an average size of 174 nm 

 

 
Figure 1. Comparison of the characteristics of GuaRD and PEI. (A) Diagram of GuaRD composition. pRUNX2 was loaded onto the surface of PEI-coated PLGA NP 
loaded with RS-1. (B) Distribution and shape of PEI and GuaRD analyzed by SEM. (C) Size distribution of PEI and GuaRD analyzed by DLS. (D) FTIR graph to examine whether 
RS-1 was loaded. Yellow highlighted peaks indicate RS-1-specific peaks. (E) Zeta potential of PEI and GuaRD analyzed by DLS. (F) Qualitative (right) and quantitative (left) analysis 
of genome stability using the SCGE assay. 
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and a zeta potential of 25.5 mV, while PEI formed a 
more densely spherical particle of a smaller average 
size (94 nm) and zeta potential of 43.5 mM (Figure 1C 
and E). These data confirmed that both gene carriers 
had surface charge and were of sufficient size to allow 
cell entry. 

RS-1 NP was confirmed by FTIR using PLGA NP 
and RS-1 as controls (Figure 1D). Peaks appeared in 
both the RS-1 NP and RS-1 sample at similar 
positions: 3350.35, 1361.1, 901, 832.58 cm−1 (yellow 
highlighted peaks); however, these peaks were not 
present in the PLGA NP sample. This suggests that 
RS-1 was efficiently loaded into the PLGA NP.  

Next, we transfected RUNX2 into hMSCs by PEI 
or GuaRD, and performed SCGE assay to examine 
genome stability (Figure 1F). When PEI was used as a 
carrier, DNA fragmentation occurred; however, this 
was not the case with GuaRD, as evidenced by the far 
shorter DNA tail. These data suggest that GuaRD 
induces far less cell damage and genome instability 
than PEI. 

Cellular stress and cytotoxicity induced by PEI 
and GuaRD 

We next wanted to compare the effects of GuaRD 
and PEI on cells using several different assays (Figure 
2A). Cytotoxicity, DNA damage, and mitochondrial 
dysfunction were observed when cells were treated 
with PEI in a dose-dependent manner (Figure 2B). As 
the PEI dose increased, γH2A.X foci, a marker for 
DNA double-strand breaks (DSBs), similarly 
increased, and nuclear condensation was observed 
(Figure 2B top panel, red). Similarly, proportional 
fragmentation of the mitochondrial structure occurred 
with increasing PEI (Figure 2B middle panel). These 
results were confirmed by western blotting for 
γH2A.X and the mitochondrial fission marker p-DRP1 
(Figure 2C). DNA DSBs and mitochondria fission 
occur due to cell damage, and if the damage is not 
repaired and accumulates, it eventually leads to 
apoptosis [43-46]. As the amount of PEI increased, the 
expression levels of γH2A.X and p-DRP1 increased. 
This result suggests that there was a correlation 
between cell damage and the amount of PEI, further 
suggesting that gene delivery using PEI is detrimental 
to cells. 

This damage accumulation correlated with a 
decrease in cell viability, estimated using Live/Dead 
staining (Figure 2B bottom panel). The cytotoxicities 
of PEI and PLGA NP treatments were reduced by 
co-treatment with RS-1 NPs (Figure S1). Finally, we 
selected an optimal dose of GuaRD by examining the 
accumulation of γH2AX and p-DRP1 by western 
blotting (Figure S2). The lowest dose needed to 
suppress γH2AX and p-DRP1 accumulation was 400 

μg; thus, this dose was used in the remainder of the 
study. 

We wanted to determine whether the difference 
in cytotoxicity between PEI and GuaRD is driven by 
differences in the level of apoptosis. Western blotting 
for caspase 9 was performed to compare the cell 
toxicities of the PEI and GuaRD carriers. Caspase 9 
cleavage, a marker for early apoptosis, was observed 
with 5 mg PEI but not with 5 mg GuaRD (Figure 2D 
and S3). Irreparable cell damage was induced by 7.5 
mg PEI; therefore, 5 mg of each carrier was used to 
measure transfection efficiency (Figure S4). 
Transfection efficiency was 15.4% for PEI and 15.8% 
for GuaRD. A comparison of the transfection 
efficiencies of MSCs with PEI and lipofectamine 
showed that PEI is slightly more effective [47, 48]. 
Similarly, PGA NPs resulted in higher transfection 
efficiencies than lipofectamine of Jurkat, SH-SY5Y and 
HeLa cells [49]. PEI has higher transfection efficiency 
than another gene carrier, the PAMAM dendrimer 
[50]. We used PEI as a positive control because PEI 
and nanoparticles are the most effective carriers. 

Finally, cell proliferation was evaluated using 
the WST-1 assay (Figure 2E). Recovery from damage 
occurred 2 days after gene delivery; however, cells 
treated with GuaRD proliferated significantly faster 
than those treated with PEI, suggesting better 
recovery. 

Genome instability following PEI and GuaRD 
treatment 

Next, we used cluster analysis to examine gene 
expression patterns in hMSCs following PEI (green) 
or GuaRD (pink) treatment (Figure 3A). We found 
very little similarity between the gene expression 
patterns induced by these two carriers. We found 
increases (red) and decreases (blue) in gene 
expression following GuaRD treatment relative to the 
gene expression following PEI treatment (Figure 3B). 
We next performed gene ontology analysis to 
determine whether the genes associated with cell 
damage were differentially expressed between 
treatments (Figure S5). Sixty-two DNA repair genes 
with significant differences in expression were 
identified (Figure 3C). Three PEI samples formed 
clusters with a distance of 7.45 or less, while three 
GuaRD samples also formed clusters. Since the group 
forming the cluster means that the expression patterns 
are highly similar, the results of our independent 
experiments were highly consistent. On the other 
hand, the distance between the PEI and GuaRD 
clusters was around 15, suggesting that the expression 
patterns of the two treatments were very different. 
Expression of genes associated with DSB repair were 
more upregulated by GuaRD treatment than by PEI 
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treatment (Figure 3D; red indicates upregulation, blue 
indicates downregulation). Genes associated with HR, 
non-homologous end joining (NHEJ), or both were 
among those upregulated (red, blue, and black 
arrows, respectively, in Figure 3D; Figure S6), 
suggesting that GuaRD promotes the repair of DSBs 
induced by transfection via the HR and NHEJ 
pathways. 

Moreover, the expressions of 49 cell-cycle- 
associated genes were differentially expressed 
following PEI or GuaRD treatment (Figure S7). 
Twenty of these genes were associated with both 

DNA repair and the cell-cycle, of which 19 were more 
highly expressed by GuaRD treatment than by PEI 
treatment (Figure S8).  

Next, we examined γH2A.X foci formation, a 
surrogate for DSB formation, in the nucleus of hMSCs 
cells treated for 6 h with vehicle (CONT), RS-1, PEI, or 
GuaRD (Figure 3E). PEI treatment induced many 
discrete γH2A.X foci (red dot, yellow arrow), while 
RS-1 and GuaRD had little effect. In addition, the level 
of γH2A.X protein detected by western blotting was 
lower following RS-1 treatment than in the vehicle 
control, and lower in GuaRD-treated cells than in 

 

 
Figure 2. Evaluation of cellular stress and cytotoxicity induced by PEI and GuaRD. (A) Schematic diagram of the experiments conducted. (B) Evaluation of cellular 
stress induced by polyethyleneimine. DSB foci (red), mitochondrial structure, and live (green)/dead (red) cell staining are shown in the top, middle, and bottom panels, 
respectively. (C) DNA damage (top panel) and mitochondrial stress (bottom panel) induced by PEI. (D) Caspase 9 cleavage used as a marker of apoptosis induced by PEI and 
GuaRD. (E) Comparison of cell proliferation in GuaRD- and PEI-treated cells over 5 days. The dotted vertical lines indicate the time at which GuaRD (red) and PEI (mint) 
proliferation recovered to the same level as on day 0 (*p-value < 0.05, ***p-value < 0.001). 
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PEI-treated cells (Figure 3F). This was further 
confirmed by SCGE (Figure 3G). PLGA NP alone 
similarly induced γH2A.X accumulation; however, 
this was lost upon co-treatment with RS-1 (Figure S9). 
Indeed, RS-1 co-treatment led to a reduction in 
γH2A.X in PEI-treated cells. Together, these data 
suggest that PEI triggers DNA fragmentation that is 
suppressed by RI-1 NPs. 

Evaluation of mitochondrial stability by 
transcriptome analysis 

Next, we performed transcriptome analysis to 
examine mitochondrial stability. Mitochondria- 
related gene ontology (GO) terms were classified into 
eight categories (Mitophagy, Mitochondrial 
permeability transition pore (mPTP), mtDNA repair, 
mtDNA replication, Mitochondrial (MT) translation, 

 
 

 
Figure 3. Comparison of genome stability and transcriptome expression following GuaRD and PEI treatment. Significant differences were considered 
those with fold changes >1.5 and a p-value <0.05. (A) PC plot showing the level of transcriptome similarity following PEI and GuaRD treatment. Three PEI- (mint) and 
GuaRD-treated (pink) samples were used. (B) Volcano plot of the differences in the transcription of individual genes induced by GuaRD and PEI. Increased and decreased 
expression are indicated in red and blue, respectively. Hierarchical clustering heat map (D) and sample tree (C) of the experiment in (B). Immunofluorescence staining (E) and 
western blotting (F) for γH2A.X. Scale bar, 10 µm. (G) SCGE assay and quantification. Scale bar, 150 µm. 
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MT respirasome, MT dynamics, ROS-GSH 
metabolism), and genes with significant differences in 
expression between PEI and GuaRD treatment were 
identified (Figure 4A). Figure 4B shows the number 
of genes with increases (pink) or decreases (mint) in 
expression following GuaRD treatment relative to the 
gene expression in PEI-treated cells. The expression of 
genes involved in mtDNA repair, mtDNA replication, 
MT translation, and MT dynamic category was higher 
in GuaRD-treated cells than in PEI-treated cells. This 
suggests that GuaRD may induce mtDNA repair and 
activate mitochondrial biogenesis. 

 Fifty-two genes with significant differences in 
expression following GuaRD or PEI treatment were 
identified (Figure 4C). These genes were examined 
further by GO (Figure 4D), which revealed that the 
expression of genes related to mitophagy, mPTP, and 
ROS-GSH metabolism, the expression of which has 
been shown to increase following mitochondrial 

damage induced by external environmental changes, 
was decreased in GuaRD-treated cells (green scatter 
plot). Conversely, we found that the expression of 
genes belonging to mtDNA replication and repair, 
MT translation, and MT fission GO increased (pink 
scatter plot). This suggests that even if mitochondria 
are damaged by the PEI contained within GuaRD, 
they are actively regenerated inside the cell due to the 
release of RS-1 NPs. In addition to these results, 
previous studies have reported that the expression of 
DNA repair-related proteins is linked to the oxygen 
consumption rate (OCR). For instance, OCR is 
decreased when the protein expression of MRE and 
RAD51 is suppressed.[37-39] We confirmed that the 
expression of RAD51 was increased by GuaRD, which 
presumably increased the OCR. Overall, our results 
show that improved genomic stability leads to an 
increase in mitochondrial stability. 

 

 
Figure 4. Prediction of the effect of GuaRD on mitochondrial stability using transcriptomics. (A-B) Changes in gene expression according to mitochondria-related 
GO term. Increased and decreased gene expressions are indicated in pink and mint, respectively (B). (C) The hierarchical clustering gene expression of genes identified in A and 
B. (D) Relative mRNA expression of representative genes by GO category. The green and pink scatterplots show increases (pink) and decreases (mint) in expression, 
respectively, following GuaRD treatment with respect to gene expression in PEI-treated cells. Significant differences were considered those a fold change >1.2 and a p-value 
<0.05. 
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Figure 5. The effect of GuaRD on mitochondrial stability. (A) Predicted effects of the two gene carriers on mitochondria. (B) ROS levels 6 hours post-treatment. Scale 
bar, 200 µm. (C) Confirmation of MMP levels after 6 hours of treatment by TMRE staining. Scale bar, 80 µm. (D) Evaluation of mitochondrial structure and length after 6 hours 
of treatment by CLSM (D) and TEM (E). Cyan arrows indicate swollen mitochondria, and red arrows indicate normal mitochondria. (F) Analysis of mitochondrial biogenesis by 
western blotting. 

 

The effect of GuaRD treatment on 
mitochondrial stability 

We predicted that MSCs transfected with PEI 
would have 1) increased expression of 
metabolism-related genes associated with increased 
ROS, 2) decreased MMP due to an increase in mPTP, 
and 3) increased mitophagy to degrade damaged 
mitochondria. Conversely, in MSCs transfected with 
GuaRD, we predicted that repair or replication of 
damaged mtDNA and MT replication and fission 
would increase (Figure 5A). To test this hypothesis, 
hMSCs were treated with vehicle (CONT), RS-1, PEI, 
or GuaRD, and ROS levels were evaluated over time 
for 6 h (Figure 5B). Treatment with RS-1 led to lower 

ROS production than the control treatment. Similarly, 
GuaRD treatment strongly reduced ROS production, 
while ROS production following PEI treatment was 
greater than after the control treatment. These data 
suggest that RS-1 prevents the rapid generation of 
ROS.  

TMRE staining was performed to examine the 
MMP level (Figure 5C). The higher the TMRE 
fluorescence intensity, the greater the MMP. The 
highest intensity was observed in RS-1-treated cells, 
while PEI treatment greatly decreased TMRE 
intensity. Cells treated with GuaRD had a higher 
TMRE intensity than those treated with PEI. These 
data suggest that PEI causes mitochondrial stress and 
substantially reduces MMP, which can be reversed by 
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RS-1 NPs. 
We further observed mitochondrial distribution 

and structure using Mitotracker staining (Figure 5D). 
Following PEI treatment, mitochondrial swelling and 
shortening were observed due to extreme 
mitochondrial damage. However, this was not the 
case in GuaRD-treated cells, suggesting that RS-1 
maintains a stable mitochondrial structure. These data 
were confirmed using Cell TEM (Figure 5E and S10). 
RS-1 and GuaRD-treated cells exhibited crista, a 
structural feature of mitochondria, with lengths 
similar to those of the control. However, no normal 
mitochondria were observed in PEI-treated cells.  

Following PEI treatment, ROS increased, 
mitochondria were damaged, and mitochondrial 
division was observed. However, in GuaRD-treated 
cells, mitochondria did not divide and were stable. 
This mitochondrial stability improved cell 
proliferation and differentiation. Finally, the 
expression of mitochondrial biogenesis markers was 
examined by western blotting (Figure 5F and S11). 
The expression of NRF1, an MT biogenesis marker, 
and TOMM20, an MT outer membrane marker, was 
higher in RS-1 NP- and GuaRD-treated cells than in 
those treated with PEI, indicating that RS-1 promotes 
MT biogenesis, resulting in an increase in 
mitochondrial mass. 

It is known that there is a close correlation 
between the differentiation of mitochondria and stem 
cells. Active mitochondria promote osteogenic 
differentiation and their mass increases during 
osteogenic differentiation.[17-20] For this reason, our 
observation that the increase in mitochondrial 
stability following GuaRD treatment promotes 
osteogenic differentiation is important.  

Osteogenic differentiation following PEI or 
GuaRD treatment 

After evaluating the effects of PEI and GuaRD on 
genome and mitochondrial stability, we examined the 
effects of these carriers on bone cell differentiation 
after the delivery of RUNX2. We first examined the 
expression of the osteogenic markers BSP, COL I, and 
OCN by qRT-PCR and western blotting 4 weeks 
post-treatment (Figure 6A-B and S12). BSP and COL I 
expression was higher after RS-1 treatment than after 
the control treatment. RS-1 improved mitochondrial 
stability and activity, and, consequently, increased the 
expression of osteogenic ECM markers. PEI increased 
the expression of BSP induced by RUNX2, but not that 
of other ECM markers. Conversely, GuaRD treatment 
increased the expression of all ECM markers due to 
thesynergistic action of RS-1 and RUNX2. The 
osteogenesis effect of GuaRD was compared with that 
of PLGA NP and PLGA NP plus RS-1. ECM 

expression was, again, higher in GuaRD-treated cells. 
PLGA is a polymer with higher biocompatibility and 
osteoconductivity than other polymers used for bone 
regeneration. It has better biodegradability than HA 
and TCP and better mechanical strength than collagen 
and PCL, which makes it very suitable for bone 
regeneration.[40-42] The higher expression of 
osteogenic ECM markers by PLGA NPs than by PEI 
may be due to the osteoconductivity of PLGA. 
Interestingly, PLGA NP plus RS-1 induced lower 
expression of ECM markers than PLGA NP alone. It is 
possible that treatment with the transfection reagent 
and drug together can lead to stem cell damage, 
resulting in decreased differentiation efficiency 
(Figure S13). 

We further confirmed our results by examining 
the expression level of COL I (green) and OCN (red) 
by immunofluorescent staining and immuno-
histochemistry (IHC), which revealed that the most 
effective differentiation occurred in GuaRD-treated 
cells (Figure 6C-D). We examined the expression of 
osteogenic ECM markers BSPI (brown) and BSPII 
(pink) by IHC (Figure 6E). High levels of BSPI and 
BSPII expression were observed following GuaRD 
treatment, which was confirmed by OCN staining 
(Figure S14). These results suggest that GuaRD 
transfection into stem cells facilitates their 
differentiation into osteocytes.  

Various factors promote the differentiation of 
stem cells into osteocytes. The secretion of minerals is 
an important measure of osteogenic differentiation 
since the ECM plays an important role in bone 
formation and remodeling, the regulation of calcium 
deposition, and mineralization. As a result, the 
formation of the ECM, such as calcium deposition, is 
evidence that stem cells have differentiated into 
osteocytes. Therefore, Alizarin red S staining was 
performed to evaluate the degree of calcification 
(Figure 6F). The results showed many calcium 
deposits in GuaRD-treated cells, suggesting that 
efficient differentiation of the bone cells had occurred. 

Conclusion  
Although gene delivery is required to induce 

stem cell differentiation, cell damage can occur during 
this process. In this study, we found that 
mitochondrial dysfunction and DNA damage 
occurred after gene delivery using PEI. To address 
this problem, we produced a new gene delivery agent, 
GuaRD, containing RS-1 NPs, a substance that 
stimulates the DNA repair protein RAD51. Delivery 
of pRUNX2 using GuaRD into hMSCs significantly 
reduced DNA damage, prevented or inhibited 
mitochondrial function damage, and increased 
osteogenic differentiation. We also found that RS-1 
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induced bone differentiation. These results reveal that 
reducing genomic and mitochondrial stability is 
important for efficient stem cell differentiation. The 
results of our study open new perspectives for the 
promotion of stem cell differentiation and the 
development of new gene therapies. 
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Figure 6. The effect of GuaRD on osteogenic activation. (A) Evaluation of osteogenic markers by analysis of mRNA expression (A) and protein level (B) (*p-value < 0.05, 
**p-value < 0.01). (C) Qualitative and quantitative evaluation of COLI and OCN expression by immunofluorescent staining. Scale bar, 400 µm. (D) Immunohistochemistry of ALP 
expression (*p-value < 0.05). (E) Dual immunohistochemistry of BSP I and II expression. (F) Qualitative and quantitative evaluation of calcification by Alizarin red S staining. Scale 
bar, 400 µm. 

 



Theranostics 2022, Vol. 12, Issue 14 
 

 
https://www.thno.org 

6420 

Supplementary Material  
Supplementary figures. 
https://www.thno.org/v12p6409s1.pdf  

Acknowledgments 
This work was supported by National Research 

Foundation of Korea (NRF) grants funded by the 
Korean Government (NRF-2019R1A6A1A03032888, 
NRF-2017M3A9C6061360, and NRF-2020R1A2C300 
9783).  

Author contributions 
Keun-Hong Park and Hye Jin Kim conceived the 

study. Hye Jin Kim and Hui Bang Cho designed the 
experiments. Hye Jin Kim carried out the 
experiments. Sujin Lee and Hui Bang Cho drew the 
schematic figures and provided support for the 
experiments. Hye Jin Kim and Sujeong Lee 
synthesized nanoparticles. Ji-In Park and 
Hye-Ryoung Kim performed cell culture. Keun-Hong 
Park, Hye Jin Kim, and Jiyon Lyu wrote the paper. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Kaufmann KB, Büning H, Galy A, Schambach A, Grez M. Gene therapy on the 

move. EMBO Mol Med. 2013; 5: 1642-61. 
2. Robbins PD, Ghivizzani SC. Viral Vectors for Gene Therapy. Pharmacol Ther. 

1998; 80: 35-47. 
3. Rubanyi GM. The future of human gene therapy. Mol Asp Med. 2001; 22: 

113-42. 
4. Wirth T, Parker N, Ylä-Herttuala S. History of gene therapy. Gene. 2013; 525: 

162-9. 
5. Alipour M, Cheraghi R, Nazari M, Hosseinkhani S. Optimization of conditions 

for gene delivery system based on PEI. Nanomedicine. 2017; 7: 8-16. 
6. Taranejoo S, Liu J, Verma P, Hourigan K. A review of the developments of 

characteristics of PEI derivatives for gene delivery applications. J Appl Polym 
Sci. 2015; 132: 42096. 

7. Xiang L, Bin W, Huali J, Wei J, Jiesheng T, Feng G, et al. Bacterial magnetic 
particles (BMPs)-PEI as a novel and efficient non-viral gene delivery system. J 
Gene Med. 2007; 9: 679-90. 

8. Zou S-M, Erbacher P, Remy J-S, Behr J-P. Systemic linear polyethylenimine 
(L-PEI)-mediated gene delivery in the mouse. J Gene Med. 2000; 2: 128-34. 

9. Beyerle A, Irmler M, Beckers J, Kissel T, Stoeger T. Toxicity Pathway Focused 
Gene Expression Profiling of PEI-Based Polymers for Pulmonary 
Applications. Mol Pharm. 2010; 7: 727-37. 

10. Kafil V, Omidi Y. Cytotoxic impacts of linear and branched polyethylenimine 
nanostructures in a431 cells. Bioimpacts. 2011; 1: 23-30. 

11. Castan L, Silva CJd, Molina EF, Santos RAd. Comparative study of 
cytotoxicity and genotoxicity of commercial JeffaminesVR and 
polyethylenimine in CHO-K1 cells. J Biomed Mater Res Part B Appl Biomater. 
2017; 106B: 742-50. 

12. Choi YJ, Kang SJ, Kim YJ, Lim Y-b, Chung HW. Comparative studies on the 
genotoxicity and cytotoxicity of polymeric gene carriers polyethylenimine 
(PEI) and polyamidoamine (PAMAM) dendrimer in Jurkat T-cells. Drug 
Chem Toxicol. 2010; 33: 357-66. 

13. Dabbaghi M, Oskuee RK, Hashemi K, Goli AA. Evaluating 
polyethyleneimine/DNA nanoparticlesmediated damage to cellular 
organelles using endoplasmic reticulum stress profile. Artif Cells Nanomed 
Biotechnol. 2017; 46: 192-9. 

14. Gholami L, Sadeghnia HR, Darroudi M, Oskuee RK. Evaluation of 
genotoxicity and cytotoxicity induced by different molecular weights of 
polyethylenimine/DNA nanoparticles. Turk J Biol. 2014; 38: 380-7. 

15. Sen GT, Ozkemahli G, Shahbazi R, Erkekoglu P, Ulubayram K, 
Kocer-Gumusel B. The Effects of Polymer Coating of Gold Nanoparticles on 
Oxidative Stress and DNA Damage. Int J Toxicol. 2020; 39: 328-40. 

16. Moghimi SM, Symonds P, Murray JC, Hunter AC, Debska G, Szewczyk A. A 
Two-Stage Poly(ethylenimine)-Mediated Cytotoxicity: Implications for Gene 
Transfer/Therapy. Mol Ther. 2005; 11: 6. 

17. He Q, Zhao Q, Li Q, Pan R, Li X, Chen Y. Mtu1 defects are correlated with 
reduced osteogenic differentiation. Cell Death Dis. 2021; 12: 61. 

18. Shares BH, Busch M, White N, Shum L, Eliseev RA. Active mitochondria 
support osteogenic differentiation by stimulating β-catenin acetylation. J Biol 
Chem. 2018; 293: 16019-27. 

19. Wanet A, Arnould T, Najimi M, Renard P. Connecting Mitochondria, 
Metabolism, and Stem Cell Fate. Stem Cell Dev. 2015; 24: 17. 

20. Li Q, Gao Z, Chen Y, Guan M-X. The role of mitochondria in osteogenic, 
adipogenic and chondrogenic differentiation of mesenchymal stem cells. 
Protein Cell. 2017; 8: 439-45. 

21. Forni MF, Peloggia J, Trudeau K, Shirihai O, Kowaltowski AJ. Murine 
Mesenchymal Stem Cell Commitment to Differentiation Is Regulated by 
Mitochondrial Dynamics. Stem Cells. 2015; 34: 743-55. 

22. Lee MS, Kim NW, Lee K, Kim H, Jeong JH. Enhanced Transfection by 
Antioxidative Polymeric Gene Carrier that Reduces Polyplex-Mediated 
Cellular Oxidative Stress. Pharm Res. 2013; 30: 1642-51. 

23. Kepsutlu B, Wycisk V, Achazi K, Kapishnikov S, Pe ́rez-Berna ́ AJ, Guttmann P, 
et al. Cells Undergo Major Changes in the Quantity of Cytoplasmic Organelles 
after Uptake of Gold Nanoparticles with Biologically Relevant Surface 
Coatings. ACS Nano. 2020; 14: 2248-64. 

24. Yu Z, Li Q, Wang J, Yu Y, Wang Y, Zhou Q, et al. Reactive Oxygen 
Species-Related Nanoparticle Toxicity in the Biomedical Field. Nanoscale Res 
Lett. 2020; 15: 115. 

25. Calarco A, Bosetti M, Margarucci S, Fusaro L, Nicolì E, Petillo O, et al. The 
genotoxicity of PEI-based nanoparticles is reduced by acetylation of 
polyethylenimine amines in human primary cells. Toxicol Lett. 2013; 218: 10-7. 

26. Dunlop MH, Dray E, Zhao W, Filippo JS, Tsai M-S, Leung SG, et al. 
Mechanistic Insights into RAD51-associated Protein 1 (RAD51AP1) Action in 
Homologous DNA Repair. J Biol Chem. 2012; 287: 12343-7. 

27. Jayathilaka K, Sheridan SD, Bold TD, Bochenska K, Logan HL, Weichselbaum 
RR, et al. A chemical compound that stimulates the human homologous 
recombination protein RAD51. PNAS. 2008; 105: 15848-53. 

28. Jeon I-S, Shin J-C, Kim SR, Park KS, Yoo HJ, Lee KY, et al. Role of RS-1 
derivatives in homology-directed repair at the human genome ATG5 locus. 
Arch Pharm Res. 2020; 43: 639-45. 

29. Mason JM, Logan HL, Budke B, Wu M, Pawlowski M, Weichselbaum RR, et al. 
The RAD51-stimulatory compound RS-1 can exploit the RAD51 
overexpression that exists in cancer cells and tumors. Cancer Res. 2015; 74: 
3546-55. 

30. Pawelczak KS, Gavande NS, VanderVere-Carozza PS, Turchi JJ. Modulating 
DNA Repair Pathways to Improve Precision Genome Engineering. ACS Chem 
Biol. 2017; 13: 389-96. 

31. Lee AR, Park J-H, Shim SH, Hong K, La H, Park K-S, et al. Genome 
stabilization by RAD51-stimulatory compound 1 enhances efficiency of 
somatic cell nuclear transfer-mediated reprogramming and full-term 
development of cloned mouse embryos. Cell Prolif. 2021; 54: e13059. 

32. Mishra A, Saxena S, Kaushal A, Nagaraju G. RAD51C/XRCC3 Facilitates 
Mitochondrial DNA Replication and Maintains Integrity of the Mitochondrial 
Genome. Mol Cell Biol. 2017; 38: e00489-17. 

33. Sage JM, Gildemeister OS, Knight KL. Discovery of a Novel Function for 
Human Rad51. J Biol Chem. 2010; 285: 18984-90. 

34. Sage JM, Knight KL. Human Rad51 promotes mitochondrial DNA synthesis 
under conditions of increased replication stress. Mitochondrion. 2013; 13: 
350-6. 

35. Zhao Z, He K, Zhang Y, Hua X, Feng M, Zhao Z, et al. XRCC2 repairs 
mitochondrial DNA damage and fuels malignant behavior in hepatocellular 
carcinoma. Cancer Lett. 2021; 512: 1-14. 

36. Kim K-H, Park J-H, Kim E-Y, Ko J-J, Park K-S, Lee K-A. The role of Rad51 in 
safeguarding mitochondrial activity during the meiotic cell cycle in 
mammalian oocytes. Sci Rep. 2016; 6: 34110. 

37. Jin Z-L, Kim N-H. RAD51 maintains chromosome integrity and mitochondrial 
distribution during porcine oocyte maturation in vitro. J Reprod Dev. 2017; 63: 
489-96. 

38. Li Y, Shen Y, Jin K, Wen Z, Cao W, Wu B, et al. The DNA Repair Nuclease 
MRE11A Functions as a Mitochondrial Protector and Prevents T Cell 
Pyroptosis and Tissue Inflammation. Cell Metab. 2019; 30: 477-92. 

39. Zhang X, Ma N, Yao W, Li S, Ren Z. RAD51 is a potential marker for prognosis 
and regulates cell proliferation in pancreatic cancer. Cancer Cell Int. 2019; 19: 
356. 

40. Zhu T, Cui Y, Zhang M, Zhao D, Liu G, Ding J. Engineered three-dimensional 
scaffolds for enhanced bone regeneration in osteonecrosis. Bioact Mater. 2020; 
5: 584-601. 

41. Zhao D, Zhu T, Li J, Cui L, Zhang Z, iZhuang X, et al. Poly(lactic-co-glycolic 
acid)-based composite bone-substitute materials. Bioact Mater. 2021; 6: 346-60. 

42. Zhu T, Jiang M, Zhang M, Cui L, Yang X, Wang X, et al. Biofunctionalized 
composite scaffold to potentiate osteoconduction, angiogenesis, and favorable 
metabolic microenvironment for osteonecrosis therapy. Bioact Mater. 2022; 9: 
446-60. 

43. Sheridan C, J.Martin S. Mitochondrial fission/fusion dynamics and apoptosis. 
Mitochondrion. 2010; 10: 640-8. 

44. Suen D-F, Norris KL, Youle1 RJ. Mitochondrial dynamics and apoptosis. 
Genes Dev. 2008; 22: 1577-90. 



Theranostics 2022, Vol. 12, Issue 14 
 

 
https://www.thno.org 

6421 

45. Perfettini J-L, Roumier T, Kroemer G. Mitochondrial fusion and fission in the 
control of apoptosis. Trend Cell Biol. 2005; 15: 179-89. 

46. Lu C, Zhu F, Cho Y-Y, Tang F, Zykova T, Ma W-y, et al. Cell Apoptosis: 
Requirement of H2AX in DNA Ladder Formation but not for the Activation of 
Caspase-3. Mol Cell. 2008; 23: 121-32. 

47. Ho YK, Woo JY, Tu GXE, Deng LW, Too HP. A highly efficient non‑viral 
process for programming mesenchymal stem cells for gene directed enzyme 
prodrug cancer therapy. Sci Rep. 2020; 10: 14257. 

48. Luo J, Li C, Chen J, Wang G, Gao R, Gu Z. An efficient method for in vitro gene 
delivery via regulation of cellular endocytosis pathway. Int J Nanomed. 2015; 
10: 1667-78. 

49. Guido C, Testini M, D’Amone S, Cortese B, Grano M, Gigliab G, et al. 
Capsid-like biodegradable poly-glycolic acid nanoparticles for a long-time 
release of nucleic acid molecules. Mater Adv. 2021; 2: 310-21. 

50. Giron-Gonzalez MD, Morales-Portillo A, Salinas-Castillo A, Lopez-Jaramillo 
FJ, Hernandez-Mateo F, Santoyo-Gonzalez F, et al. Engineered Glycated 
Amino Dendritic Polymers as Specific Nonviral Gene Delivery Vectors 
Targeting the Receptor for Advanced Glycation End Products. Bioconjugate 
Chem. 2014; 25: 1151-61. 

 


