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ARTICLE INFO ABSTRACT

Keywords: miRNAs are important regulators of gene expression and play key roles in the development of cancer, including
Nucleic a_Cid delivery osteosarcoma. During the development of osteosarcoma, the expression of miR-22 is significantly down-
Nanoparticle regulated, making miR-22 as a promising therapeutic target against osteosarcoma. To design and fabricate
Gene therapy L. . . . . . . . s
Osteosarcoma efficient delivery carriers of miR-22 into osteosarcoma cells, a hydroxyl-rich reduction-responsive cationic
Responsive polymeric nanoparticle, TGIC-CA (TC), was developed in this work, which also enhanced the therapeutic effects

Patient-Derived Xenograft (PDX) of Volasertib on osteosarcoma. TC was prepared by the ring-opening reaction between amino and epoxy groups
by one-pot method, which had the good complexing ability with nucleic acids, reduction-responsive degrad-
ability and gene transfection performance. TC/miR-22 combined with volasertib could inhibit proliferation,
migration and promote apoptosis of osteosarcoma cells in vitro. The anti-tumor mechanisms were revealed as TC/
miR-22 and volasertib could inhibit the PI3K/Akt signaling pathway synergistically. Furthermore, this strategy
showed outstanding tumor suppression performance in animal models of orthotopic osteosarcoma, especially in
patient-derived chemo-resistant and chemo-intolerant patient-derived xenograft (PDX) models, which reduced
the risk of tumor lung metastasis and overcame drug resistance. Therefore, it has great potential for efficient
treatment of metastasis and drug resistance of osteosarcoma by the strategy of localized, sustained delivery of
miR-22 using the cationic nanocarriers combined with non-traditional chemotherapy drugs.

1. Introduction urgent need to identify novel targets and develop more effective treat-
ment strategies [1-3]. The current chemotherapy combined with sur-

Osteosarcoma (OS) is the most common primary malignant tumor of gery treatment has improved the five-year survival rates to 60%-70%
bone, which has a peak incidence in adolescents and young adults [4]. Moreover, OS is highly invasive and prone to metastasize to the lung
coinciding with the pubertal growth spurt. Overall survival rates of os- and other bones, leading to an overall five-year survival rate of less than
teosarcoma have stagnated in the past four decades and there is an 20%. Furthermore, the current treatment model has high risk of causing
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drug resistance problems [5]. Additionally, because the early symptoms
of OS are similar to those of growing pains, late diagnosis often occurs,
further complicating treatment. Therefore, developing efficiently ther-
apeutic strategies against osteosarcoma, such as gene therapy and
chemical therapy, remains challenging.

miRNAs are small, endogenous, non-coding RNAs ranging from 18 to
25 nucleotides in length. Typically, miRNAs inhibit the translation of
target genes or cause degradation of target genes by binding to the 3’
untranslated region (UTR) of the target gene on messenger RNAs
(mRNAs) [6,7]. The human genome contains more than 1000 miRNAs,
and each miRNA may regulate hundreds of genes under different con-
ditions [8,9]. Consistently , miRNAs also play an important role in the
occurrence, progression, and metastasis of OS [10]. For example, the
expression level of miR-22 in the plasma of OS patients was significantly
lower than that of healthy volunteers. Furthermore, the expression level
of miR-22 was also correlated with tumor size, clinical stage, distant
tumor metastasis, and adverse effects of preoperative chemotherapy
(such as chemotherapy resistance) in OS patients [11]. Additionally,
miR-22 inhibits autophagy through the PI3K/AKT signal pathway,
thereby promoting the sensitivity of cancer cells to the chemothera-
peutic drug, cisplatin [12,13]. miR-22 also inhibits proliferation and
migration of OS cells by targeting HMGB1 and therefore inhibiting
HMGB1-mediated autophagy [14]. Moreover, miR-22 promotes
apoptosis of OS cells by inducing cell cycle arrest [15]. Therefore,
miR-22 is not only promising as a diagnostic marker for OS, but also has
great potential as a therapeutic target against OS.

To introduce therapeutic nucleic acid into target cells, a delivery
carrier is an essential factor. Cationic polymers, such as poly-
ethyleneimine (PEI) and poly(i-lysine) (PLL), have attracted attention of
researchers in the field of gene carriers due to their advantages of simple
preparation, flexible structural design, and low immunogenicity
[16-20]. One-pot ring-opening reactions using amino groups and epoxy
groups have been widely used to prepare efficient and safe cationic
polymeric carriers. Based on the ring-opening reaction of amino and
epoxy groups, the polyhydroxy cationic polymer was synthesized, which
showed very low cytotoxicity and high transfection efficiency (1000
times higher than that of PEI) [21].

To improve the delivery efficiency, responsiveness to tumor cells is
also an essential property. The intracellular concentration of glutathione
(GSH) is 1000 times higher than the extracellular concentration.
Furthermore, the intracellular GSH concentration of tumor cells is 7-10
times higher than that of normal cells due to exuberant metabolism [22,
2.3]. Therefore, reduction-responsive disulfide bonds can be introduced
in the cationic polymer in response to high concentrations of GSH inside
tumor cells. Under the action of high concentration of GSH inside tumor
cells, the disulfide bonds will be broken, leading to degradation of the
cationic polymer and rapid release of the loaded nucleic acids. There-
fore, such chemical structure can improve the transfection efficiency
and reduce cytotoxicity [24-26]. For example, GSH-responsive silica
nanocapsules could enhance the CRISPR therapeutic effects [27].
GSH-responsive silica nanoparticles showed outstanding performances
in miRNA delivery for treating multidrug-resistant cancers [28].
GSH-responsive nanogels have been reported for efficient combination
cancer therapy [29].

In this work, a reduction-responsive polyhydroxy cationic gene
nanocarrier (TC) was synthesized by a one-pot method (Scheme 1). By a
facile synthesis method, nanoparticles with high transfection efficiency
and responsiveness to tumor cells were fabricated to deliver miRNA for
osteosarcoma therapy. The responsive degradation performance of TC
was tested by agarose gel electrophoresis. Transfection assays were
performed in Saos-2 cells and MC3T3-E1 cells, and the reduction
responsiveness of TC was further reflected by comparing the transfection
efficiencies between the two cell lines. Furthermore, qQRT-PCR and in
vitro anti-tumor experiments were used to detect the transfection effi-
ciency of TC-mediated miR-22. Finally, the tumor growth inhibition
abilities of TC mediated miR-22 were evaluated in orthotopic OS animal
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Scheme 1. Schematic illustration of the preparation process of reduction-
responsive cationic polymer TC and its application for mediating miR-22 in
the treatment of osteosarcoma.

models, patient-derived xenograft (PDX) models and drug-resistant PDX
models, especially when combined with an anticancer drug, Volasertib.
This work provides a promising strategy of design and fabrication of
efficient gene delivery nanoplatforms for osteosarcoma therapy.

2. Results and discussion
2.1. Physical, chemical and biophysical properties

The synthesis process and biologic application of TC was shown in
Scheme 1, and the detailed synthetic route of TC and TH (a control group
without disulfide bonds) are shown in Fig. S1of the Supporting Infor-
mation. Firstly, TC or TH was prepared via a one-pot epoxy ring-opening
reaction of 1,3,5-triglycidyl isocyanurate (TGIC) with cystamine (CA) or
1,6-hexanediamine (HMDA), respectively. Excessive ethylenediamine
(ED) was added at the end of the reaction to consume the residual epoxy
groups. Typical 1H NMR spectra confirmed the successful synthesis of
TC and TH (Fig. S2, Supporting Information). The results of element
analysis of TC and TH demonstrated the introduction of sulfur into TC
(Table S1, Supporting Information). TH was a soluble polymer, and its
molecular weights and polydispersity indexes (PDI) of TH were
measured by GPC (Table S2 of Supporting Information). The
morphology of TC in the aqueous solution was observed as spherical
nanoparticles with a diameter of about 150 nm (Fig. 1a). To investigate
the formation of TC nanoparticles, the morphology of TC before dialysis
was observed (Fig. S3, Supporting Information). The TEM image showed
that the nanoparticle morphology was formed after the reaction of TGIC
and CA in DMSO. Therefore, TC nanoparticles might be formed by
crosslinking of the rearrangement reaction of disulfide bonds [30,31].

The complexing abilities of TC and TH with nucleic acids were
assessed by agarose gel electrophoresis. Both TC and TH could effi-
ciently complex with miRNA at the weight ratio of 1.5 and above
(Fig. 1b). Additionally, TC and TH could also condense DNA. As shown
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Fig. 1. a) TEM images of TC, TC/miRNA and TH/miRNA complexes and their
responsiveness to reduction; b) electrophoretic mobility retardation assay of
TC/miRNA and TH/miRNA complexes before and after reduction at various
weight ratios; c) particle sizes and zeta potentials of TC/miRNA and TH/miRNA
at different mass ratios; d) particle size and zeta-potential of TC and TC + DTT;
e) GSH contents in Saos-2 cells compared with MC3T3-E1 cells. Each bar rep-
resents the mean + SD of three independent observations. (*p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001).

in Fig. S4a, they complexed with pDNA within the weight ratios of 0.5-1
(Fig. S4a, Supporting Information). Then, the particle sizes and zeta
potentials of TC/miRNA and TH/miRNA complexes at various weight
ratios were measured (Fig. 1c¢). With the increase of weight ratio, miR-
NAs were more tightly condensed by polymers, leading to smaller par-
ticle sizes. The particle sizes of all complexes were around 200 nm,
which facilitated endocytosis [26,32]. Zeta potentials represent the
surface charges of complexes. Compared with pristine TC, TC/miRNA
complexes showed lower zeta potentials due to the introduction of
negatively charged miRNA. With the increase of weight ratio, the
number of cationic polymers in the complexes increased, resulting in
increased Zeta potentials. The positively charged complexes contributed
to the affinity for negatively charged cell membranes. As for the particle
sizes and zeta potentials of TC/pDNA, it showed the same regular
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pattern as TC/miRNA (Fig. S4b, Supporting Information).

The introduction of disulfide bonds into the molecular structure of
TC was aimed at achieving responsiveness to the reductive environment
present inside tumor cells (as shown in Scheme 1). To investigate the
degradation behavior of TC in response to a reductive environment,
dithiothreitol (DTT) was used to simulate such an environment. Upon
adding DTT, the spherical shape of the TC nanoparticles was disrupted,
as seen in Fig. 1a. Additionally, TC/miR-22 complexes showed a looser
and smaller morphology upon treatment with DTT, while TH/miR-22
complexes were not affected. The responsiveness of TC was also
confirmed by the electrophoretic mobility retardation assay results,
which showed that the nucleic acid was released from TC/miR-22
complexes upon treatment with DTT, while TH/miR-22 complexes
were not affected (Fig. 1b). Furthermore, the particle size and zeta po-
tential of the TC nanoparticle were characterized by DLS (Dynamic light
scattering ) (Fig. 1d). The particle size of nanoparticle was about 300
nm, and the zeta potential was around 35 mV. After being reduced by
DTT, the particle size increased to approximately 550 nm and the zeta
potential reduced to approximately 5 mV. These results demonstrated
that the TC nanoparticles were successfully synthesized, which could
form complexes with miRNA and respond to the reductive environment
of the high concentration of GSH inside osteosarcoma cells (Fig. 1e).

2.2. Invitro cytotoxicity and transfection efficiency

Good biocompatibility is a necessary property for promising nucleic
acid carriers. Therefore, the cytotoxicities of TC/pDNA, TH/pDNA, TC/
miRNA and TH/miRNA complexes were evaluated at various weight
ratio in Saos-2 and MC3T3-E1 cells lines using the thiazolyl blue tetra-
zolium bromide (MTT) assay (Fig. S5a, Supporting Information).
Compared with the TH/NAs groups and the gold-standard of nonviral
gene carriers, branched PEI (25 kDa), at the same weight ratio and its
optimal transfection condition (N/P = 10), the cytotoxicity of TC/NAs
complexes were the lowest in both cell lines. However, the cytotoxicity
of TH/NAs was very high. The low cytotoxicity of TC may be due to the
effective degradation in cells [19,25]. In addition, the polymer has
plentiful hydroxyl groups, which can shield parts of excessive harmful
positive charges [33]. As for TH, the non-degradable long carbon chains
may damage the cell membrane and lead to cell death. Therefore, TC
was chosen for the following assays due to its good biocompatibility.

In vitro transfection performances were evaluated with a pRL-CMV
reporter plasmid (pDNA) in Saos-2 (osteosarcoma cell line) and
MC3T3-E1 (osteoblast cell line) cells. The optimal N/P ratio of PEl/
PDNA complexes was determined as 10 in both cell lines (Fig. S5b,
Supporting Information), which would be taken as a control group. The
transfection efficiencies of TC/pDNA complexes at various mass ratios
from 5 to 25 were examined (Fig. S5c, Supporting Information). The
results of transfection efficiency showed that the optimal weight ratio of
TC was 10 in Saos-2 cell line. Moreover, the transfection efficiency of TC
in Saos-2 cells was significantly higher than that in MC3T3-E1 cells,
while the transfection efficiencies of PEI in the two cell lines were
similar. This result is due to the higher GSH concentration in Saos-2 cells
(Fig. 1e), which could break disulfide bonds of TC efficiently and release
the loaded pDNA more rapidly.

High endocytosis efficiency is the basis of high-performance nucleic
acid delivery systems. The Saos-2 cell line was utilized to investigate the
phagocytosis of TC/miRNA complexes via CLSM and flow cytometry,
with the miRNA labeled with FAM and the TC labeled with Cy-5.5, and
the nuclei stained with DAPI. As demonstrated in Fig. 2, the fluorescence
intensity of the TC/miRNA (98.8%) group was significantly higher than
that of the miRNA group (1.96%), indicating that the TC/miRNA com-
plex is essential for successful gene therapy.

Based on the results obtained, TC demonstrated excellent reduction-
responsive degradability, increased gene transfection efficiency and
decreased cytotoxicity. Additionally, previous studies have demon-
strated that miR-22 can induce apoptosis and inhibit metastatic
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Fig. 2. Fluorescent images and their corresponding flow cytometry results of Saos-2 cells treated with miRNA and TC/miRNA complexes at the weight ratio of 10.

proliferation of OS cells [14]. Furthermore, Volasertib, a potent
cell-cycle kinase inhibitor, was also identified to target PLK1 [34-36],
leading to Polo arrest and apoptosis in addition to inhibiting the
PI3K/AKT pathway. Consequently, the combination of miR-34a with
Volasertib was proposed for enhanced Pancreatic cancer inhibition [37].
Apoptosis assays revealed an increased rate of Saos-2 cells apoptosis. At
72 h after transfection, the percentages of apoptotic Saos-2 cells treated
with  PBS, TC, TC/miR-NC, TC/miR-22, volasertib and
TC/miR-22/Volasertib were 0.016%, 4.39%, 5.38%, 8.89%, 9.24% and
24.8%, respectively (Fig. 3a).

According to the clonal formation assays, TC/miR-NC showed more
crystal violet aggregation compared with TC/miR-22, and the least ag-
gregation was observed in the TC/miR-22/Volasertib group, demon-
strating the best inhibitory effects on cell proliferation (Fig. 3b). The cell
migration ability of Saos-2 cells was evaluated by wound-healing assays.
The lowest percentage of cell migration was observed in the TC/miR-22/
Volasertib group (Fig. 3c). In addition, the quantitative results of cell
proliferation rate, apoptosis ratio and wound closure also revealed
reduced cell growth and migration in the TC/miR-22/Volasertib group
(Fig. 3d—f). These results demonstrated that TC/miR-22 complex with
Volasertib can efficiently inhibit osteosarcoma, which have promising
application for in vivo study.

2.3. In vivo antitumor performances

Since in vitro anti-tumor experiments had demonstrated promising
therapeutic potential, further in vivo experiments were conducted to
assess the anti-tumor efficacy of TC/miR-22 using an orthotopic tibia
osteosarcoma model that was constructed using Saos-2 cells. All animal
studies were conducted with approval from the Ethical Committee of
Jishuitan Hospital and complying with relevant regulations. The nude
mice with orthotopic tibia OS were randomly divided into five groups as
PBS (control), TC/miR-NC, TC/miR-22, Volasertib and TC/miR-22/
Volasertib. TC/miR-NC and TC/miR-22 were administered intra-
tumorally while Volasertib was injected intraperitoneally. Treatment
was administered every two days, and 8 days later the mice were
sacrificed by cervical dislocation for subsequent analyses (Fig. 4a).
Because the orthotopic OS had grown out of the bone marrow cavity of
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the mouse tibia, X-ray images were first taken to observe the tumor size
(Fig. S6a, Supporting Information). The X-ray results revealed that the
tumor volume was significantly smaller than the control and TC/miR-NC
groups after TC/miR-22 treatment. The combined treatment group, TC/
miR-22/Volasertib, showed the best response among all the groups,
which displayed the smallest tumor size.

Finally, the tumors of these mice were harvested, photographed, and
weighed (Fig. 4b—d). We observed that tumors in the control group and
the TC/miR-NC group were the largest in volume and heaviest in mass,
whereas tumor growth was suppressed in the TC/miR-22 group,
resulting in significantly reduced volumes and masses. It was noted that
the TC/miR-22/Volasertib group exhibited the most pronounced anti-
tumor effect, having the smallest tumor volume and mass. Calculation
of the tumor growth rate revealed that the combined administration of
TC/miR-22 and volasertib exerted a synergistic anti-tumor effect (S > 0)
[38,39]. Subsequently, the body weight changes of the mice were
monitored. During the treatment process, a slight decrease in the body
weight of mice in the Volasertib group was observed (Fig. S6b, Sup-
porting Information). On the contrary, no significant weight loss was
seen in other groups, indicating the good in vivo biocompatibility of TC.

Moreover, dissection of the experimental animals revealed that the
tumors in the mice had metastasized to the lungs in the control group
and the TC/miR-NC group. To confirm this result, tissue sections of the
tumors and lungs were analyzed with H&E staining (Fig. 4e). The results
of H&E staining showed that the nuclei of tumor cells in the control
group and the TC/miR-NC group were plump and the cell structure
intact. In contrast, the nuclei of tumor cells in the other three groups
were shrunken. The cell morphology was altered, and the cell structure
was disrupted, which exhibited obvious morphology of apoptosis.
Moreover, the combination of TC/miR-22 and volasertib caused the
highest degree of tumor cell damage. Notably, both the control group
and the TC/miR-NC group developed tumor lung metastasis, whereas
none of the treatment groups did, indicating that TC/miR-22 and Vol-
asertib could not only inhibit tumor growth, but also effectively suppress
tumor lung metastasis. Furthermore, H&E staining was performed on
the major organs of the experimental animals, including heart, liver,
spleen, lung, and kidney (Fig. S7, Supporting Information). The results
showed that the organs were remained normal, which indicated the
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good in vivo biocompatibility. By these results of anti-tumor study in an
orthotopic tibia osteosarcoma model, it was confirmed that TC could
deliver miR-22 into osteosarcoma cell in vivo, exhibit outstanding anti-
tumor efficacy along with Volasertib, and suppress tumor lung
metastasis.

Due to the good in vivo anti-tumor effect in the orthotopic tibia os-
teosarcoma model, the therapeutic performances of TC/miR-22/
Volasertib was further explored in a PDX model. The PDX samples
were collected from two OS patients. This study was conducted with
approval from the Ethical Committee of Jishuitan Hospital (Grant No.

381

K2022-117-00). Because the TC/miR-22/Volasertib group achieved the
best therapeutic effect in the orthotopic model, only the control group
and the TC/miR-22/Volasertib group were set in the animal experiment
of PDX model according to the principle of saving animals. The detailed
description of PDX models is listed as follows:

PDX 1: Firstly, the P6 generation PDX 1 mouse model was con-
structed by using the biopsy sample from Patient 1 (Fig. 5a). Eight mice
were randomly divided into 2 groups: the control group (TC/miR-NC)
and the combined treatment group (TC/miR-22/Volasertib). The control
group received intratumoral injection of TC/miR-NC (containing 16.5
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volumes with time of PDX 1; e) schematic illustration of the treatment process of drug-resistant PDX 2-2 model mice; f) tumor images of PDX 2-2; g) average tumor

weight of PDX 2-2; h) tumor volumes with time of PDX 2-2. Each bar represents the mean =+ SD of three independent observations. (*p < 0.05, **p < 0.01,

0.001, and ****p < 0.0001).

pg miRNA) and intraperitoneal injection of 100 pL volasertib solvent
(12.5 mg/kg). The combined treatment group received intratumoral
injection of TC/miR-22 (containing 16.5 pg miRNA) and intraperitoneal
injection of 100 pL volasertib solution (12.5 mg/kg). The administration
was given every three days, and the mice were sacrificed on the 9th day
for subsequent analysis. After 9 days of treatment, the tumor volume and
mass of the mice in the TC/miR-22/Volasertib group were significantly
smaller than those in the control group (Fig. 5b—d). There was no sig-
nificant change in the body weight during the treatment process
(Fig. S6¢, Supporting Information).

PDX 2-1: Combination therapy (TC/miR-22/Volasertib) achieved
favorable results in the PDX 1 model, which was established using pa-
tient biopsy samples. To further explore the therapeutic effect of this
treatment on drug-resistant samples, a PDX 2-1 model was established
using the amputated samples of tumor recurrence (chemotherapy drug-
resistant samples) from Patient 2 (Fig. S8, Supporting Information).
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Twelve mice were randomly divided into the control group (TC/miR-
NC) and the combined treatment group (TC/miR-22/Volasertib), and
the injection method and dose were the same as PDX 1. After 9 days of
treatment, the tumors in the combined treatment group were smaller
than those in the control group. However, there is no statistical differ-
ence between the two groups.

PDX 2-2: To explore how to improve the efficacy on chemoresistant
OS, the drug resistance PDX model (PDX 2-2) was established by using
the specimens from Patient 2. While keeping the drug injection dose
unchanged, the dosage of miR-22 was doubled, and the treatment time
was prolonged (Fig. 5e). Twelve mice were randomly divided into two
groups. The control group was injected with TC/miR-NC (including 33
pg miRNA), intraperitoneal injection of 100 pL solvent of Volasertib. In
the combined treatment group, TC/miR-22 (including 33 pg miRNA)
was injected into the tumor, and 100 pL of volasertib solution (12.5 mg/
kg) was injected intraperitoneally. Injections were performed for 5
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times, and the experimental animals were dissected on 18th day. After
increasing the injection dose of TC/miR-22 and prolonging the treat-
ment time, we found that the tumor growth in the combined treatment
group stagnated. The tumor volume and weight tended to decrease in
the treatment (Fig. 5h and g), while the weight of the mice did not
fluctuate greatly (Fig. S6d, Supporting Information). These results show
that increasing the dosage of miRNA can not only inhibit the growth of
drug-resistant tumors, but also have no obvious cytotoxicity, which
provides a new idea to overcome the problem of chemoresistance. Based
on the results of PDX model, the in vivo anti-tumor efficacy was further
demonstrated, especially against chemoresistant OS.

2.4. Mechanism study: regulation of p-AKT with TC/miR-22

The antitumor effects of TC/miR-22 were demonstrated both in vivo
and in vitro, and its antitumor mechanism requires further exploration.
To investigate this, OS tissues and adjacent tissues (normal tissues) from
12 clinical OS patients were collected, and then the relative contents of
different miRNAs were analyzed by miRNA chips. As depicted in Fig. 6a,
miR-22 exhibited higher expression in normal tissues compared to OS
tissues, suggesting that down-regulation of miR-22 expression may be
involved in the occurrence and progression of OS. Therefore, miR-22
delivery holds promise as a potential treatment strategy for OS.

The expression of miRNA was further analyzed using volcano plots
using the fold change (the expression of miRNA in tumor tissues divided
by the expression in normal tissues and then taking the logarithm with
the base 2) as the abscissa and -Log 10 P value (P value is the significant
difference value of miRNA expression in two kinds of tissues ((Fig. 6b).
The results revealed that miR-22 had the smallest P value, indicating
that the content of miR-22 in OS tissues and normal tissues had the most
significant difference. Since miR-22 was most strongly down-regulated
in OS tissues, it might have high therapeutic efficacy. To further verify
this, tumor tissues and normal tissues of 25 OS patients were collected,
and the content of miR-22 was detected after RNA extraction (Fig. 6¢).
The PCR results showed that the content of miR-22 in OS tissues of 25
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patients was significantly lower than that in normal tissues, providing
further evidence that miR-22 is a promising OS suppressor nucleic acid.

Based on the different expression levels of miR-22 between normal
and OS tissues, the acting mechanism of TC/miR-22 was investigated.
Firstly, we transfected mir22 into Saos-2 cells to overexpress it (Fig. 6d).
Then, the regulation of phosphorylation of AKT protein by TC/miR-22 in
the PI3K/AKT pathway in Saos-2 cells was analyzed using Western blot
(Fig. 6e). The results showed that the total AKT content did not change
significantly in each group after 48 h of transfection. However,
compared with the TC/miR-NC group, the amount of p-AKT decreased in
the TC/miR-22 group, and the p-AKT content of the Volasertib group
and the combined treatment group also decreased significantly. These
findings suggest that both TC/miR-22 and volasertib could effectively
inhibit the phosphorylation of AKT to affect the PI3K/AKT pathway.
Activated AKT can enhance cell proliferation and resist apoptosis by
phosphorylating downstream factors, such as various enzymes, kinases
and transcription factors [40-43]. Therefore, inhibition of the activation
of AKT by TC/miR-22/Volasertib could suppress proliferation and pro-
mote cell apoptosis of osteosarcoma cells.

3. Conclusion

In this work, a disulfide bond-based polymeric nanoparticles (TC)
was successfully prepared via one-pot ring-opening reactions as a
biocompatible and effective miR-22 delivery system for the treatment of
osteosarcoma. Due to its reduction-responsive degradability, TC
possessed low cytotoxicity and demonstrated good transfection perfor-
mances in osteosarcoma cells. Furthermore, TC-mediated delivery of
miR-22 therapeutic system successfully induced apoptosis of OS cells
and inhibited their proliferation and migration by inhibiting the PI3K/
AKT pathway. In vivo experiments of orthotopic osteosarcoma models
and PDX models further demonstrated that the TC-mediated delivery of
miR-22 along with Volasertib not only inhibited tumor growth, but also
reduced the risk of lung metastasis. Moreover, TC/miR-22/Volasertib
also overcame the problem of chemotherapy resistance in PDX models
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Fig. 6. a) Heatmaps showing the contents of 20 kind of miRNAs in tumor tissues in comparison with normal tissues of 12 patients with osteosarcoma (high
expression was presented as red while low expression was blue); b) volcano plot showing the fold change and significant difference values of different genes in tumor
tissues comprised with normal tissues; c) relative expression of miR-22 in 25 patients’ tumor tissues in comparison with normal tissues; d) relative miR-22 expression
of Saos-2 cells transfected with TC/miRNA complexes at the weight ratio of 10; e) relative p-AKT protein expression of Saos-2 cells after treatment with different
groups. Each bar represents the mean + SD of three independent observations. (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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of osteosarcoma. This work provides a promising strategy in the field of
gene therapy for osteosarcoma.

4. Experimental section

The detailed experimental methods were described in Supporting
Information.
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