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ARTICLE INFO ABSTRACT

Keywords: Background: Osteosarcoma (OS) is a primary malignant tumor of the bone that occurs in adolescents and is
Osteosarcoma characterized by a young age at onset, high malignancy, high rate of metastasis, and poor prognosis. However,
KIF4A the factors influencing disease progression and prognosis remain unclear.

ifi;s_(igl:s Methods: In this study, we aimed to investigate the role of chondrocyte-derived exosomal miR-195 in OS. We used
Chondrocytes normal human chondrocytes to form miR-195-carrying exosomes to deliver miR-195 into OS cells. Xenograft

tumor experiments were performed in mice intratumorally injected with exosomal miR-195. We found that
kinesin superfamily protein 4A (KIF4A) promoted OS tumor progression and anti-apoptotic.

Resules: We demonstrated that miR-195 inhibited the expression of KIF4A by directly targeting its 3’-untranslated
region. Moreover, we observed that exosomal miR-195 successfully inhibited OS cell tumor growth and anti-
apoptotic in vitro and suppressed tumor growth in vivo.

Conclusion: Collectively, these results demonstrate that normal human chondrocyte-derived exosomal miR-195
can be internalized by OS cells and inhibit tumor growth and antiapoptotic by targeting KIF4A, providing a

Anti-apoptotic

new direction for clarifying the molecular mechanism underlying OS development.

Introduction

Osteosarcoma (OS) is a malignant tumor of mesenchymal tissue
origin, characterized by malignant spindle cells that produce abnormal
osteoid tissue [1]. The most common clinical symptoms include pain and
localized masses, and the rates of clinical misdiagnosis and missed
diagnosis are relatively high. Approximately 30% of patients have poor
prognosis and may develop lung metastases within one year [2]. How-
ever, the etiology of OS is not fully understood, and the mechanism of
abnormal cell proliferation remains unclear. The kinesin superfamily is a
class of conserved microtubule-dependent molecular motor proteins
with adenosine triphosphatase (ATPase) activity and motor properties
[3]. Studies have shown that abnormal expression of kinesin super-
family proteins (KIFs) is related to the development and progression of
various human cancers [4,5]. Among these, KIF2A,KIF18B, KIF26B
expression correlates with tumorigenicity and poor OS prognosis [5-7].
KIF4A expression has been found to be significantly up-regulated in
multiple tumor tissues, and high expression of KIF4A in cancers is

* Correspondences:

reported to promote tumor progression and metastasis [8-11]. More-
over, Huang et al found that KIF4A enhanced cell proliferation via
activation of AKT/Bax/Bcl-2 signaling axis and predicted a poor prog-
nosis in hepatocellular carcinoma [11]. In this study, we found that
KIF4A expression was up-regulated in OS tissues compared to that in
normal bone tissues and that high KIF4A expression predicted adverse
prognosis and drug resistance in OS by bioinformatics analysis. More
importantly, we demonstrated that KIF4A promoted OS cells growth and
inhibited cell apoptosis through AKT activation in vivo and in vitro.
Exosomes, a broadly investigated subgroup of extracellular vesicles,
have a cup-shaped appearance when observed using electron micro-
scopy with diameters ranging from 50 nm to 150 nm [12]. Accumulating
evidence indicates that exosomes are important mediators of cell
communication with several regulatory roles in various cellular func-
tions, including proliferation, metastasis, apoptosis, and drug resistance.
MicroRNAs (miRNAs) are important non-coding RNAs that are packaged
in exosomes and are widely involved in the regulation of cellular func-
tions by post-transcriptionally regulating target gene expression [13].
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When cells become cancerous, exosomal miRNA secretion disorders
cause aberrant expression of oncogenes and tumor suppressor genes
[14]. The results of relevant studies showed that exosomal miRNAs can
enhance OS development by targeting cancer suppressor genes or
affecting the tumor microenvironment [15,16]. By contrast, a study has
shown that a bone marrow mesenchymal stem cell-derived exosomal
miRNA inhibits OS progression by targeting TRA2B [17]. However,
knowledge regarding the effect of normal human chondrocyte-derived
exosomal miRNAs on OS cells remains limited.

Chondrocytes synthesize and secrete the extracellular matrix, cyto-
kines, and fibers required for cartilage development. Moreover,
abnormal secretion of cytokines by chondrocytes is directly linked to
inflammation and cell carcinogenesis [18]. Research has shown that
chondrocyte exosomes mediate osteoarthritis progression by regulating
mitochondrion and immune reactivity [19] and miRNAs can also
regulate chondrocyte development [20]. Zhang et al. obtained exosomes
carrying miR-206 by transfecting miR-206 mimic into BMSC cells, and
then observed the therapeutic effect of exosomes on osteosarcoma in
vitro and in vivo [17]. Moreover, Liang et al. conformed that
Chondrocyte-exosomes also deliver miR-140 to deep cartilage regions
through the dense mesochondrium, inhibit cartilage-degrading pro-
teases, and alleviate OA progression in a rat model [21]. In this study,
we aimed to investigate the role of chondrocyte-derived exosomal
miR-195 in OS. We used the secretory capacity of chondrocytes in an in
vitro model to produce exosomal miRNAs with oncogenic effects.
Furthermore, we illustrated the molecular mechanisms underlying the
progression of OS by exosomal miRNA. Our findings demonstrated that
normal human chondrocyte-derived exosomal miR-195 inhibited OS
cell proliferation and reduced tolerance to chemotherapeutic drugs by
targeting KIF4A.

Methods
Materials

McCOY’s 5A Medium, Roswell Park Memorial Institute (RPMI) 1640
medium, fetal bovine serum (FBS), trypsin, cisplatin, KIF4A shRNA, and
DAPI were purchased from Sigma-Aldrich (St. Louis, MO, USA). miR-
26b, miR-126, miR-195, miR-223, miR-671-5p, and miR-negative con-
trol (NC) mimics (Table S1) and primers were synthesized at Gene-
Pharma (Shanghai, China). Antibodies against KIF4A, AKT, p-AKT, Bcl-
2, Bax, CD63, and CD81 were purchased from Abcam, whereas the
p-tubulin antibody was purchased from MULTISCIENCES (Hangzhou,
China). The RNA extraction kit was purchased from Invitrogen (CA,
USA) and the cDNA Reverse Transcription and SYBR PrimeScript RT Kits
were obtained from Takara Bio Inc. (Tokyo, Japan). The Annexin V/
FITC and Annexin V-APC/7-AAD apoptosis kits were purchased from
MULTISCIENCES (Hangzhou, China), while the PKH26 Red Fluorescent
Cell Linker Kit was obtained from Sigma-Aldrich.

Methods
Cell culture and transfection

Human OS (U20S and MG-63), chondrocyte (CHON-001), and em-
bryonic kidney 293 (HEK293) cell lines were purchased from the
American Type Culture Collection. U20S and MG-63 cells were grown in
McCOY’s 5A medium and RPMI 1640 medium supplemented with 10%
FBS, respectively. CHON-001 and HEK293 cells were cultured in DMEM
supplemented with 10% FBS. To establish stable KIF4A-knockdown cell
lines, U20S and MG-63 cells were transfected with pLVX-puro-KIF4A.
Stable clones were selected using puromycin (200 ng/ml) for 4 weeks.
MG-63 cells were transiently transfected with hsa-miR-26b, hsa-miR-
126, hsa-miR-195, hsa-miR-223, hsa-miR-671-5p, or the miRNA mimic
NC using the Lipofectamine 3000 kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA).
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Western blotting

Total cellular protein expression was assessed using western blotting.
Briefly, U20S and MG-63 cells were rinsed twice with 1 x phosphate-
buffered saline (PBS), lysed using RIPA Lysis Buffer (Biyuntian Bio-
Technology Co., Ltd.) supplemented with Halt Protease Inhibitor
Cocktail and Halt Phosphatase Inhibitor Cocktail (Thermo Fisher Sci-
entific), and the protein concentration was determined using the BCA
method (Thermo Fisher Scientific). The membranes were scanned using
a Biorad ChemiDoc™ touch imaging system (BIO-RAD, Hercules, Cali-
fornia, USA).

Exosome purification from human chondrocytes

The differential ultracentrifugation method was used for exosome
extraction and purification from the chondrocyte culture supernatant as
follows: (a) the supernatant was centrifuged at 300 g for 15 min at 4°C
and supernatant A was collected; (b) supernatant A was centrifuged at
2,000 g for 30 min at 4°C, following which supernatant B was collected;
(c) finally, supernatant B was centrifuged at 10,000 g for 30 min at 4°C
and the supernatant was collected. The supernatant from this step was
centrifuged at 100,000 g at 4°C for 1 h, and the precipitate was retained
and resuspended in PBS, followed by centrifugation at 100,000 g for 1 h.
Subsequently, the exosomes were collected from the bottom of the tube
and resuspended in PBS. Exosomal protein levels were measured using a
BCA protein assay kit (Thermo Scientific). The purified exosomes were
fluorescently labeled using the PKH26 Red Fluorescent Cell Linker Kit
according to the manufacturer’s instructions.

Cell proliferation assay

Cell proliferation was evaluated using the Cell Counting Kit-8
(MULTISCIENCES, Hangzhou, China) according to the manufacturer’s
instructions. Briefly, 3 x 103 cells were seeded into 96-well plates for 96
h. The CCK-8 solution was added to each well and the cells were incu-
bated at 37°C for 4 h. Optical density (OD) values were measured at 450
nm using a microplate reader (DNM-9602G,PERLONG Co., Ltd., Beijing,
China.).

Cytotoxicity assay

MG63 and U20S cells were treated with different concentrations of
cisplatin (0, 1, 10, 25, 50, 100, 150, and 200 pM). The cell density was
adjusted to 2 x 10* cells/mL, and the cells were inoculated into 96-well
plates (200 pL of cell suspension/well). CCK-8 (10 pL) was added to each
well, and the OD 450 value was recorded 2 h later. The half maximal
inhibitory concentration (IC50) was determined as the concentration
that resulted in 50% cell growth reduction compared to that of untreated
cells.

Flow cytometry assay

Cell apoptosis was measured using the Annexin V/FITC and Annexin
V-APC/7-AAD apoptosis kits according to the manufacturer’s in-
structions. Briefly, cells were seeded in 60-mm dishes and incubated
overnight, followed by 10 pM cisplatin induction. After the indicated
treatment, cells were collected and stained with Annexin V-FITC or
Annexin V-APC for 15 min followed by 5 pL PI or 7-AAD staining for 5
min at 4°C. The samples were analyzed using a flow cytometer (Beck-
man-Counter Electronics, Brea, CA, USA).

gRT-PCR analysis
OS cells were transfected with the microRNA mimics for 48 h, and

total RNA was extracted using RNA extraction kits (Invitrogen) ac-
cording to the manufacturer’s instructions. Reverse transcription for
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Figure 1. Kinesin superfamily protein 4A (KIF4A) is highly expressed in osteosarcoma (OS).

(a) Volcano plot of mRNA differential expression in the control vs. GO-sorted OS cells (left) and in the control vs. doxorubicin (DOX)-treated OS cells (right). The blue
and red dots lying in the top sectors represent significantly down- and up-regulated mRNAs, respectively (p<0.05, log FC <-2 or >2). (b) Venn diagram of upre-
gulated genes between control vs. GO sorted cells and control vs. Dox treated cells. (c) For 360 up-regulated genes, protein-protein interaction (PPI) network analysis
was constructed by using the STRING database and Cytoscape. (d, €) KIF4A was significantly overexpressed in OS cancer samples compared to its expression in
normal bone cell samples. These date included 13 normal samples and 13 OS samples in GSE99671; 4 normal samples and 4 OS samples in GSE126209; 2 normal
samples and 262 OS samples in TCGA; (*p<0.05). Red and grey colors represent tumor and normal tissues, respectively. (f) The expression of KIF4A was related with
poor prognosis (overall survival [OS] (p=0.014, groups for KIF4A high expression n=214; groups for KIF4A low expression n=235), progression-free interval [PFI]
(p=0.0063, groups for KIF4A high expression n=172; groups for KIF4A low expression n=200), disease-free interval [DFI] (p=0.0031, groups for KIF4A high
expression n=108; groups for KIF4A low expression n=142), and disease-specific survival [DSS] (p=0.027, groups for KIF4A high expression n=211; groups for
KIF4A low expression n=230)) as demonstrated by analyzing OS clinical samples using the Sangerbox software. Red and blue colors represent high expression groups
and low expression groups, respectively. Data were obtained from TCGA database.

cDNA synthesis and qRT-PCR was performed using a SYBR PrimeScript
RT Kit following the manufacturer’s instructions. The primer sequences
used are listed in Table S2. QRT-PCR was performed using an ABI 7500
Real-Time PCR detection system (Thermo Fisher Scientific). At least
three independent experiments were performed per sample. Actin was
used as the internal reference, and the comparative cycle threshold
method (2—AACt) was used to analyze differences in each transcript
[22].

Transmission electron microscopy (TEM) analysis

The isolated exosomes were characterized using a transmission
electron microscope (JEOL Ltd, Akishima, Japan). The exosome (30 ul)
was dripped, laid flat on a 10-cm? parafilm, and capped with a copper

mesh for 5 min. Then, uranyl acetate (30 pl) was dripped on the paraf-
ilm, and the droplet was capped with a copper mesh for 5 min. The
copper mesh was rinsed several times in ultrapure water with
ophthalmic tweezers and examined under the transmission electron
microscope at 100 kV.

Nanoparticle tracking analysis (NTA)

The size and trajectory of particles were determined using NTA
(ZetaView, Particle Metrix Co., Ltd., Ammersee, Germany).

Colony formation assay

Colony formation was analyzed using a double-layer soft agar assay
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Figure 2. Kinesin superfamily protein 4A (KIF4A) regulates osteosarcoma (OS) cell proliferation and apoptosis in vitro and in vivo.

(a) qPCR demonstrating successful shRNA-mediated knockdown of KIF4A in U20S

and MG63 cells. (b) Western blotting demonstrating successful shRNA-mediated

knockdown of KIF4A in U20S and MG63 cells. (c) Proliferation of KIF4A-knockdown cells (shKIF4A-1, shKIF4A-2) were significantly lower than that of the control
cells (Vector) at 96 h (**p<0.01). (d) The number of clones of U20S and MG63 cells with KIF4A-knockdown were significantly fewer than that of the control group in

vitro (**p<0.01). (e, ) Significant apoptosis were detected in cisplatin (0.5 pM)

-treated U20S and MG63 cells(Vector vs. Vector+Cisplatin: ##p<0.01). KIF4A

knockdown enhanced cellular sensitivity to cisplatin (0.5 pM) -induced apoptosis in U20S and MG63 cells (Vector+Cisplatin vs shKIF4A+Cisplatin: **p<0.01). (g)
The expression levels of apoptosis-related proteins were measured by western blotting. Knockdown of KIF4A reduced phosphorylated AKT, BCL-2 expression and
increased Bax expression in vitro. (h) Nude mice were inoculated subcutaneously with MG63 cells (Groups: Vector, shKIF4A; 5 x 10° cells/animal; n=5; Time: 21
days) (i) Tumor growth curve showing that low expression of KIF4A inhibits tumor growth in vivo (**p<0.01). (j) Tumor weight measurements showing that the
xenograft tumor weight in the group with KIF4A-knockdown (shKIF4A) was lower than the control group (Vector) in vivo(**p<0.01).

in 24-well plates, as previously described [23]. After 2-3 weeks, 0.3 ml
P-iodonitrotetrazolium violet (1 mg/ml) was added to the top layer for
staining. Colonies with a diameter of >125 um were scored as positive.

Exosome uptake assay

The purified exosomes were fluorescently labeled using the PKH26
Red Fluorescent Cell Linker Kit. PKH26 dye solution (1:1000) was added
to 20 pg exosomes for 30 min, washed with PBS, then centrifuged at
100,000g for 80 min. Then, PKH26-labeled exosomes were added to
MG63 cells and cocultured for 48 h. Uptake of exosomes was observed
under a confocal fluorescence microscope.

Animal experiments

Female BALB/c nude mice (3-4-week-old) were purchased from
Beijing Charles River (Beijing, China). To examine the effect of KIF4A on
tumorigenesis, mice were injected with 5 x 108 exogenous KIF4A-

knockdown MG63 cells and vector control MG63 cells on the right flank.
In addition, MG63 cells (5 x 10° cells in PBS) were injected into the right
flank of nude mice to construct the xenograft model. When the volume
of tumors reached 80-130 mm?, the mice were randomly divided into
two groups. miR-NC-overexpressing CHON-001-derived exosomes
(EXO-NC) , and miR-195-overexpressing CHON-001-derived exosomes
(EXO-miR-195) were injected into tumor separately (20 pg in 100 pl
PBS). The injections were performed twice per week for two weeks.
After cell injection, tumor growth was measured using a Vernier caliper
every 3 days. At the end of the treatments, mice were sacrificed using
rapid cervical dislocation, and xenograft tumors were removed and
weighed. The tumor volume was calculated according the formula: V
(mm?) = length (mm) x width (mm)>3/2.

Luciferase activity assay

The pmirGLO dual-luciferase miRNA target expression vector
(Promega, USA) was used to assess miRNA activity by inserting the
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Figure 3. miR-195 inhibits the expression of kinesin superfamily protein 4A (KIF4A) in osteosarcoma (OS) cells by targeting the KIF4A 3’ untranslated region (UTR).
(a) Analysis of the Gene Expression Omnibus (GEO) database-derived dataset GSE28425. Bar charts showed that the miR-195 expression level was significantly lower
in OS tissue (n=4) than in normal tissue (n=17) (p<0.01). (b) The targeted binding effect between the KIF4A 3’ untranslated region (UTR) and miRNAs determined
using a luciferase assay in HEK293 cells (Black columns represent the luciferase activity co-transfected with PGL-3 basic; Red columns represent the luciferase activity
co-transfected with KIF4A 3'UTR, **p<0.01). (c) The inhibitory effect of miRNAs on KIF4A detected using qPCR in MG63 cells. miR-195 mimic inhibited the
expression level of KIF4A in MG63 cells (**p<0.01). (d) The inhibitory effect of miRNAs on KIF4A detected using western blotting in MG63 cells. (e) Luciferase dose-
dependent assay showing significant binding of miR-195 to the 3'UTR region of KIF4A in HEK293 cells (Black columns represent the luciferase activity co-transfected
with PGL-3 basic; Red columns represent the luciferase activity co-transfected with KIF4A 3'UTR, **p<0.01). (f) gPCR dose-dependent assay showing that miR-195
inhibited the expression of KIF4A in MG63 cells (**p<0.01). (g) western blotting dose-dependent assay showing that miR-195 inhibited the expression of KIF4A in
MG63 cells. (h) Potential binding sites between miR-195 and KIF4A were predicted with miRNA target prediction software including BiBiServ, MIRDB, and DIANA..
(i) The effect of miR-195 point mutations on KIF4A binding determined using a luciferase assay in HEK293 cells (**p<0.01). (j) The effect of miR-195 point mutations
on KIF4A binding detected using qPCR in MG63 cells. (k) The effect of miR-195 point mutations on KIF4A binding detected using western blotting in MG63 cells.

putative miRNA target site 3’untranslated region (UTR) of the firefly tools were used: UALCAN (http://ualcan.path.uab.edu/), Gene Expres-

luciferase gene. HEK293 cells were seeded into 24-well culture plates at
a density of 2 x 10° cells/well in DMEM containing 10% FBS and
incubated overnight. Cells were co-transfected with the dual-luciferase
reporter constructs and corresponding miRNA mimics or NC using the
Lipofectamine 3000 transfection reagent. After transfection for 36 h,
luciferase activity assays were performed using a dual-luciferase re-
porter system, according to the manufacturer’s protocol [23]. All ex-
periments were independently conducted three times in triplicate.

Bioinformatics web tools

Differentially expressed genes (DEGs) were identified using the
GSE94805, GSE28425, and GSE30934 datasets (https://www.ncbi.nlm.
nih.gov/geo/). A protein—protein interaction (PPI) network was con-
structed using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING)(http://string-db.org/). Furthermore, the following

sion Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.
cn/detail.php), SangerBox (http://www.sangerbox.com/), Cytoscape
(https://cytoscape.org/), ONCOMINE (https://www.oncomine.org/res
ource/login.html), TargetScan (http://www.targetscan.org/vert 72/),
MIRDB (http://www.mirdb.org/cgi-bin/search.cgi), and BiBiServ (https
://bibiserv.cebitec.uni-bielefeld.de/index.html), DIANA TOOLS (htt
p://diana.imis.athena-innovation.gr/DianaTools/index.php).

Statistical analyses

Statistical analyses were performed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA) and IBM SPSS Statistics for
Windows (version 23.0; IBM Corp., Armonk, NY, USA). Data are
expressed as the meantstandard deviation. The F-test was used to
analyze the homogeneity of variance among quantitative data groups,
the Student’s t-test and non-parametric test were used to compare the
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Figure 4. Chondrocyte-derived exosomal miR-195 is internalized by OS cells.
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(a) The expression of miR195 in chondrocytes after transfection detected using qPCR. The expression of miR-195 was significantly high in chondrocytes (**p<0.01).
(b) The level of KIF4A in chondrocytes after transfection detected using western blotting. (c) The morphology of exosomes showed a bowl-shaped bilayer membrane
structure using transmission electron microscopy.(d) Size distribution of exosomes measured using nanoparticle tracking analysis. (e) Exosome marker proteins
CD63, CD81, and Calnexin detected using western blotting. (f) The expression of miR195 in exosomes detected using qPCR. (g) Confocal microscopy images showing
that exosomal miR-195 is internalized by MG63cells (PKH26 marked exsomes in red and DAPI marked nucleus in blue, magnification 600 x ). (h) The level of miR-
195 detected in U20S and MG63 cells using qPCR. (i, j) The mRNA and protein levels of miR-195 detected in U20S and MG63 cells using qPCR and western blotting.

*p<0.05 and **p<0.01.

data between groups, and a p-value of <0.05 was considered statistically
significant.

Results
KIF4A is highly expressed in OS and associated with poor prognosis

According to the GSE94805 dataset (https://www.ncbi.nlm.nih.
gov/geo/), 614 and 1,105 upregulated DEGs were identified in the
control group (cells undergoing normal mitosis, n=4) vs. doxorubicin
(DOX)-treated OS group (cells entering senescence after DOX treatment,
n=4) and in the control vs. GO-sorted OS group (cells in the GO phase,
n=4), respectively, (Figure 1a). We considered the biological processes
involved in the up-regulated genes in normal OS cells were strongly
related to cell proliferation, mitosis, apoptosis. So, the above 614 genes
upregulated in control vs. Dox treated group were compared with the
above 1,105 genes upregulated in control vs. GO sorted group, and we
found there were 360 common genes. (Figure 1b). Then, the PPI network
corresponding to the 360 intersecting DEGs was analyzed using Cyto-
scape, and analysis revealed 113 upregulated core genes in the network

(Figure 1c). It is of great significance to understand the working prin-
ciple of proteins in biological systems, the reaction mechanism of bio-
logical signals and energy metabolism under special physiological states
such as diseases, and the functional relationship between proteins. As a
next step, we verified the expression of these genes in clinical samples by
using GEPIA and GEO analysis, and kaplan-meier software was used to
analyze the relationship between their expression and prognostic overall
survival (OS). Overall, a total of 13 genes(AURKA, AURKB, BIRC5,
CCNA2, MCM4, CDCAS8, CENPA, EXO1, KIF4A, KIF15A, MYBL2,
NCAPH, PLK1) met the criteria and will be further investigated. We
further conformed the expression of 13 genes in the clinical samples
(GSE99671; GSE126209; TCGA) by bioinformatics analysis. We also
evaluated the prognostic value of 13 genes in osteosarcoma by using the
SangerBox, including overall survival (OS), disease-specific survival
(DSS), disease-free interval (DFI), and progression-free interval (PFI).
The results showed that KIF4A is up-regulated in OS samples (Figure 1d,
le), and that high levels of KIF4A predict a poor prognosis in patients
with OS (Figure 1f, Sla, S1b). Furthermore, by analyzing the online
database ONCOMINE, we showed that high-KIF4A expression is asso-
ciated with chemotherapy resistance (Figure Slc). We also detected
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Figure 5. Chondrocyte-derived exosomal miR-195 inhibits osteosarcoma (OS) cell proliferation and promotes OS cell apoptosis in vitro and in vivo.

(a) Proliferation of exosome treated cells (EXO-miR195) were significantly lower than that of the control cells (EXO-NC) at 96 h (**p<0.01). (b) The number of clones
of U20S and MG63 cells with exosome treated (EXO-miR195) were significantly fewer than that of the control group (EXO-NC) in vitro (**p<0.01). (c, d) Cell
apoptosis detected using flow cytometry. Significant apoptosis were detected in cisplatin (0.5 uM) -treated U20S and MG63 cells (EXO- NC vs. EXO-NC-+Cisplatin:
##p<0.01). The treatment of exosomal miR-195 enhanced cellular sensitivity to cisplatin (0.5 uM) -induced apoptosis in U20S and MG63 cells (EXO-NC+Cisplatin vs
EXO-miR195-+Cisplatin: **p<0.01). (e) Treatment of exosomal miR-195 reduced KIF4A, phosphorylated AKT, BCL-2 expression and increased Bax expression in
vitro. (f) Nude mice were inoculated subcutaneously with MG63 cells (5 x 10° cells/animal). The two groups were treated with intratumoral injection of EXO-
miR195 or EXO-NC (20 pg per treatment, twice per week and continued for 2 weeks.). Tumor growth curve showing that chondrocyte-derived exosomal miR-
195 inhibits tumor growth in vivo (**p<0.01). (g) Tumor weight measurements showing that the xenograft tumor weight in the group with chondrocyte-derived
exosomal miR-195 treated (EXO-miR195) was lower than the control group (EXO-NC) in vivo (**p<0.01).

KIF4A protein and mRNA levels in normal chondrocyte (CHON-001)
and OS (Saos-2, U20S, MG63) cell lines, western blotting results
revealed KIF4A was high expressed in three OS cell lines (Figure S2a).
Likewise, qPCR indicated the similar result (Figure S2b).

KIF4A expression promotes cell proliferation and anti-apoptotic in vitro
and in vivo

To further characterize the role of KIF4A, we knocked down its
expression in two OS cell lines, MG63 and U20S, using shRNA trans-
fections (Figure 2a, 2b). We found that low expression of KIF4A
inhibited OS cell hyperproliferation and colony formation (Figure 2c,
2d). This finding demonstrates that KIF4A plays a critical role in regu-
lating OS cell malignant proliferation. In addition, we evaluated the
IC50 levels after cisplatin treatment using the CCK8 kit (Figure S2c) and
selected low doses of cisplatin (0.5 uM) to treat the different OS cell
groups. Flow cytometry results showed that compared with the vector
group, apoptosis was higher in the cisplatin group (p<0.01). However,
apoptosis in the shKIF4A groups following cisplatin treatment was more

pronounced than that in the groups treated with cisplatin alone. This
indicated that decreased KIF4A expression could remarkably enhance
OS cell sensitivity to cisplatin (Figure 2e, 2f). Furthermore, we detected
apoptosis-related proteins in OS cell lines using western blotting, and the
results showed that Bcl-2 and p-AKT expression was decreased in sShRNA
groups compared to that in the control group, and that Bax expression
was significantly higher in the shRNA group compared to that in the
control group (Figure 2g). Establishing an OS xenograft model contrib-
utes to evaluating the role of KIF4A in tumor formation and progression.
The in vivo experiments showed that the tumor growth rate was
significantly slower in the MG63-shKIF4A group than that in the MG63-
control group (p<0.01; Figure 2h, 2i). In addition, the tumor weight was
markedly lower in the MG63-shKIF4A group compared to that in the
MG63-control group (p<0.01; Figure 2j). These in vivo results suggest
that the maintenance of rapid tumor proliferation is an important
function of KIF4A. Furthermore, we detected apoptosis-related proteins
using western blotting in tumor samples (Vector group n=5; shKIF4A
group n=>5), and the results showed that Bcl2 and p-AKT expression was
decreased in shRNA groups compared to that in the control group, and
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that Bax expression was significantly higher in the shRNA group
compared to that in the control group (Figure S3a). These findings
indicated that KIF4A modulated OS cell proliferation and apoptosis by
regulating the AKT and Bcl-2/Bax pathways.

mir-195 inhibits the expression of KIF4A in OS cells by targeting the KIF4A
mRNA 3'UTR

By analyzing the NCBI GEO database-derived dataset GSE28425, we
found that the expression of miRNAs was significantly lower in OS cell
lines compared to that in normal bone cells (Figure 3a). The five miRNAs
identified (miR-26b, miR-126, miR-195, miR-223, and miR-671-5p),
which potentially bind to KIF4A, were predicted using Target Scan
Human, DIANA TOOLS, and BiBiServ2. We constructed a luciferase re-
porter plasmid containing the 3’'UTR of the KIF4A transcript (pGL3-
KIF4A-3’UTR). This plasmid (including the control plasmid), miRNA
mimics, and the Renilla luciferase plasmid were co-transfected into
HEK293 cells. The results showed that, relative to other miRNAs, only
the miR-195 mimic effectively inhibited luciferase activity (Figure 3b).
After transfection of the five miRNAs, the KIF4A mRNA and protein
expression levels were investigated using qRT-PCR and western blotting,
respectively. The results showed that miR-195 could inhibit the
expression of KIF4A in OS cells more effectively than the other miRNAs
(Figure 3c, 3d and Figure S4a, S4b). The pGL3-KIF4A-3’'UTR plasmid
(including the control plasmid) and different concentrations of the miR-
195 mimic (5 nM, 10 nM, and 20 nM) were co-transfected into HEK293
cells. The results showed that there was a dose-dependent decline in
luciferase activity with increasing doses of the miR-195 mimic
(Figure 3e). Next, we transfected OS cells with different concentrations
of the miR-195 mimic (5 nM, 10 nM, and 20 nM) and KIF4A mRNA and
protein expression levels were detected using qRT-PCR and western
blotting, respectively (Figure 3f, 3g and Figure S4c, S4d). The results
showed that there was a dose-dependent decline in the expression of
KIF4A with increasing doses of the miR-195 mimic. To further verify
KIF4A as a target of miR-195, we analyzed the miRNA binding sites
using the BiBiServ2 software (Figure S3b). We mutated three miR-195
seed sequences, and then again performed the luciferase, qRT-PCR,
and western blotting experiments (Figure 3h). Dual-luciferase reporter
assay results displayed significant reduction of luciferase activity in the
wild-type group (miR-195 mimic) and restored luciferase activity in the
mutant group (miR-195 mut mimic) (Figure 3i). The qRT-PCR results
revealed that KIF4A expression was significantly reduced in OS cells
transfected with the wild-type miR-195 and that its expression was
restored in the group transfected with the mutant miR-195 (Figure 3j
and Figure S4e), consistent with the western blotting results (Figure 3k
and Figure S4f). All the above observations unambiguously demon-
strated that miR-195 inhibits the expression of KIF4A in OS cells by
targeting the 3'UTR of KIF4A mRNA.

Normal human chondrocyte-derived exosomal miR-195 can be
internalized by osteosarcoma cells

It has recently become clear that exosome-mediated miRNA transfer
is an important strategy for cancer-targeting therapy. Therefore, we
cultured normal human chondrocytes (CHONOO1) and transfected them
with a miR-195 mimic. After 24 h of transfection, the cells were har-
vested for qRT-PCR and western blotting analyses. The results revealed
that the level of miR-195 was markedly increased in the transfected cells
(Figure 4a), whereas the expression of KIF4A was significantly reduced
(Figure 4b). Normal human chondrocyte-derived exosomes were
extracted using ultracentrifugation and identified using TEM (Figure 4c)
and NTA (Figure 4d). Normal human chondrocyte-derived exosomes
showed a distinct membrane structure with a diameter of approximately
100 nm. Moreover, the expression of exosome-specific markers CD63
and CD81, but not that of calnexin, was observed using western blotting
(Figure 4e). The qRT-PCR results revealed that the expression of miR-
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195 was significantly higher in the exosome group (transfected with
miR-195, EXO-miR-195) compared to that in the control group (trans-
fected with NC, EXO-NC) (Figure 4f). Confocal laser microscopy images
displayed the penetration of fluorescent PKH26-labeled exosomes into
U20S and MG63 cells after 24 h of co-culturing (Figure 4g). Further-
more, the level of miR-195 was markedly elevated in U20S and MG63
cells as detected using gRT-PCR after the exosome intervention
(Figure 4h). In addition, western blotting and qRT-PCR assays showed
that the exosome intervention noticeably decreased the expression
levels of both KIF4A mRNA (Figure 4i) and protein (Figure 4j) in U20S
and MG63 cells. Therefore, we established that normal human
chondrocyte-derived exosomal miR-195 could be internalized by OS
cells and downregulated the expression of KIF4A.

Normal human chondrocyte-derived exosomal miR-195 suppresses cell
proliferation and anti-apoptotic in vitro and vivo

To further investigate the functional role of miR-195 delivery via
normal human chondrocyte-derived exosomes in U20S and MG63 cells,
after 48 h of treatment with exosomes, OS cell hyperproliferation and
colony formation were assessed. These phenotypes were suppressed in
the EXO-miR-195 group compared to those in the EXO-NC group
(Figure 5a, 5b). By analyzing the Gene Expression Omnibus (GEO)
database-derived dataset GSE30934, OS patients with high miR-195
expression were found to be more drug-sensitive than those with low
miR-195 expression (Figure S3c). To validate this result, we used a low
dose of cisplatin (0.5 uM) in the EXO-NC and EXO-miR-195 groups. Flow
cytometry results suggested that OS cell apoptosis was remarkably
increased in the EXO-miR-195 group compared to that in the EXO-NC
group (Figure 5¢, 5d). Based on these data, we concluded that normal
human chondrocyte-derived exosomal miR-195 suppressed cell
proliferation and anti-apoptotic in OS cells. Furthermore, we detected
the expression of some proliferation and apoptosis-related proteins in
OS cell lines using western blotting. The results showed that KIF4A,
Bcl2, and p-AKT expression was decreased in the EXO-miR-195 group
compared to that in the EXO-NC group and that Bax expression was
significantly higher in the EXO-miR-195 group than in the EXO-NC
group (Figure 5e). An OS xenograft model was established to evaluate
the role of normal human chondrocyte-derived exosomal miR-195 in
tumor formation and progression. The results of the xenograft model
showed that the EXO-miR-195 group had a significantly lower tumor
growth rate than the EXO-NC group (Figure 5f), indicating that tumor
growth was suppressed. In addition, tumor weight was markedly lower
in the EXO-miR-195 group than in the EXO-NC group (Figure 5g). These
in vivo results suggested that normal human chondrocyte-derived exo-
somal miR-195 inhibited OS cell growth in vivo. Subsequently, we
detected the expression of some proliferation and apoptosis-related
proteins in tumor samples using western blotting. The results showed
that KIF4A, Bcl2, and p-AKT expression was decreased in the EXO-miR-
195 group (n=>5) compared to that in the EXO-NC group (n=5) and that
Bax expression was significantly higher in the EXO-miR-195 group than
in the EXO-NC group (Figure S3d). These findings indicate that human
chondrocyte-derived exosomal miR-195 modulates OS cell proliferation
and apoptosis via the regulation of the AKT and Bcl-2/Bax pathways.

Discussion

OS is the most common primary malignant tumor that develops in
the bone. Because of the limitations in diagnosis and treatment,
approximately 30% of patients are still prone to lung metastases with
poor prognosis and high mortality [24]. Currently, a combination of
surgery and chemotherapy is the primary means of treating OS [25].
However, the prognostic treatment outcome has not improved greatly in
recent years, and the emergence of resistance is an important contrib-
uting factor [26]. In this study, using bioinformatic analyses, we
demonstrated that the levels of KIF4A were higher in OS tissues than in
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Figure 6. A schematic drawing of chondrocyte-derived exosomal miR-195 entering osteosarcoma (OS) cells.
miR-195 is wrapped in chondrocyte-derived exosomes and then delivered to OS cells. In OS cells, highly expressed miR-195 inhibits OS cell proliferation and

promotes their apoptosis by inhibiting kinesin superfamily protein 4A (KIF4A)

normal tissues and that its high expression was also inversely associated
with patient OS, PFI, DFI, DSS, and drug resistance. Cell experiments
showed that KIF4A promotes cell proliferation and inhibits apoptosis by
regulating the apoptotic signaling pathways in vitro and in vivo. KIF4A
is an important member of the kinesin superfamily. KIFs play important
roles in various biological processes, such as mitosis, meiosis, membrane
transport, mRNA and protein transport, signal transduction, and
microtubule transport [3,27,28]. KIF2A and KIF18B have been reported
to act as oncogenes that promote OS cell growth and metastasis both in
vitro and in vivo [6,7]. These are particularly interesting findings, and at
least these genes can act as poor prognostic markers. Furthermore, their
conserved regions may be candidates for targeted gene therapies, such
as the miRNA approach.

It is established that miRNAs, found in different cells and body fluids,
such as blood, saliva and urine, are important genomic regulators of
mRNA expression [29]. Using bioinformatic analysis, we identified and
demonstrated that miR-195 regulates the expression of KIF4A in OS.
Therefore, we believe that this is of particular importance in the diag-
nosis of OS. Moreover, it provides new strategies for OS therapeutic
targets. Interestingly, miR-195 also functions as a tumor suppressor in
multiple cancer cell lines [30-32]. It is well known that miRNAs can
target multiple genes. In the present study, however, we focused mainly
on the tumor-suppressor function of miR-195. There are limited reports
on the negative impact of miR-195 on normal cell function. Therefore, in
the future, we aim to investigate functional changes in chondrocytes
after transfection with the miR-195 mimic. If there are no adverse effects
or if adverse effects are controllable, miR-195 can be used for local drug
administration after surgery to reduce OS recurrence. Furthermore, the
mechanisms underlying the function of miR-195 function in OS cells
need to be elucidated.

In recent years, scientists have demonstrated that exosomes play an
important role in tumor diagnosis and treatment [33]. An increasing
number of studies indicate that miRNAs packaged in exosomes establish
intercellular communication, in which exosomes transport and trans-
duce miRNAs into cancer cells, either in close proximity or distant from
the cells of exosome origin [34]. Therefore, researchers have attempted
to use exosomes as nanocarriers to accurately transfer miRNAs, siRNAs,
and even chemotherapy drugs into target cells [35,36]. For example,
exosomes derived from normal mesenchymal cells were designed to
carry oncogenic KRAS shRNA into pancreatic cancer cells. Treatment
with exosomes suppressed cancer in mouse models of pancreatic cancer
and significantly prolonged survival [37]. Another promising area for
exosomes is anti-cancer vaccine development, as exosomes can deliver
or present tumor-derived antigens. Exosomes isolated from the ascites of
patients with colon cancer were injected into patients as a vaccine and
showed safe, well-tolerated performance, and cytotoxic T-cell activation

[38]. In addition to their therapeutic use, exosomes have been employed
as biomarkers because their abnormal expression is closely associated
with cancer progression and metastasis [39]. Studies have shown that
the abnormal expression of miR-17-5p and miR-92a-3p in exosomes can
be used to predict the pathological staging and grading of colon cancer
[40]. We used normal human chondrocytes to secrete exosomal miR-195
to treat OS cells. Our results showed that normal human chondrocytes
could release sufficient amounts of exosomal miR-195 and that exoso-
mal miR-195 could efficiently enter OS cells. Finally, miR-195
completely inhibited the expression of KIF4A in OS cells and sup-
pressed cell proliferation and the anti-apoptotic effects of KIF4A by
regulating the apoptotic signaling pathways in vitro and in vivo. In this
study, we confirmed that exosomal miR-195 inhibited the level of
phosphorylation AKT and Bcl-2. Some studies have indicated phos-
phorylated AKT can promote the expression of Bcl-2 by binding to its
promoter region directly and Bcl-2 can suppresses apoptosis by inhib-
iting Ca?* signaling [41]. The O subfamily of FOX transcription factors,
including FOXO1, FOX03, FOX04 and FOXO06, are key downstream
transcription factors of the Akt pathway. The activated Akt inactivates
FoxO by inducing its translocation from the nucleus to the cytoplasm,
thereby blocking the expression of effector genes (Bim, p21, p27) for
anti-apoptotic effects [42]. Unphosphorylated BAD binds to and inhibits
the anti-apoptotic protein Bcl-xL, BCL-2, thereby promoting the release
of cytochrome C from mitochondria, activating apoptotic proteins and
triggering apoptosis. After BAD at the ser99 is phosphorylated by Akt,
BAD dissociates from mitochondria, thus inhibiting apoptosis [43]. The
ATP-binding cassette (ABC) protein family, including P-glycoprotein
(P-gp) and multidrug resistance-associated protein (MRP1), increase the
drug efflux, thereby reducing its accumulation in tumor cells, and Nath
et al. found that activation of Akt pathway induces drug resistance by
up-regulating MRP1 expression in pancreatic cancer cells [44]. Ac-
cording to the studies above, we think that exosomal miR-195 may in-
crease the drug sensitivity of OS cells by inhibiting the activity of AKT
signaling pathway and it is necessary to conduct further exploration on
the these signals in the future. In mouse studies, we selected intra-
tumoral injection of exosomal miR-195 over tail vein injection [45]. We
believe that this method can allow exosomal miR-195 to directly target
OS cells while decreasing the adverse effects on other cells. Naturally,
this may also contribute to other problems, such as frequent tumor
punctures that increase the risk of tumor cell metastasis. Further studies
considering these variables need to be undertaken. We will establish an
orthotopic OS model by directly implanting OS cells or tumor tissue into
the distal femur of mice, and the sample size needs to be expanded
further. In this way, we will treat models with medication alone, med-
ication+adjuvant exosomes, surgery, surgery+adjuvant exosomes and
puncture exosomes respectively. A comparison of the result will help us
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to assess accurately the effect of exosomes on the proliferation, metas-
tasis, drug sensitivity of OS cells in vivo.

Conclusions

This study demonstrated that normal human chondrocyte-derived
exosomal miR-195 was successfully transferred into OS cells and
inhibited cell proliferation and reduced tolerance to chemotherapeutic
drugs by targeting KIF4A (Figure 6), opening a new horizon for scientists
to investigate OS treatment strategies. However, more studies are
needed to elucidate the potential mechanism underlying OS develop-
ment and identify effective treatment options.
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