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ABSTRACT

Multidrug resistance (MDR) remains a critical bottleneck in successful treatment of osteosarcoma (OS).
Luteolin is a flavonoid compound that has been verified to increase the sensitivity to antineoplastic drugs
in many tumors. However, its roles in reversing MDR of OS and the potential underlying mechanisms
remain largely unknown. In this study, we demonstrated that luteolin enhances cellular chemosensitivity
to doxorubicin and cisplatin both in OS cells and xenograft models, and it could increase the miR-384
level and downregulate the PTN expression. Additionally, target analysis confirmed that miR-384 directly
modulates PTN expression, and subsequent mechanistic analysis verified that miR-384 could inhibit the
MDR of OS cells through suppressing the PTN/B-catenin/MDR1 signaling axis. Further analysis revealed
treatment of sensitive MG63 cells with luteolin effectively packaged miR-384 into secreted exosomes
and the exosomes could improve doxorubicin response in doxorubicin-resistant MG63/DOX cells. Our
study confirmed that luteolin exerts MDR reversal effect against OS cells by regulating PTN expression
via miR-384 and it may be a promising therapeutic agent for chemoresistant OS via its targeting of the
PTN/B-catenin/MDR1 axis.
© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

mechanisms underlying OS chemoresistance and identify novel
drugs to overcome MDR.

Osteosarcoma (OS), characterized by strong invasiveness and
rapid disease progression, is the most common primary bone
malignancy [1]. Although the past decades have witnessed more
therapeutic strategies including improved surgical techniques,
multi-agent chemotherapy and target therapy, the OS prognosis
remains unsatisfactory, especially in patients with metastatic or
recurrent tumors. Among all the causes of failure in OS treatment,
multi-drug resistance (MDR) is a key factor that limits the thera-
peutic efficacy. Thus, there is an urgent need to elucidate the
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Since traditional Chinese herbal extract becomes one of the
research hotspots nowadays, novel bioactive components with
natural origins may be promising candidates for cancer therapy.
Luteolin (3,4,5,7-tetrahydroxyflavone) is a dietary flavonoid com-
pound extracted from several traditional Chinese medicines such
as radix scutellariae, platycodon grandiflorum, dandelion, lonicera
japonica, et al. Numerous studies have demonstrated that luteolin
possesses many beneficial pharmacological properties including
anticancer, antioxidant, antibacterial and anti-inflammatory
effects, etc [2]. In traditional Chinese medicine, plants rich in lute-
olin have been used for the treatment of inflammatory diseases,
hypertension, and tumors [3,4]. Luteolin has been reported to pos-
sess many antitumor properties including anti-proliferation,
chemosensitizion, and radiosensitization in a variety of tumors,
which has attracted increasing interest [5-9]. As for chemoresis-
tance, luteolin has been suggested to potentiate the sensitivity of
ovarian cancer, colorectal cancer, non-small cell lung cancer cells
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and esophageal cancer to chemotherapeutic drugs [8,10-14]. In
osteosarcoma, Wang et al. demonstrated luteolin could inhibit cell
proliferation and induce apoptosis of osteosarcoma effectively in a
dose-dependent manner [15]. Zhang et al. demonstrated that lute-
olin could induce autophagy and enhance doxorubicin-induced
autophagy through upregulating beclin1 in OS cells [16]. Neverthe-
less, no evidence of luteolin on the chemoresistance of osteosar-
coma has been reported.

Pleiotrophin (PTN) is a heparin-binding growth factor with var-
ious biological functions including cellular differentiation, prolifer-
ation, and metastasis. A meta-analysis concluded PTN expression
has been demonstrated to be associated with poor survival out-
comes in a variety of tumors [17]. In our previous study, we
demonstrated PTN promoted chemoresistance in OS cells by
upregulating P-glycoprotein (P-gp) through activating the ALK/
GSK3pB/p-catenin signaling pathway [18]. Additionally, our team
further demonstrated the role of PTN in modulating resistance to
doxorubicin in osteosarcoma [19]. As for the correlation between
luteolin and PTN, evidence from a xenograft model and cell-
based study verified that luteolin functions through regulating
the miR-384/PTN axis in colorectal cancer [20]. Thus, we wondered
whether luteolin could modulate the chemoresistance of osteosar-
coma through miR-384 and PTN. MicroRNAs (miRNAs, miRs) are a
class of endogenous short (~22 nucleotides) noncoding RNA mole-
cules that bind to the 3’-untranslated region (3’-UTR) of a target
gene. miRNAs play critical roles in many biological events includ-
ing cell differentiation, proliferation and apoptosis through post-
transcriptionally regulating the expression of downstream target
genes. Studies have suggested the involvement of miRNAs in the
antineoplastic effects induced by luteolin [21-23]. In osteosar-
coma, miR-384 overexpression was reported to inhibit invasion,
migration, viability and promote apoptosis of osteosarcoma cells
[24-26]. Nevertheless, the effect of miR-384 on the chemoresis-
tance of osteosarcoma is still elusive. So we were wondering
whether luteolin could influence the chemoresistance of OS
through miR-384 and PTN. In the present study, we performed a
series of functional assays to determine whether luteolin influ-
ences the chemoresistance of OS and explore the molecular mech-
anisms luteolin affects the cellular sensitivity.

2. Materials and methods
2.1. Cell culture and doxorubicin resistance induction

MG63 and U20S cells were purchased from the Chinese Acad-
emy of Sciences Cell Bank (Shanghai, China). Normal human osteo-
blast hFOB1.19 cell line was purchased from Procell Life Science &
Technology Co., Ltd (Wuhan, China). All tumor cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, South
Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Rockford, MD, USA) and 1% penicillin-streptomycin at
37 °C in a 5% CO, incubator. The hFOB1.19 cells were grown in
DMEM F12 nutrient mixture (DMEM/F12, Procell) supplemented
with 0.3 mg/ml geneticin (G418), 10% FBS and 1% penicillin-strep-
tomycin in a humidified incubator with 95% air and 5% CO2 at 34°C.
Chemotherapeutic agents (doxorubicin and cisplatin) were
obtained from Selleck Chemicals (Houston, TX, USA).
Doxorubicin-resistant MG63/DOX cells were established as
described previously [18]. Briefly, the parental MG63 cell line
was cultured in the medium with increasing doses of doxorubicin
from 5 nM to 100 nM step by step. Once cells could be freely divid-
ing in the medium containing 100 nM doxorubicin, they were con-
sidered doxorubicin-resistant.
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2.2. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted using a miRcute miRNA Isolation Kit
and reversely transcribed to cDNA with a miRcute Plus miRNA
First-Strand cDNA Synthesis Kit (Tiangen Biotech, Beijing, China)
in accordance with the manufacturer’s protocols. qRT-PCR was per-
formed on a LightCycler480 Real-Time PCR System (Roche,
Switzerland). The relative expression level of miR-384 was normal-
ized to that of U6 small nuclear RNA, and the fold change was
quantified using the 2"24T method.

2.3. Cell viability assay

Cell viability was examined by Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Shanghai, China) assay. Cells with corre-
sponding treatment were seeded into 96-well plates at a density
of 4 x 10? cells/well and cultured with various drugs at 37 °C. At
a specific time point, the cells were incubated with CCK-8 solution
for 90 min. The absorbance at 450 nm was measured by a micro-
plate reader (Bio-Rad, Hercules, CA, USA).

2.4. Luciferase reporter assay

Luciferase reporter gene plasmids containing the wild-type
(WT) or mutant-type (MUT) 3’-untranslated region (3’-UTR) of
PTN were constructed as follows. 3’-UTR segments of PTN that
were predicted to interact with miR-384 were amplified by PCR
and then inserted into the reporter vector pmir-GLO (Promega,
Madison, WI, USA), and the resulted recombinant plasmid was
named as pmir-PTN-WT. For the mutant (MUT) pmir-PTN con-
struct, we replaced five nucleotides of the 3'-UTR within the seed
sequence of miR-384-binding site and the resulted plasmid was
named as pmir-PTN-Mut. Indicated cells were seeded into 24-
well plates and transfected with reporter plasmids containing luci-
ferase. Following transfection for 48 h, the cells were lysed and the
Firefly and Renilla luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Promega). The activity of
Firefly luciferase was normalized by the Renilla luciferase activity.

2.5. Plasmid construction and cell transfection

To knockdown PTN in vitro, we chose the short hairpin RNA
exhibiting the best PTN knockdown efficiency as previously veri-
fied [18]. The sequences of shRNA, miR-384 mimic, miR-384 inhi-
bitor, and their control miRNAs were listed in Table 1. PTN cDNA
was amplified by PCR and cloned into the pcDNA3.1 vector to gen-
erate PTN overexpression plasmids. To conduct cell transfection
assays, cells were cultured in six-well plates and reached about
70%-80% confluence. Then the RNA oligonucleotides (mimic NC,
miR-384 mimic, inhibitor NC, or miR-384 inhibitor), luciferase
reporters (pmir-PTN-WT, pmir-PTN-Mut), or PTN overexpression
plasmids were transiently transfected into the cells with Lipofec-
tamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s guidelines.

2.6. Cellular apoptosis assay

For apoptotic analysis, transfected cells were seeded into six-
well plates and harvested after incubation with 0.2 uM doxoru-
bicin or 2 uM cisplatin for 48 h. Cells were harvested by trypsiniza-
tion and resuspended in binding buffer. Then cells were double-
stained with Annexin V-FITC and propidium iodide (PI, Sanjian Bio-
tech, Tianjin, China) and analyzed on a flow cytometer (Beckman,
Brea, CA, USA).
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Table 1
Information of the qPCR primer sequences and mimic/inhibitor sequences.

qPCR primer name Sequence (5'-3')

miR-384 (Forward) TGTTAAATCAGGAATTTTAA
miR-384 (Reverse) TGTTACAGGCATTATGAA
PTN (Forward) GGGGAGAATGTGACCTGAAC
PTN (Reverse) AGGGCTTGGA GATGGTGA
B-actin (Forward) GTGGACATCCGCAAAGAC
B-actin (Reverse) AAAGGGTGTAACGCAACTA
U6 (Forward) CTCGCTTCGGCAGCACA

U6 (Reverse) AACGCTTCACGAATTTGCGT

mimic/inhibitor name Sequence (5'-3')

PTN shRNA TCAAGCAGAATCTAAGAAG
miR-384 mimic AUUCCUAGAAAUUGUUCAUA
miR-384 inhibitor UAUGAACAAUUUCUAGGAAU
miR-384 mimic NC UUCUCCGAACGUGUCACGU

miR-384 inhibitor NC CAGUACUUUUGUGUAGUACAA

2.7. Exosome isolation

Cells were cultured in exosome-free conditioned medium for
48 h and the cell supernatant was centrifuged at 4 °C,
500 x g x 10 min, and 12,000 x g x 20 min to remove cellular deb-
ris in turn. The supernatant was then gathered and centrifuged at
ultra-high speed (100,000 x g) x 2 h using a 0.22-um well filter
(Millipore). Exosomes were collected with the pellet resuspended
in PBS and stored at —80 °C.

2.8. Exosome identification

Purified exosomes were fixed with glutaraldehyde and then
loaded onto carbon-coated copper grids. For electron microscopy
analysis, copper grids with exosomes were stained by 2% phospho-
tungstic acid for 2 min. After air-drying, the samples were placed
into the HT7700 transmission electron microscopy (TEM, Hitachi,
Tokyo, Japan). Exosome images were captured with TEM, and the
sizes were quantified by ZetaView (Particle Metrix, Meerbusch,
Germany). The protein markers (CD63 and CD81) of exosomes
were confirmed by Western blot analysis.

2.9. Xenograft experiment

Twenty-four female BALB/c nude mice of 6-weeks old were
raised in pathogen-free conditions at 23 + 1 °C and 58 + 6% humid-
ity. MG63/DOX cells in the logarithmic phase were harvested and
suspended in 100 pL PBS at a concentration of 5 x 10° cells/ml.
Cells were subcutaneously inoculated in the left hind flanks of
nude mice. Mice were randomly divided into four groups (n = 6)
and performed with different interventions. Tumor sizes were
recorded every three days using a caliper until natural death or
study termination (day 28) and calculated with the following for-
mula: volume = 0.5 x length x width? All procedures were con-
ducted according to the protocols approved by the Animal Care
and Use Committee of Qingdao Municipal Hospital.

2.10. Western blot analysis

Cells for protein extraction were lysed with RIPA buffer in the
presence of protease inhibitors. The protein concentration was
examined using the BCA protein assay kit (Beyotime Biotechnol-
ogy, Beijing, China) and proteins were separated by SDS-PAGE.
Then proteins were transferred to polyvinylidene difluoride (PVDF)
membranes and blocked with Tris-buffered saline containing 5%
non-fat milk. The blots were probed with primary antibodies
against PTN (1:1000, Abcam, Cambridge, MA, USA), B-catenin
(1:4000, Abcam), ALK (1:2000, Abcam), phospho-GSK3p at serine
9 (1:500, Abcam), P-glycoprotein (1:500, Proteintech, Chicago, IL,
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USA), B-actin (1:2000, Abcam), a-tubulin(1:5000, Abcam) over-
night at 4 °C. Then the blots were probed with the appropriate
horse radish peroxidase (HRP)-conjugated secondary antibodies
(1:5000, Santa Cruz Biotechnology, Dallas, TX, USA) for 90 min at
room temperature and visualized using an enhanced chemilumi-
nescence detection system.

2.11. Immunohistochemistry

Immunohistochemical assays were performed using paraffin-
embedded sections as described previously [18].

2.12. Statistical analysis

Statistical analyses in this study were performed with SPSS 21.0
software (SPSS, Chicago, IL, USA), and data were presented as the
mean * standard deviation. Two-tailed Student’s t-tests and one-
way analysis of variance (ANOVA) were used for analyzing the sta-
tistical significance of differences between two or more groups. P
value less than 0.05 was considered to be statistically significant.

3. Result
3.1. Effect of luteolin on OS cells in vitro

The morphology of doxorubicin-resistant MG63/DOX cells and
the parental MG63 cells was shown in Fig. 1A. Cell proliferation
assays were performed to examine cell growth curves and the half
maximal inhibitory concentration (IC50) values of doxorubicin on
MG63 and MG63/DOX cells were 0.58 uM and 4.21 pM, respec-
tively (Fig. 1B). Cell viability assays showed the IC50 value of
hFOB1.19 cells to luteolin was close to those in MG63 and U20S
cells (IC50 = 58.91 puM, 59.61 pM and 34.1 pM, respectively,
Fig. 1C). We also demonstrated MG63/DOX cells possess higher
resistance to luteolin than MG63 and U20S cells (Fig. 1C). More-
over, chemosensitivity assays were performed to investigate
whether luteolin influences drug resistance in OS cells. As shown
in Fig. 1D and 1E, luteolin at concentrations of 1/2 IC50 values sig-
nificantly decreased the chemoresistance to doxorubicin and cis-
platin in the MG63, MG63/DOX and U20S cells.

3.2. PIN is a direct target of miR-384

To investigate whether miR-384 played a role in modulating
chemoresistance of OS cells, qRT-PCR was firstly used to detect
miR-384 expression in OS cells. Our results showed that miR-384
was significantly downregulated in chemoresistant MG63/DOX
cells compared with the parental sensitive MG63 cells, suggesting
miR-384 may be involved in the chemoresistance of OS cells
(Fig. 2A).

Given that miRNAs exert biological functions by regulating the
expression of their target genes, we took advantage of the predic-
tion algorithm TargetScan analysis (https://targetscan.org) to pre-
dict the potential targets of miR-384. PTN, a heparin-binding
neurotrophic growth factor implicated in the tumorigenesis of
numerous human malignancies, was identified as a direct target
of miR-384. PTN contained potential miR-384 target sites in their
3’-UTRs and the seed sequences for miR-384 in the 3’-UTRs of
PTN were shown in Fig. 2B.

Furthermore, we explored the effect of luteolin stimulation on
miR-384 and PTN expression. We observed that the expression
level of miR-384 could be enhanced in OS cells treated with the
50% IC50 concentration of luteolin in OS cells (Fig. 2C). Our results
also showed luteolin treatment resulted in a significant decrease in
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Fig. 1. Effect of luteolin on chemoresistance and miR-384 expression in OS cells. (A) The morphology of MG63 and MG63/DOX cells. (B) Cell viability assay of parental MG63
and resistant MG63/DOX cells followed by doxorubicin treatment at the indicated concentrations. (C) The proliferative inhibition effects of luteolin on human osteosarcoma
cells and human osteoblast cell line (hFOB1.19). After exposure to various concentrations (1-1000 uM) of luteolin for 48 h, the cell viability of cells was determined using the
CCK-8 assay. The viability ratio decreased in a dose-dependent manner (*P < 0.01 compared with the untreated control group). (D) Luteolin enhances the chemosensitivity of
OS cells to doxorubicin. (E) Luteolin enhances the chemosensitivity of OS cells to cisplatin.

the protein level of PTN, indicating a potential negative association
between miR-384 and PTN (Fig. 2D).

To further examine whether miR-384 directly targets PTN, we
constructed the miR-384 inhibitor/mimics and confirmed their
effects on miR-384 expression in OS cells (Fig. 2E). Moreover, luci-
ferase reporter assays were performed in MG63 cells co-
transfected with miR-384 mimics, miR-384 mimic NC oligonu-
cleotides, and reporter plasmids (pmir-PTN-WT or pmir-PTN-
Mut). As shown in Fig. 2F, miR-384 mimics dramatically reduced
the luciferase activity of pmir-PTN with the wild-type 3’-UTR of
PTN. Nevertheless, miR-384 mimics failed to influence luciferase
activity in the mutant construct. These results indicated that
miR-384 directly modulates the expression of PTN by binding to
its 3’-UTR.

3.3. miR-384 attenuates OS cell chemoresistance through targeting
PIN in vitro

To explore the relationship between miR-384 and PTN as well
as their roles in regulating chemoresistance, we downregulated
the PTN expression with PTN shRNA transfection and the
chemosensitivity assay revealed that silencing PTN could sensitize

OS cells to doxorubicin and cisplatin (Fig. 3A). However, the miR-
384 inhibitor could not significantly rescue the low PTN expression
caused by PTN shRNA, and the cell viability assay demonstrated
that miR-384 silencing failed to reverse the decreased chemoresis-
tance caused by PTN inhibition (Fig. 3A and 3B). Similarly, we
ectopically overexpressed PTN by transfecting cDNA that con-
tained the PTN open reading frame without the 3’-UTR. We found
that upregulation of PTN significantly enhanced doxorubicin and
cisplatin resistance in both MG63 and U20S cells, and miR-384
mimics could not reverse the PTN upregulation (Fig. 3C). Although
an inconspicuous downregulation in the chemoresistance of OS
cells treated with miR-384 mimics was observed after PTN expres-
sion was upregulated, the results were not statistically significant
(Fig. 3C and 3D).

We next detected whether miR-384 modulated OS sensitivity
through directly targeting PTN. We found that PTN silencing could
significantly reverse the effect of PTN upregulation and chemore-
sistance enhancement caused by miR-384 inhibition (Fig. 4A and
4B). Similarly, PTN overexpression by transfecting the PTN-
carrying vector rescued the downregulation of PTN expression
induced by miR-384 mimics (Fig. 4C). Consistently, miR-384 mim-
ics dramatically suppressed PTN expression and sensitized MG63
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Fig. 2. PTN is a direct target of miR-384 in osteosarcoma. (A) The endogenous expression levels of miR-384 in OS cell lines were analyzed by quantitative RT-PCR (U6 primer
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miR-384 directly targeted PTN. NC, negative control; WT, wide type; MUT, mutant.

and U20S cells to chemotherapeutic agents, whereas PTN upregu-
lation restored the drug resistance of miR-384-overexpressing OS
cells (Fig. 4D).

Since apoptosis inhibition is one of the mechanisms leading to
chemoresistance, we detected the effect of miR-384 on drug-
induced apoptosis using flow cytometry. As shown in Fig. 5, after
cells were incubated with 0.2 pM doxorubicin or 2 pM cisplatin
for 24 h, miR-384 mimic significantly increased the apoptosis rates
of MG63, MG63/DOX and U20S cells.

3.4. Luteolin attenuates OS chemoresistance through inhibiting the
PTN/B-catenin/MDR1 signaling axis by upregulating miR-384

To further clarify the mechanisms of luteolin, we examined the
effect of miR-384 and found that miR-384 inhibitor could signifi-
cantly increase the protein levels of PTN, anaplastic lymphoma
kinase (ALK), p-glycogen synthase kinase (GSK)3p, B-catenin and
multidrug resistance protein 1/P-glycoprotein (MDR1/P-gp) com-
pared to the negative control in MG63 cells (Fig. 6A). Meanwhile,
the expression of PTN and the downstream ALK/GSK3p/B-cate
nin/MDR1 signaling pathway could be downregulated with the
addition of miR-384 mimics in MG63 cells. Since ALK/GSK3/B-ca
tenin/MDR1 signaling axis has been demonstrated to be the down-
stream signaling pathway of PTN in modulating drug resistance of
OS cells in our previous study [18], we then only examined the
expression of key molecular B-catenin in the following assays.
We observed that miR-384 mimics could significantly downregu-
late the B-catenin expression in both MG63/DOX and U20S cells
(Fig. 6B and 6C). Nevertheless, miR-384 inhibitor could only upreg-
ulate B-catenin expression in U20S cells, largely because B-catenin
expression is already extremely high in the chemo-resistant
MG63/DOX cells demonstrated in our former study (Fig. 6B) [18].

In chemosensitivity assay, overexpression of miR-384 by miR-
384 mimics sensitized MG63, MG63/DOX and U20S cells to dox-
orubicin and cisplatin (Fig. 6A-C). Similarly, inhibition of miR-384
by the inhibitor could only dramatically increased IC50 values for
these chemotherapeutic agents in MG63 and U20S cells (Fig. 6A
and 6C). The miR-384 inhibitor failed to upregulate the chemore-
sistance of MG63/DOX cells, largely due to their inherent high
chemoresistance (Fig. 6B).

To further explore whether luteolin functions through miR-384
and its target PTN gene, we firstly treated OS cells with luteolin and
observed a decrease of PTN expression and chemoresistance to
doxorubicin and cisplatin. We found that miR-384 inhibitor could
reverse the downregulation of PTN caused by luteolin and result in
a restoration of decreased IC50 values induced by luteolin. Simi-
larly, PTN overexpression could restore the luteolin-induced sup-
pression of PTN expression and rescue the decreased
chemoresistance caused by luteolin (Fig. 6D-F).

3.5. Luteolin increases the chemosensitivity of chemoresistant OS cells
through exosome-transmitted miR-384

Since exosome transduction is a well-established molecular
event driving the chemoresistance of many cancer types, we per-
formed a series of assays to determine whether luteolin modulates
the chemoresistance via exosomes. To explore whether miR-384
conferred doxorubicin sensitivity through incorporating into exo-
somes, we detected the existence pattern of extracellular and
intracellular miR-384. MiR-384 level in culture medium was
unchanged when treated with RNase A alone but significantly
decreased upon treatment with RNase A and Triton x 100 simulta-
neously, indicating that miR-384 was protected by the membrane
instead of being released directly (Fig. 7A). Extracellular exosomes
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Fig. 3. PTN regulates the chemoresistance of OS cells while these effects could not be significantly reversed by miR-384 modulation. (A) PTN knockdown reduced the
expression of PTN and downregulated the chemoresistance to chemotherapeutic agents, while miR-384 inhibitor could not significantly reverse this effect. (B) PTN
overexpression upregulated the expression of PTN and downregulated the chemoresistance to chemotherapeutic agents, while miR-384 mimic could not significantly reverse

this effect. miR, microRNA; sh, short hairpin RNA; oe, overexpressing.

were isolated from the supernatant of MG63 cells treated with
luteolin or control DMSO. They were identified by their typical
round or “saucer shape” through transmission electron microscopy
and their characteristic sizes ranging from 40 nm to 150 nm in
diameter through the nanoparticle tracking analysis (Fig. 7B). Wes-
tern blot analysis demonstrated that the exosome protein markers,
CD63 and CD81, were enriched in exosomes but not in cell extracts
(Fig. 7C).

Next, we validated the effect of luteolin on the miR-384 expres-
sion in exosomes. qRT-PCR revealed that the level of miR-384 in
exosomes derived from luteolin-treated MG63 cells was signifi-
cantly higher than exosomes derived from MG63 cells treated with
the control DMSO (Fig. 7D). Thus, we reasoned that miR-384 may
modulate the chemoresistance via exosomal transfer. To visualize
exosomal transfer, the MG63-derived exosomes labeled with the
membrane phospholipid dye PKH67 were incubated with MG63/
DOX cells labeled with DAPI. Fluorescence microscopy confirmed
that most of the MG63/DOX cells were positive for PKH67 fluores-
cence after incubation for 24 h, suggesting that these exosomes
were effectively internalized by recipient MGG63/DOX cells
(Fig. 7E). Furthermore, we observed a significant elevation of
miR-384 levels and decreased PTN expression in MG63/DOX cells
after treatment with exosomes derived from MG63 cells incubated
with luteolin (Fig. 7F). These results demonstrated MG63 cells trea-
ted with luteolin could efficiently secrete exosomes containing
miR-384 that can be directly transferred into MG63/DOX cells.
We next explored whether these exosomes could alleviate

chemoresistance in MG63/DOX cells. In a cell viability assay,
MG63/DOX cells incubated with exosomes derived from luteolin-
treated MG63 cells elevated the doxorubicin sensitivity of MG63/
DOX cells (Fig. 7G).

Lastly, we explored whether miR-384 is transferred via exo-
somes using a co-culture system with a 0.4 pm pore membrane,
which could allow the transmission of exosomes instead of larger
particles and avoid direct contact between cells. MG63 cells trans-
fected with miR-384 mimics or scramble control were placed in
the upper chamber and MG63/DOX cells were seeded in the lower
chamber of the co-culture system (Fig. 7H). We observed miR-384
was dramatically upregulated and PTN expression was markedly
downregulated in MG63/DOX cells after co-incubation with miR-
384 mimic- transfected MG63 cells. However, when we treated
the MG63 cells with the nSMase inhibitor GW4869, the effects of
miR-384 mimics in MG63 cells on the expression of miR-384 and
PTN in MG63/DOX cells were inhibited (Fig. 7I). In cell viability
assays, overexpression of miR-384 in MG63 cells could decrease
the chemoresistance to doxorubicin in MG63/DOX cells through
exosomes in a co-culture system and this effect could be reversed
by inhibiting exosome release from parental MG63 cells by
GW4869 (Fig. 7]).

3.6. Effect of luteolin on OS chemoresistance in vivo

To further explore the effects of luteolin on the chemoresistance
of osteosarcoma in vivo, doxorubicin-resistant MG63/DOX cells



T. Qin, W. Zhu, X. Kan et al.

\ Ot o8
A MG63 o“\@ ,"\@\‘ u_\((o‘ MG63/DOX

PTN

B Doxorubicin

scramble control
*
1

EZ3 miR-384 inhibitor

1C50(pM)

T

C MG63

MG63/DOX

B-catenin B-catenin

Doxorubicin

D 6 B3 scramble control
= E23 miR-384 mimic

I R

oot oo

& .
&' &

E3 miR-384 inhibitor+sh-PTN

£ miR-384 mimic+oe-PTN

Journal of Bone Oncology 34 (2022) 100429

N . NS R N NS o
© ° ¢ U20s © &S

B-catenin

Cisplatin
B3 scramble control
E3 miR-384 inhibitor
£ miR-384 inhibitor+sh-PTN

-43kDa

B-catenin

Cisplatin

B33 scramble control

£23 miR-384 mimic

£33 miR-384 mimic+oe-PTN

TS

Fig. 4. miR-384 regulates PTN expression and chemoresistance to chemotherapeutic agents, and these effects could be significantly reversed by PTN modulation. (A) miR-384
inhibitor could increase the expression of PTN and upregulate the chemoresistance to doxorubicin and cisplatin, while PTN downregulation could significantly reverse this
effect. (B) miR-384 mimics could decrease the expression of PTN and downregulate the chemoresistance to chemotherapeutic agents, while PTN overexpression could

significantly reverse this effect.

were employed to build in vivo models in 6-week-old BALB/c-nu
mice. When the volume of xenograft tumors reached approxi-
mately 100 mm?>(day 0), four groups of mice were treated respec-
tively as follows: (1) Control group: injecting normal saline
intraperitoneally every 7 days; (2) Doxorubicin group: injecting
2 mg/kg doxorubicin intravenously through tail vein once per
week; (3) Luteolin group: injecting 30 mg/kg luteolin intraperi-
toneally every other day; (4) Combination group: injecting 2 mg/
kg doxorubicin intravenously every 7 days + 30 mg/kg luteolin
intraperitoneally every other day (Fig. 8A). Since mice began to
successively die after day 16 in the four groups, we chose day 16
as a time point for comparison. Compared with the control group,
the tumor sizes of both doxorubicin group and luteolin group
increased more slowly, while the differences were not significant
at day 16 (P = 0.3072 and 0.093, respectively, Fig. 8B). However,
xenograft tumors in the combination group had significant poorer
growth compared with both the control group and the doxorubicin
group at day 16 (P = 0.002 and 0.041, respectively). Moreover, com-
bination therapy of doxorubicin and luteolin resulted in survival of
five of six mice while the survival rate was one of six in the control
group, two of six in the doxorubicin group and three of six in the
luteolin group at study termination (day 28), suggesting luteolin
could enhance the anti-tumor effect in combination with doxoru-
bicin (Fig. 8C). The expressions of miR-384, PTN, p-catenin and P-
glycoprotein under different treatments were also evaluated using
qRT-PCR and immunohistochemistry analysis. There were no sig-

nificant changes in levels of miR-384, PTN, B-catenin and P-
glycoprotein in doxorubicin group compared to control. However,
upregulation of miR-384 and downregulation of PTN, B-catenin,
and P-glycoprotein were observed in the luteolin group and com-
bination group (Fig. 8D and 8E). These results showed luteolin
had doxorubicin resistance reversal effect and could potentiate
the antitumor effect of doxorubicin in vivo.The underlying mecha-
nisms of the effect were summarized in (Fig. 9).

4. Discussion

Although chemotherapy has dramatically improved the thera-
peutic efficacy of osteosarcoma, the survival rates remain stagnant,
largely due to the development of multi-drug resistance [27]. Pre-
vious studies have highlighted the molecular mechanisms of mul-
tidrug resistance in OS, such as ATP-binding cassette (ABC)
transporters, apoptosis inhibition, detoxification in the cell, repair
of DNA damage, noncoding RNAs and tumor stem cells, et al.
[28] Among these mechanisms, overexpression of P-gp which
belongs to the ABC transporter superfamily is considered to be
the leading classical cause of multidrug resistance in OS cells
[29]. In our previous study, we demonstrated that P-gp could be
upregulated by PTN overexpression through the ALK/GSK3/B-cate
nin/MDR1 signaling pathway, leading to the augmented drug resis-
tance of osteosarcoma. In the current study, we aimed to explore
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relative concentration of exosomes derived from MG63 cells using the Nano-sight software. (C) Western blotting of exosomal protein markers (CD63 and CD81) from purified
exosomes and cell extracts. (D) qRT-PCR detection of miR-384 expression in exosomes derived from MG63 cells treated with DMSO or luteolin. (E) Representative
fluorescence microscopy images showing cellular uptake of exosomes (PKH67-labeled, red) into recipient MG63/DOX cells (DAPI-labelled, blue). (F) Effect of specified
exosomes on the expression of miR-384 and PTN in recipient MG63/DOX cells. Exosomes were derived from MG63 cells treated with or without luteolin and then incubated
with MG63/DOX cells. (G) Effect of specified exosomes on the chemoresistance of recipient MG63/DOX cells by cell viability analysis. MG63/DOX cells co-cultured with
exosomes from MG63 cells were treated with a series of concentrations of doxorubicin for 48 h and cell growth was assessed by CCK-8 assay. (H) Schematic diagram of the co-
culture system. MG63 cells transfected with miR-NC or miR-384 mimic plasmids were seeded in the upper chamber and co-incubated with MG63/DOX cells placed in the
lower chamber in a co-culture system with a 0.4 uM pore membrane. Then the MG63 cells were treated with the nSMase inhibitor GW4869 or control DMSO. (I) MG63 cells
transfected with miR-384 mimics could increase the miR-384 level and downregulate the PTN level in MG63/DOX cells in a co-culture system and this effect could be
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the effect of luteolin on OS and then explored whether luteolin
could function through the PTN/B-catenin/MDR1 axis.
Compounds extracted from natural products, with relatively
smaller side effects, provide one of the most promising and diverse
scaffolds for the development of new antitumor drugs [30]. It is
noted that flavonoids are the most well-known modulators of sev-
eral ABC transporters including P-gp [30]. As a kind of flavonoid,
luteolin has been confirmed to exhibit chemosensitising or chemo-

<

Fig. 6. Luteolin attenuates the chemoresistance by downregulating P-gp through
inhibiting the PTN/ALK/GSK3p/B-catenin signaling pathway. (A) miR-384 mimics
reduced the expression of PTN, ALK, p-GSK3B, B-catenin, and P-gp in MG63 cells,
while miR-384 inhibitor enhanced their expression. miR-384 mimics impaired the
chemoresistance to doxorubicin and cisplatin, while miR-384 inhibitor enhanced
the chemoresistance in MG63 cells. (B) miR-384 mimics reduced the expression of
B-catenin and impaired the chemoresistance to doxorubicin in MG63/DOX cells,
while the effects of miR-384 inhibitor on B-catenin expression and chemoresistance
were not significant. (C) miR-384 mimics reduced the expression of B-catenin and
chemoresistance in U20S cells, and miR-384 inhibitor enhanced the B-catenin
expression and chemoresistance. (D-F) Effect of miR-384 inhibitor and PTN
overexpression on B-catenin expression and chemoresistance after luteolin
treatment.

preventive properties against various cancers [8]. Studies have sug-
gested that luteolin exerts its action of modulating
chemoresistance through several mechanisms. For example, lute-
olin could enhance the chemosensitivity of Taxol by attenuating
the cell stemness features through the Nrf2-mediated pathway in
breast cancer [31]. Wang et al. reported that luteolin sensitizes
the effect of cisplatin in cisplatin-resistant ovarian cancer via
induction of apoptosis [8]. In another investigation, luteolin was
reported to promote doxorubicin-induced apoptosis via Bax/Bcl-
2/Caspase-3 pathway in triple-negative breast cancer [32]. As a
RSK inhibitor, luteolin could also increase the efficacy of
chemotherapy through eradicating the population of cancer stem
cells [33]. In our experiment, we found the effect of doxorubicin
and cisplatin becomes stronger when OS cells are treated with both
luteolin and chemotherapeutic drugs than single agent treatment,
which is consistent with the results in other types of cancer. More-
over, our study showed luteolin alone failed to exhibit selective
cytotoxicity between OS cells and normal osteoblast hFOB1.19
cells due to their approximate IC50 values in luteolin treatment.
Since treating tumors effectively with low toxicity is urgently
required, we used 1/2 IC50 concentrations of luteolin which repre-
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sented lower cytotoxicity to normal cells as study concentrations. tions of luteolin that could both minimize the cytotoxicity and
These concentrations of luteolin successfully showed synergistic maximize the effect of attenuating chemoresistance in OS cells.

effects with chemotherapeutic drugs in our research and further As a heparin-binding growth factor, PTN has been demonstrated
dose-dependent studies are needed to explore the best concentra- to be overexpressed and served as an oncogene in several cancers
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[34-35]. Our previous study has verified that high PTN expression
correlated with poor overall and disease-free survival of OS
patients, and PTN could promote the chemoresistance of osteosar-
coma by upregulating P-gp [18]. Another study by our team also
indicated PTN inhibition lowered doxorubicin resistance in OS cells
[19]. These results both indicated the vital role of PTN in modulat-
ing chemoresistance in osteosarcoma. Thus, we wondered whether
luteolin could function through PTN in osteosarcoma. As a kind of
small noncoding RNAs, miRNAs are thought to modulate specific
target genes that are implicated in various cellular processes. In
our research, PTN was identified as a direct target of miR-384 by
the bioinformatic analysis, dual luciferase reporter assay, gain-of-
function and loss of-function assays, which coincided with the
study conducted by Yao et al. [20] Recent studies indicated that
miR-384 acts as a tumor suppressor in several types of human
malignant tumors. It could inhibit cell viability, invasion, migration
and promote apoptosis in many tumors such as gastric cancer, col-
orectal cancer, non-small cell lung cancer, nasopharyngeal carci-
noma, glioma, papillary thyroid cancer, prostate cancer,
pancreatic cancer, et al. [36-43] In osteosarcoma, there is also
some evidence that miR-384 could promote apoptosis and exert
suppressive effect on cell proliferation, invasion, and migration
[24-26]. In our work, we found that miR-384 could enhance the
apoptosis induced by doxorubicin or cisplatin in OS cells. We ver-
ified that luteolin could upregulate the expression of miR-384 and
miR-384 is downregulated in chemoresistant OS cell lines com-
pared with the parental sensitive cell lines. In addition, we con-
firmed luteolin could modulate miR-384 and identified a
regulatory relationship between miR-384 and PTN. To the best of
our knowledge, our study is the first to exhibit the underlying
mechanisms luteolin influences chemoresistance in osteosarcoma.

After clarifying the regulatory role of miR-384 in OS cells, we
wondered whether miR-384 could disseminate its antiresistant
function through the intercellular interaction. Exosome is a means
of intracellular communication via the transport of biological car-
goes, comprising mRNAs, miRNAs, and proteins [44]. miRNAs could
be encapsulated in exosomes to avoid degradation and then shut-
tled to recipient cells to modify their phenotypes through changing
the expression of target genes [45]. Mounting evidence suggested
that tumor-derived exosomes could reverse or spread chemoresis-
tance among heterogeneous populations of tumor cells. Therefore,
these extracellular exosomes play a pivotal role in tumor chemore-
sistance and may ultimately influence therapeutic efficiency [46].
In our study, we firstly confirmed that the expression of miR-384
in exosomes was upregulated after luteolin treatment. Then we
used the pore membrane of the transwell chamber to inhibit direct
contact between two groups of cells, which only allowed the lower
chamber cells to coculture with exosomes with the help of gravity.
We observed that the sensitivity conferred by exosomes from sen-
sitive OS cells was sustainable, possibly owing to the triggering of a
PTN/MDR1-based signaling pathway inhibition in recipient resis-
tant cells. A subsequent functional assay with a nSMase inhibitor
(GW4869) further confirmed the role of exosomes. Based on these
findings, we confirmed that luteolin could attenuate the chemore-
sistance of resistant cells by exosomes secreted from sensitive
cells, and miR-384 could function through incorporating it into
exosomes in parental sensitive cells and then transfer into recipi-
ent resistant cells.

Taken together, our research study confirmed that luteolin
could attenuate the chemoresistance of osteosarcoma through
inhibiting the PTN/B-catenin/MDR1 signaling axis by upregulating
miR-384. Our research also demonstrated that doxorubicin resis-
tance could be inhibited by the transfer of exosomal miR-384 into
recipient OS cells. Our study shed light on the mechanisms that
luteolin exerts its effects on drug resistance, which may be valu-
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able for translational application of luteolin and design of novel
drugs in the future.
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