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Abstract
Despite advancements in treatments, oral squamous cell carcinoma (OSCC) has not
significantly improved in prognosis or survival rate primarily due to the presence of
treatment-resistant OSCC. The intercellular communication between tumour cells is
amolecularmechanism involved in acquiringOSCC treatment resistance. Extracellu-
lar vesicles (EVs) and encapsulated miRNAs are important mediators of intercellular
communication. Here, we focused on EVs released from clinically relevant radiore-
sistant (CRR)OSCC cells. Additionally, we evaluated the correlation betweenmiRNA
expression in the serum samples of patients who showed resistance to radiotherapy
and in EVs released from CRR OSCC cells. We found that EVs released from CRR
OSCC cells conferred radioresistance to radiosensitive OSCC cells via miR-503-3p
contained in EVs. This miR-503-3p inhibited BAK and impaired the caspase cas-
cade to suppress radiation-induced apoptosis. Furthermore, OSCC cells with BAK
knockdown had increased radioresistance. Additionally, the expression of circulat-
ingmiR-503-3p in patients withOSCCwas correlatedwith a poor treatment response
and prognosis of radiotherapy. Our results provide new insights into the relationship
between EVs and the radioresistance of OSCC and suggest that themiR-503-3p–BAK
axismay be a therapeutic target and that circulatingmiR-503-3p is a useful prognostic
biomarker in the radiotherapy of OSCC.
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 INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the most common cancers of the oral cavity (Siegel et al., 2017). However, the
survival rate has not improved despite advancements in diagnostic modalities and treatments. Thus, the prognosis of advanced
OSCC remains poor, with a 5-year survival rate of approximately 50% (Gupta et al., 2009). This stagnation in the survival rate is
mainly attributed to the existence of high-grade malignant cells that display important hallmarks of cancer, such as resistance to
chemotherapy or radiotherapy, abnormal proliferation, and invasion or metastasis (Hanahan &Weinberg, 2011).

Recently, it has been clarified that tumour heterogeneity is closely related to treatment resistance (Naik et al., 2016). Intercel-
lular communication among tumour cells or between tumour cells and stromal cells is deeply involved in acquiring high-grade
malignant traits (Wang et al., 2018). However, the role of intercellular communications in treatment resistance has not been fully
elucidated in OSCC. To date, it has become clear that extracellular vesicles (EVs) play an important role as a medium for inter-
cellular communications (Raposo & Stoorvogel, 2013). EVs are classified into large extracellular vesicles (lEVs; also known as
microvesicles, approximately 100–1000 nm in diameter) and small extracellular vesicles (sEVs or exosomes, approximately 50–
150 nm in diameter) according to their size (Thery et al., 2018). Cancer cells acquire malignant traits by transmitting information
to their surrounding cells via EVs and regulating the tumourmicroenvironment (Becker et al., 2016; Naito et al., 2017). In OSCC,
EVs derived from OSCC cells or the surrounding stromal cells are associated with tumour growth, infiltration, and metastasis
(Sento et al., 2016; Xie et al., 2019). Research on the relationship between treatment resistance in OSCC, especially radioresistance
and EVs, is underway (Khoo et al., 2019).
EVs contain microRNA (miRNA) (Valadi et al., 2007), which are noncoding 20- to 25-nucleotide-long RNAs that regulate

cell death, proliferation, metastasis, and treatment resistance (Garzon et al., 2010). The miRNAs contained in EVs are important
mediators of intercellular communications (Kosaka et al., 2013). The usefulness of diagnostic and treatment methods targeting
miRNAs contained in EVs has been reported (Kohlhapp et al., 2015; Tominaga et al., 2015). Recent studies have demonstrated
that miRNAs are secreted from various cells, including cancer cells, via EVs into body fluids such as the blood, urine, breast milk,
and saliva (Fiskaa et al., 2016; Hu et al., 2012). Extracellular miRNAs present in the blood are unstable and may be derived from
other cells, such as inflammatory cells and immune cells, in addition to cancer cells, with potentially fundamentally different
profiles (Swarup & Rajeswari, 2007). However, miRNA contained in EVs can be stable, even in the blood (Cheng et al., 2014).
Recently, EV-encapsulated miRNAs in the circulation have been proposed as biomarker candidates for disease monitoring and
prognosis in the surveillance or monitoring of cancer (Joyce et al., 2016; Pfeffer et al., 2015). Summerer et al. (Summerer et al.,
2015) reported that circulating miR-142, miR-186, miR-195, miR-374b andmiR-574 are prognostic biomarkers for head and neck
cancer. However, it is not clear how EV-derived miRNAs correlate with the therapeutic effect of concurrent chemoradiotherapy
(CCRT) and patient prognosis in oral cancer.
In the present study, we focused on EVs released from a clinically relevant radioresistant (CRR) cell line established from an

OSCC cell line (Kuwahara et al., 2010) and examined how they affect the radiosensitivity of non-radiation-resistant OSCC cells.
Then, we analysed the expression of miRNAs contained in EVs, clarified a part of the molecular mechanism of radioresistance,
and investigated whether EV-derived miRNAs could be a new therapeutic strategy and prognostic marker of radiotherapy in
OSCC.

 MATERIALS ANDMETHODS

. Cell lines and culture

The humanOSCC cell lines, SAS, andHSC-2 were purchased from the Japanese Collection of Research Bioresources Bank of the
National Institutes of Biomedical Innovation, Health and Nutrition (Osaka, Japan). The CRR cell line SAS-R was derived from
SAS cells, by exposing them to gradually increasing X-ray doses (Kuwahara et al., 2010). CRR cells continued to proliferate with
daily 2 Gy irradiation for more than 30 days in vitro and were resistant to irradiation. Cells were cultured in DMEM (D6429;
Sigma-Aldrich, Saint Louis, MO, USA) supplemented with 10% FBS (Sigma-Aldrich) in a humidified atmosphere of 5% CO2 at
37◦C.

. Short tandem repeat analysis

Genomic DNA was extracted from SAS and SAS-R using NucleoSpin Tissue kit (MACHEREY-NAGEL, Duren, Germany), and
short tandem repeat (STR) analysis of the extracted gDNAwas performed by Takara Bio (Shiga, Japan). The results of the analysis
were checked against the STR analysis results of SAS registered in JCBR (National Institutes of Biomedical Innovation, Health
and Nutrition, Osaka, Japan) to confirm the origin of the cells (Table S1).
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. Irradiation

Irradiation doses of 2, 4, and 6 Gy were administered with a 150-KVp X-ray generator (MBR-1520R; Hitachi, Tokyo, Japan) with
a total filtration of 0.5-mm aluminium plUS 0.1-mm copper filter. The dose rate (1.01 Gy⋅min−1) was measured with a thimble
ionization chamber (IC 17A; Far West Technology, Goleta, CA, USA).

. Isolation of EVs from cell cultures

SAS and SAS-R cells (1 × 106) were seeded in 100 mm tissue culture dishes (AGG Inc., Tokyo, Japan). After 48 h, the condi-
tioned medium (CM) was replaced with 10 ml DMEM containing 10% Exo-FBS Exosome-depleted FBS (System Biosciences
(SBI), Palo Alto, CA, USA). After a further 24 h, CM was collected and ultrafiltered with a 100-kDa cut-off Ultrafiltration filter
(Amicon Ultra-15; MERCK, Tokyo, Japan). The CM (10 ml) was concentrated to approximately 500–700 µl and loaded on a size-
exclusion chromatography (SEC) column (EVSecond L70; GL Sciences, Tokyo, Japan).The fractions were collected according to
the manufacturer’s protocol. The EV elution fractions were examined by western blotting for CD9, CD81, and ALIX. Moreover,
relative quantification of the exosomes was performed using a CD9/CD63 exosome ELISA kit (COSMO BIO, Tokyo, Japan),
which could measure exosomes comprising a combination of CD9 and CD63. Furthermore, serum protein concentration was
measured using the TaKaRa Bradford Protein Assay Kit (Takara Bio). Subsequently, the eluted samples were pooled. EVs were
recovered in phosphate-buffered saline (PBS) and stored at−80◦C. EVs isolated from SAS cells (SAS EVs) and EVs isolated from
SAS-R cells (SAS-R EVs) were used in subsequent experiments.

. Characterization of EVs

The presence of exosome-specific protein markers and the absence of non-EV markers on the isolated vesicles were determined
by western blotting. Whole-cell proteins or EVs (5 µg) were separated by 10%–20% SDS-PAGE, transferred to nitrocellulose
membranes, and blocked for 60 min. The membranes were incubated in primary antibody cocktails (diluted in TBS-T with 5%
BSA) overnight at 4◦C,washed thrice for 10min each in TBS-T, and incubated in secondary antibody cocktails for 60min at room
temperature. Themembranes were washed thrice for 10min each in TBS-T and developed using the ECL prime detection kit (GE
Healthcare, Chicago, IL, USA). The emitted light was measured using the C-DiGit blot scanner, and the images were analysed
using Image studio for C-DiGit (LI-COR Biosciences, Lincoln, NE, USA). The antibodies used were mouse anti-CD9 antibody
(12A12; COSMO BIO), 1/1,000; mouse anti-CD81 antibody (12C4; COSMO BIO), 1/1,000; mouse anti-ALIX antibody (ab117600;
Abcam, Cambridge, UK), 1/500; mouse anti-GAPDH antibody (ab8245; Abcam), 1/1,000; rabbit anti-calnexin antibody (2679;
Cell Signalling Technology, Danvers, MA, USA), 1/1,000; anti-mouse IgG, HRP-linked antibody (7076; Cell Signalling Technol-
ogy), 1/2,000; and anti-rabbit IgG, HRP-linked antibody (7074; Cell Signalling Technology), 1/2,000.

. Observation of EVs

EVs were visualized with a transmission electron microscope (HT7700; Hitachi, Tokyo, Japan) at 80 kV. EVs samples were pro-
cessed by the Exosome-TEM-easy kit (101 Bio, Palo Alto, CA, USA) according to the manufacturer’s instructions.

. Quantification of EVs

EV protein was quantified using the colorimetric BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA), per the
manufacturer’s instructions. Nanoparticle tracking analysis (NTA) (NanoSight NS300,Wiltshire, UK) was used to check the size
distribution and the concentration of the vesicles. For NTA analysis of the EVs, PBS was used as a diluent; a syringe pump with a
constant flow injection was used, and five videos of 60 s each were captured with 1498 frames and a camera level at 15. The videos
were recorded and analyzsd with NTA software version 3.3 to determine the size and concentration of the particles.

. Uptake of EVs

SAS EVs or SAS-R EVs (2 µg) were stained with the red fluorescent dye PKH26 (Sigma-Aldrich) according to the manufacturer’s
instructions. The excess dye was removed using a centrifugal extrafiltration filter (Amicon Ultra-0.5 100K device; MERCK).
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PKH26-stained EVs were added to 5000 SAS cells or HSC-2 cells. After 24 h, the uptake of PKH-stained EVs into target cells was
observed with the fluorescence microscope BZ-X800 (KEYENCE, Osaka, Japan). Next, whole-slide images were obtained at the
same brightness/contrast with the BZ-X800 (KEYENCE) utilizing the optical sectioning mode and capturing Z-stacks of 16–18
µm at recommended step sizes and projected onto a full-focus image using the BZ-Analyzer. For all experimental conditions,
the exposure times were maintained, and the number of positive cells per 50 cells was counted.

. Transfection of exosome cyto-tracer into cells

SAS and SAS-R cells were seeded in 24-well plates (5 × 104 cells/well). After 24 h, pCT-CD9-GFP (pCMV, Exosome/Secretory,
CD9 Tetraspanin Tag, Virus; SBI) at a final concentration of 30 virus particles per cell was transfected into the SAS cells using
TransDux MAX (SBI) according to the manufacturer’s instructions. After 72 h, a cell selection procedure was performed for 7
days using puromycin (5 µg/ml). In the same way, pCT-CD9-RFP (SBI) was transfected into SAS-R cells.

. Cell transfection

ThemirVanamiRNAmimic negative control #1 (Ambion,Austin, TX,USA), hsa-miR-296-5pmirVanamiRNAmimic, hsa-miR-
503-3p mirVana miRNA mimic, or hsa-miR-6748-3p mirVana miRNA mimic (# 4464066; Ambion) at a final concentration of
30 nM for the overexpression of each miRNAs were transfected into the target cells using Lipofectamine RNAiMAX (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. For decreasing BAK expression, BAK siRNA (10 nM; Stealth
siRNA; Invitrogen) were transfected with RNAiMAX into the target cells.

. RNA isolation and real-time polymerase chain reaction analysis

Total RNA was isolated using the FastGeneTM RNA Basic Kit (NIPPON Genetics, Tokyo, Japan) and then reverse-transcribed
to cDNA using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). For total RNA recovery after miRNA transfection, the
cultured cells were treated with RNAase (10 µg/ml) at room temperature for 30 min. The cells were then washed twice with
PBS, after which they were immediately treated with RNAlater RNA Stabilization Reagent (QIAGEN) to inactivate RNAase
before recovery. Real-time PCR was performed using Thunderbird SYBR qPCR Mix (Toyobo) on a Light Cycler 1.5 (Roche,
Basel, Switzerland). Data obtained from RT-qPCR were analysed using the 2−∆∆Ct method (Livak & Schmittgen, 2001), with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. Each sample was run in triplicate. The primer
sets are listed in Table S2. PCR data were collected from three independent experiments.

. Extraction of total RNA and quantitative real-time RT-PCR for microRNAs

Total RNA was extracted from cells and EVs using miRNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions. First-strand cDNA was synthesized using the miScript II RT kit (QIAGEN). Real-time PCR was run using a
miScript SYBRGreen PCR kit (QIAGEN) on a LightCycler 1.5 system (Roche, Indianapolis, IN, USA). The primer sets were pur-
chased from QIAGEN (Table S3). Data obtained from RT-qPCR were analysed using the 2−∆∆Ct method (Livak & Schmittgen,
2001). The exosomalmiRNA expression levels were normalized using Cel-miR-39. RNU6Bwas used as a reference gene to evalu-
ate intracellularmiRNAexpression; conversely,miR-16-2-3pwas used as a reference gene to evaluatemiRNAexpression in serum
based on the results of array analysis using patient serum. In addition, we confirmed that the miRNAs were stably expressed in
serum to the same extent, and conducted further studies.

. Dual-luciferase reporter assay

A luciferase reporter containing the full-length 3′UTR of BAK (wild type and mutant type) was constructed by Active Motif,
Inc. (Carlsbad, CA, USA). SAS cells were co-transfected in a 96-well white culture plate with 50 ng wild type or mutant type
BAK-3′UTR-luciferase vectors using FuGENE HD transfection reagent (Promega, Madison, WI, USA) and 30 nM hsa-miR-
503-3p mirVana miRNA mimic (# 4464066; Ambion) or mirVana miRNA mimic negative control #1 (Ambion) using Lipofec-
tamine RNAi MAX (Invitrogen). After 48 h, the luciferase activity was measured using the dual-luciferase reporter assay system
(Promega).
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. High-density survival assay

High-density survival (HDS) assays were performed as described by Kuwahara et al. (Kuwahara et al., 2010; Matsuoka et al.,
2016). Exponentially growing cells (5 × 105) were seeded in 60 mm tissue culture dishes (AGG Inc.) and incubated in
DMEM supplemented with 10% FBS for 48 h. Cells were exposed to irradiation and then treated with EVs or transfected
with miRNA mimic and siRNA. After 72 h, 10% of the cells in each flask were seeded into a new 60-mm culture dish and
incubated for 72 h. Total cell numbers and cell survival in each culture dish were determined using trypan blue exclusion
assay.

. Co-culture assay

After irradiating SAS cells or HSC-2 cells with 6 Gy, cells (1 × 103) were seeded in an indirect co-culture plate (NICO-1;
Ginrei Lab, Ishikawa, Japan). Irradiated cells were co-cultured with SAS cells (1 × 104) or SAS-R cells (1 × 104) in DMEM
containing 10% Exo-FBS Exosome-depleted FBS (SBI) for 10 days. Cells were fixed with 99.5% methanol at room tem-
perature and stained with Giemsa solution (Wako, Osaka, Japan). In the image acquisition of the transferred exosomes,
whole-slide images were obtained at the same brightness/contrast using the BZ-X800 (KEYENCE) via its optical sectioning
mode, and Z-stacks of 16–18 µm at recommended step sizes were captured and projected onto a full-focus image using the
BZ-Analyzer.

. Cell proliferation assays

For assessing normal proliferation, viable cells (1 × 103 cells/well in 96-well plates) under EV treatment (0, 10, 100 ng/ml and 1
µg/ml) were quantified every 24 h using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

. miRNA screening with D-gene microarray

From the advanced OSCC patients who received chemoradiotherapy, serum samples were obtained from three patients who
responded to chemoradiotherapy and four who did not (Table S4). Total RNA was extracted from the serum samples, SAS
EVs, and SAS-R EVs using 3D-Gene RNA extraction reagent (Toray, Kamakura, Japan) according to the manufacturer’s instruc-
tions. Extracted total RNA was checked by Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and labelled with 3D-
Gene miRNA labelling kit (Toray). Half volumes of labelled RNAs were hybridized onto a 3D-Gene Human miRNA Oligo
chip (Toray). The annotation and oligonucleotide sequences of the probes were conformed to the miRBase miRNA database
(http://microrna.sanger.ac.uk/sequences/). After stringent washes, fluorescent signals were scanned with the 3D-Gene Scanner
(Toray) and analysed using 3D-Gene Extraction software (Toray). The raw data of each spot was normalized by substitution
with a mean intensity of the background signal determined by all blank spot signal intensities of 95% confidence intervals. Mea-
surements of spots with the signal intensities greater than two standard deviations (SD) of the background signal intensity were
considered valid. The relative expression level of a given miRNA was calculated by comparing the signal intensities of the valid
spots throughout the microarray experiments. The normalized data were globally normalized per array, such that the median of
the signal intensity was adjusted to 25.

. Clinical serum sample collection and analysis

For themiRNA screening with 3D-Genemicroarray, pretreatment serum samples were obtained from seven patients with locally
advanced OSCC who underwent preoperative CRT at the Kumamoto University Hospital between October 2003 and January
2009. Apart from the screening cohort, to elucidate the clinicopathological significance of miR-503-3p, pretreatment serum sam-
ples were obtained from 55 patients with locally advanced OSCC, who were treated at the Kumamoto University Hospital. We
excluded human papillomavirus (HPV)-positive tumours from the analysis-based immunostaining results for p16, a surrogate
marker for HPV infection. All 55 patients underwent curative surgery following preoperative CRT. The protocol for the preop-
erative CRT was as previously described (Nomura et al., 2010). Total RNA was extracted from the serum samples of 55 patients
using miRNeasy Serum/Plasma Kit (QIAGEN) according to the manufacturer’s instructions. The patients were dichotomized
into two groups according to their median level of miR-503-3p expression. Detailed patient data and miRNA measurements
are shown in Table S6. The staging and determination of tumour differentiation were performed according to the seventh AJCC

http://microrna.sanger.ac.uk/sequences/
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cancer stagingmanual (Edge et al., 2010). The histological response to CRTwas graded using specimens obtained during surgery
based on the criteria proposed by Shimosato et al. (Shimosato et al., 1971), as follows: grade I, tumour structures are not destroyed;
grade IIa, destruction of the tumour structure is mild (i.e., “viable tumour cells” are frequently observed); grade IIb, destruction
of the tumour structure is severe (i.e., “viable tumor cells” are few); grade III, nonviable tumour cells are present; and grade IV,
no tumour cells remain.
The Chi-squared test was performed to determine the associations between the miR-503-3p expression status and clinical or

pathological variables. The overall survival (OS) and disease-free survival (DFS) were defined as the time from CRT treatment
initiation to the date of death of any cause and the date of recurrence of the cancer or death from any cause, respectively. The
Kaplan–Meier method was used to estimate the probability of OS and DFS as a function of time, and the statistical differences
in the survival of the subgroups of patients were compared by the log-rank test. This study was performed with the approval of
the Ethics Committee of Kumamoto University (approval number: 174) and in accordance with the Good Clinical Practice and
the Declaration of Helsinki guidelines.

. Western blotting

Whole-cell proteins (Minute Cytoplasmic and Nuclear Extraction Kits; Invent Biotechnologies, Inc., Plymouth, MN, USA) were
separated by 10%–20%SDS-PAGE, transferred to nitrocellulosemembranes, and blocked for 2 h. Themembraneswere incubated
in primary antibody cocktails (diluted in TBS-T containing 5% BSA) overnight at 4◦C, washed thrice for 10 min each in TBS-T,
and incubated in secondary antibody cocktail for 60 min at room temperature. The membranes were washed thrice for 10 min
each in TBS-T and developed using the ECL prime detection kit (GE Healthcare, Chicago, IL, USA). The emitted light was
measured using the C-DiGit blot scanner, and the images were analysed using Image studio for C-DiGit (LI-COR Biosciences,
Lincoln, NE, USA). A list of antibodies used in this study is shown in Table S5. The relative expression of each protein was
calculated using the Image J 1.52q software (National Institutes of Health, Bethesda, MD, USA).

. MitoMP assay

The mitochondrial membrane potential (MitoMP) was measured by the JC-1 MitoMP detection kit (Dojindo). JC-1 aggregate
generated red fluorescence, indicating a normal function for MitoMP. By contrast, the JC-1 monomer form generated green
fluorescence, indicating dysfunction for MitoMP. After EV treatment, miRNA mimic transfection, or siRNA transfection, cells
were treated with JC-1 (4 µM, 37◦C, 30 min). Finally, the MitoMP level was analysed by calculating the fluorescence intensity
ratio (red: 535 nm (Ex), 595 nm (Em)/green: 485 nm (Ex), 535 nm (Em)) using a fluorescence plate reader (SpectraMax i3x;
Molecular Devices, San Jose, CA, USA).

. Apoptosis analysis

SAS cells orHSC-2 cellswere exposed to 6Gy irradiation and then treatedwithEVs or transfectedwithmiRNAmimic and siRNA.
After 48 h, cells were stained with Apotracker Green (BioLegend, San Diego, CA, USA) and Hoechst 33342 (ThermoFisher
Scientific, Waltham, MA, USA). The fluorescence intensity ratio (Apotracker Green: 500 nm (Ex), 520 nm (Em); Hoechst 33342:
350 nm (Ex), 461 nm (Em)) were calculated using a fluorescence plate reader (SpectraMax i3x; Molecular Devices, San Jose, CA,
USA).

. Statistical analysis

Differences in mean values between two groups were analysed using Student’s t-tests, while differences in mean values among
multiple groupswere analysed by one-wayANOVAwith the Bonferroni/Dunn test.Weutilized theKaplan–Meiermethod to esti-
mate the probability of OS and DFS as a function of time and compared the statistical differences in survival between the patient
groups using the log-rank test. We performed multivariate survival analysis using the Cox regression model to study the effects
of pretreatment with miR-503-3p on DFS and OS. All p-values were based on two-tailed statistical analyses; p-values < 0.05
were considered statistically significant. All analyses were performed with JMP-9 software (SAS Institute Inc, Cary, NC,
USA).
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F IGURE  Characterization of OSCC cells derived EVs. (a) Western blotting of EVs and whole-cell proteins was performed to confirm exosome marker
proteins (CD9, CD81, ALIX), calnexin, and GAPDH. (b) The colorimetric BCA protein assay was performed to measure the EV protein. (c) The size
distribution and the concentration of the EVs were measured with Nanoparticle Tracking Analysis. (d) Transmission electron micrograph (wide-field and
close-up) of SAS EVs and SAS-R EVs. Values are expressed as mean ± standard deviation of triplicate samples. EV, extracellular vesicles; OSCC, oral squamous
cell carcinoma; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, no significant differences

 RESULTS

. Characterization of SAS EVs and SAS-R EVs

Size-exclusion chromatography was used for EV extraction, and the results of the CD9/CD63 exosome ELISA and Bradford
Protein Assay showed that serum proteins and EVs in the peak fraction of the elution were effectively separated. Moreover, the
expression of the typical EVmarkers CD9, CD81, and ALIX was also confirmed by western blotting, in close agreement with the
peak fraction of the elution (Figure S1). These preliminary experiments confirmed that high-purity EVs could be extracted, and
we proceeded with subsequent experiments. Structures and properties of EVs released from SAS or SAS-R cells were validated
according to the minimal information for studies of extracellular vesicles proposed by the International Society for Extracellular
Vesicles (ISEV) in 2018 (MISEV2018) (Thery et al., 2018). The number of cells at the time of EV recovery was about 6.7 × 106 for
SAS cells and about 6.1× 106 for SAS-R cells. Both EV types were characterized by the expression of known EV biomarkers (CD9,
CD81, ALIX) and the absence of calnexin (Figure 1a). EV protein concentrations, asmeasured by the BCAprotein assay, were 56.8
µg/ml (42.1 to 79.0 µg/ml) for SAS EVs and 57.1 µg/ml (39.1 to 78.4 µg/ml) for SAS-R EVs collected from 10 ml CM (Figure 1b).
NTA demonstrated that the SAS EV particles had a mode diameter of 102.6 ± 5.0 nm and a concentration of 5.62 × 109 ± 5.05
× 108 particles/ml, whereas SAS-R EVs had a mode diameter of 88.7 ± 3.0 nm and a concentration of 5.43 × 109 ± 4.05 × 108
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particles/ml (Figure 1c). EVs from both groups were seen as round-shaped structures on transmission electron microscopy. The
diameter of both EVs was approximately 100 nm; the diameters of SAS EVs were larger than those of SAS-R EVs (Figure 1d).
Collectively, these results indicated no significant differences in the mass, number of particles, or structure of the sEVs released
from SAS and SAS-R cells.

. EVs released from radioresistant OSCC cells confer radioresistance

The uptake of EVs into the cells was confirmed by staining EVs with the fluorescent labelling dye PKH26. The uptake of both EV
types into SAS cells was confirmed and quantified by fluorescencemicroscopy (Figure 2a). No significant difference was observed
with respect to the uptake of SAS and SAS-R EVs into SAS cells. To examine whether EVs affect the proliferation of OSCC cells,
we assessed the proliferation activity of SAS cells under EV treatment conditions. No significant difference was observed in cell
proliferation, even when the dose was changed (Figure 2b), and neither SAS EVs nor SAS-R EVs affected cell proliferation in SAS
cells. Next, we performed the HDS assay to assess the influence of EVs on the radiosensitivity of SAS cells. SAS cells treated with
SAS-R EVs showed significantly increased radioresistance compared with untreated SAS cells and SAS cells treated with SAS
EVs (Figure 2c). The results confirmed the uptake of artificially extracted and administered EVs by the cultured cells. However,
in order to confirm whether EVs pass between cells in the same manner under normal culture, a co-culture experiment using
the Exosome Cyto-Tracer that entails fluorescent labelling of the endogenous EVs of SAS and SAS-R was performed. The SAS
cells after irradiation were co-cultured with SAS or SAS-R cells using an indirect co-culture plate (NICO-1). In co-culture, an
exosome cytotracer was introduced into the EVs to confirm their movement to the other incubator after passage through the
filter. Fluorescence microscopy confirmed that each EV passed through the central filter and was taken up by SAS cells in the
other incubator (Figure 2d). SAS cells co-cultured with SAS-R cells formedmore colonies (Figure 2e). These results indicate that
SAS-R EVs confer radioresistance to the surrounding cells.

. Exosomal-miR--p is a candidate miRNA involved in OSCC radioresistance

In this study, based on the results that EV treatment of radioresistantOSCC reduced the radiosensitivity of severalOSCCcell lines,
we explored the possibility that exosomalmiRNAs are involved in the radioresistance regulationmechanism. To extract exosomal
miRNAs involved in the regulation of OSCC radioresistance, we first performed a comprehensive analysis of miRNAs in the EVs
of radioresistant and parental cell lines. However, the comparison of the exosomal miRNAs of SAS and SAS-R itself resulted in a
large number of candidatemiRNAs, and it was difficult to verify whether eachmiRNAwas involved in radioresistance. Therefore,
we narrowed down the candidate miRNAs as follows:
For exosomal miRNAs, the global normalization values (FPKM values) of SAS EVs and SAS-R EVs were compared, and 142

miRNAs that showed increased expression in SAS-R EVs were selected. Next, the serummiRNAs showed a significant difference
(t-test) between the mean values of global normalization values (FPKM values) of three cases in the CCRT-responder group and
four cases in the CCRT non-responder group, and 42 miRNAs whose expression was upregulated in the CCRT non-responders
were selected. We compared and verified the miRNAs selected between serum and EVs, and selected three miRNAs whose
expression was commonly upregulated in both. (Figure 3a, Table 1). Microarray expression profiling is available on NCBI’s GEO
(https://www.ncbi.nlm.nih.gov/geo/); data accession number GSE160122. When the expression of the extracted candidate miR-
NAs was confirmed in SAS and SAS-R cells, the expression levels of miR-503-3p andmiR-6748-3p were increased in SAS-R cells.
By contrast, miR-296-5p had increased expression in SAS cells.When the same verificationwas performed in EVs, the threemiR-
NAs were more expressed in SAS-R EVs than in SAS EVs (Figure 3b). The effect of these three miRNAs on the radiosensitivity of
SAS cells was examined by transient forced expression. Of the three miRNAs, miR-503-3p significantly affected radioresistance
compared with the negative control or other miRNAs in SAS cells (Figure 3c and d). Thus, we focused on the involvement of
miR-503-3p in the radioresistance of OSCC.

. SAS-R EVs and miR--p suppress the radiation-induced apoptosis of SAS cells

To elucidate the mechanism underlying radioresistance by SAS-R EVs and miR-503-3p, the apoptotic reaction after irradiation
was evaluated. As shown in Figure 4a, SAS cells treated with SAS-R EVs after irradiation (6 Gy) showed a significant decrease
in apoptosis. Similarly, the radiation-induced apoptosis of SAS cells transfected with miR-503-3p was also reduced (Figure 4a).
The MitoMP of the irradiated SAS cells treated with SAS-R EVs was hardly decreased. Similarly, the MitoMP of the irradiated
SAS cells transfected with miR-503-3p was only very slightly decreased (Figure 4b). We searched for a gene involved in the
mitochondrial apoptosis pathway as a target gene for miR-503-3p using bioinformatic algorithms (TargetScanHuman, miRDB)
and found BAK as a candidate gene. To validate whether BAK mRNA is a direct target of miR-503-3p through its cognate site

https://www.ncbi.nlm.nih.gov/geo/
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F IGURE  The effect of EVs on OSCC cells. (a) Representative fluorescent microscopic images for PKH26-labeled EVs uptake after 24 h incubation. EVs
are stained red, and nuclei are stained blue with Hoechst 33342. SAS cells containing PKH26-labeled EVs per 50 cells were quantified. Scale bar, 50 µm. (b)
Proliferation of SAS cells cultivated for 3 days with various concentrations of SAS EVs or SAS-R EVs (0, 10, 100 ng/ml or 1 µg/ml). (c) The survival fraction of
SAS cells after exposure to 6 Gy X-rays was evaluated by high-density survival assay under SAS EVs or SAS-R EVs (20 µg/ml). As a control an equal amount of
phosphate-buffered saline without EVs was added to SAS cells. Scale bar, 200 µm. (d) Fluorescent microscopic images of SAS cells incubated for 3 days after
docking the two incubators: SAS EVs (green), SAS-R EVs (red), and nuclei (blue with Hoechst 33342). Fluorescent labelled EVs pass through the central filter
and are taken up by SAS cells in the other incubator. (e) Photographs of the cell survival fraction as evaluated by clonogenic assay. After exposure to 6 Gy, SAS
cells were co-cultured with SAS cells or SAS-R cells in an indirect co-culture plate. After 10 days, cells were fixed and visualized. Values are expressed as mean ±
standard deviation of triplicate samples. *p < 0.05; EV, extracellular vesicles; NS, no significant differences
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F IGURE  Identification of miRNA involved in radioresistance of OSCC. (a) Venn diagram showing miRNAs that were commonly upregulated in CRT
nonresponder serum samples (green) and SAS-R EVs (blue). (b) Upper row: Comparison of miR-296-5p, miR-503-3p, and miR-6748-3p expression between
SAS cells and SAS-R cells. Lower row: Comparison of miR-296-5p, miR-503-3p, and miR-6748-3p expression between SAS EVs and SAS-R EVs. The
expression of miRNAs was evaluated by RT-qPCR. (c) Expression of miR-296-5p, miR-503-3p, and miR-6748-3p in SAS cells 48 h after transfection with
negative control or miRNA mimic. The efficiency of transfection was evaluated by RT-qPCR. (d) SAS cells were exposed to 6 Gy of X-ray and then transfected
with negative control or miRNA mimic; the survival fraction was evaluated by high-density survival assay. Values are expressed as mean ± standard deviation
of triplicate samples. *p < 0.05; **p < 0.01. OSCC, oral squamous cell carcinoma; RT-qPCR, real-time quantitative polymerase chain reaction
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F IGURE  Elucidation of radioresistance acquisition mechanism of OSCC cells. (a) The graph on the left shows the fluorescence intensity ratio of green
(Apotracker) and blue (Hochest 33342) in SAS cells 48 h after irradiation with 6 Gy. Each representative immunofluorescence image of Apotracker in SAS cells
(treated with phosphate-buffered saline (control) or SAS EVs or SAS-R EVs/transfected with negative control (NC) or miR-503-3p mimic) is shown on the
right, 48 h after irradiation. (b) The change in mitochondrial membrane potential (MitoMP) level of irradiated (6 Gy) SAS cells after EV treatment or miRNA
mimic transfection. A representative immunofluorescence image at 48 h after irradiation is shown below the graph. When the MitoMP is high, the cells
fluoresce red, and when it is low, they fluoresce green. (c) Luciferase activity of wild type (wt) BAK-3′UTR reporter gene and mutant type (mut) BAK-3′UTR
reporter gene in SAS cells. Cells were transiently transfected with miR-503-3p mimic or negative control. The target region of miR-503-3p in the 3′UTR region
of BAK is shown on the right of the graph. (d) Expression of BAK in SAS cells (6 Gy irradiated) after EV treatment or miRNA mimic transfection. Values are
expressed as mean ± standard deviation of triplicate samples. *p < 0.05; **p < 0.01; OSCC, oral squamous cell carcinoma; NS, no significant differences
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on the 3′UTR of BAK, we performed a luciferase assay. As shown in Figure 4c, miR-503-3p significantly reduced the relative
luciferase activity of the wild type BAK-3′UTR reporter gene, but did not reduce the relative luciferase activity of the mutant type
BAK-3′UTR reporter gene. These results indicate that BAK is the target gene for miR-503-3p and that miR-503-3p specifically
binds to the 3′UTR region of BAK mRNA. We also evaluated the expression of BAK in SAS cells after irradiation by western
blotting and real-time RT-PCR. The irradiated SAS cells had increased BAK expression (Figure S2). However, SAS cells treated
with SAS-R EVs or transfected with miR-503-3p had decreased BAK expression after irradiation (Figure 4d).

. BAK contributes to radiation-induced apoptosis in OSCC

To confirm whether miR-503-3p suppresses radiation-induced apoptosis and confers radioresistance via silencing BAK expres-
sion in irradiated SAS cells, we assessed the effect of BAK knockdown on radiosensitivity by the transfection of BAK siRNA into
the irradiated SAS cells. The effects of BAK siRNAs in SAS cells 48 h after transfection on BAK mRNA and BAK protein are
shown in Figure S3. To verify the radiosensitivity, SAS cells were irradiated and then transfected with BAK siRNA, and an HDS
assay was performed. As shown in Figure 5a, the radioresistance of BAK siRNA-treated SAS cells was significantly increased.
Additionally, the radiation-induced apoptosis of BAK siRNA-treated SAS cells was significantly decreased (Figure 5b). MitoMP
of BAK siRNA-treated SAS cells did not decrease (Figure 5c). Confirming our previous experimental results (Figure 4d and
Figure S3), BAK mRNA expression in SAS cells significantly decreased due to SAS-R EVs, miR-503-3p, and siBAK treatments
(Figure S4). Additionally, although the results of the quantitative analysis varied (Figure S5), the release of cytochrome C and the
downstream expressions of Apaf-1, caspase 9, caspase 3, and cleaved caspase 3 decreased in the irradiated SAS cells treated with
SAS-R EVs or transfected with miR-503-3p and BAK siRNA-treated SAS cells (Figure 5d, Figure S4).

. SAS-R EVs also confer radiation resistance to other OSCC cell lines via the miR--p-BAK
axis

In order to confirm whether the results obtained in the previous experiments can be generalized to OSCC, a verification experi-
ment was conducted using HSC-2 cells. We confirmed the uptake of SAS EVs and SAS-R EVs into HSC-2 cells by fluorescence
microscopy (Figure S6). In the HDS assay, the radioresistance of HSC-2 cells treated with SAS-R EVs or transfected with miR-
503-3p mimic or BAK siRNA was significantly increased, similar to SAS cells (Figure 6A). HSC-2 cells co-cultured with SAS-R
cells formed more colonies compared to cells co-cultured with SAS cells (Figure S7). Furthermore, MitoMP of HSC-2 cells
treated with SAS-R EVs or transfected with miR-503-3p mimic or BAK siRNA showed no significant changes compared with
each control (Figure 6c). In the case of SAS cells, BAK mRNA expression in HSC-2 cells significantly decreased due to SAS-R
EVs, miR-503-3p, and siBAK treatments (Figure S8). In addition, although the results of the quantitative analysis varied (Figures
S8 and S9), the radiation-induced apoptosis of HSC-2 cells treated with SAS-R EVs or transfected with miR-503-3p mimic or
BAK siRNA also decreased (Figure 6d). These results suggest that EVs secreted from radiation-resistant OSCCs contribute to
the acquisition of radiation resistance to some extent.

. Clinical significance of circulating miR--p in patients with OSCC who underwent CCRT

To confirm the results of in vitro data in clinical OSCC, the clinical significance of circulating miR-503-3p expression in OSCC
patients who underwent preoperative CRT was examined. A total of 55 OSCC patients were dichotomized into two groups
according to their median level of miR-503-3p expression. Distribution of the clinical background characteristics of the patients
is shown in Table 2 and Table S6. The frequency of miR-503-3p-High patients was significantly higher among cases that showed
lymph node metastasis (p = 0.043) and a poor pathological response to preoperative CRT (p = 0.003). No significant differ-
ence was found between miR-503-3p expression in variables, such as age, sex, primary tumour site, T-category, lymphovascular
invasion (LI), and extracapsular extension (ECE). Additionally, a higher circulating miR-503-3p expression level was associated
with poorer survival; in the miR-503-3p-High and miR-503-3p-Low groups, the median OS was 29.0 months (95% CI = 31.0–
70.5) and 48.0 months (95% CI = 65.8–96.0; p = 0.027; Figure 7a), respectively, and the median DFS was 21.4 months (95%
CI= 31.1–68.3) and 50.3 months (95% CI= 58.7–92.9; p= 0.026; Figure 7b), respectively. Furthermore, in the Cox proportional
hazards regression model, after adjusting for age, sex, primary site, T-category, N-category, differentiation, LI, ECE, and patho-
logical response, the influence of miR-503-3p expression on DFS (hazard ratio, 3.008; 95% CI 1.086–9.207; p = 0.033) (Table 3)
remained.
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F IGURE  BAK silencing mimics the biological effects of miR-503-3p overexpression in SAS cells. (a) SAS cells were exposed to 6 Gy and then
transfected with negative control or siBAK; the survival fraction was evaluated by high-density survival assay. (b) The graph on the left shows the fluorescence
intensity ratio of green (Apotracker) and blue (Hochest 33342) 48 h after irradiation with 6 Gy. Each representative immunofluorescence image of Apotracker
in SAS cells (transfected with negative control or siBAK) is shown on the right. These images are in the state 48 h after irradiation. (c) Change in mitochondrial
membrane potential (MitoMP) level of irradiated (6 Gy) SAS cells after siBAK transfection. A representative immunofluorescence image is shown right the
graph (48 h after irradiation). When the MitoMP is high, the cells fluoresce red, and when it is low, they fluoresce green. (d) Western blots of apoptosis
molecular component (BAK, cytochrome C, Apaf-1, caspase 9, caspase3, cleaved caspase 3) in SAS cells 48 h after 6 Gy irradiation. Mean values were obtained
using an image analyser (Figure S5) from at least three independent experiments are shown at the top of each band. Values are expressed as mean ± standard
deviation of triplicate samples. *p < 0.05; NS, no significant differences
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F IGURE  Reproducibility experiment using HSC-2 cells. (a) HSC-2 cells were exposed to 6 Gy and then treated with phosphate-buffered saline
(control) or SAS-R EVs (10 µg) / transfected with negative control (NC) or miR-503-3p mimic/transfected with NC or siBAK; the survival fraction was
evaluated by HDS assay. (b) Graph showing the fluorescence intensity ratio of green (Apotracker) and blue (Hochest 33342) 48 h after irradiation with 6 Gy.
Each representative immunofluorescence image of Apotracker in HSC-2 cells is shown below the graph. These images are captured 48 h after irradiation. (c)
Change in mitochondrial membrane potential (MitoMP) level of irradiated (6 Gy) HSC-2 cells. A representative immunofluorescence image is shown below
the graph (48 h after irradiation). When the MitoMP is high, the cells emit red fluorescence, and when it is low, the cells emit green fluorescence. (d) Western
blots of apoptosis molecular component (BAK, cytochrome C, Apaf-1, caspase 9, caspase 3, cleaved caspase 3) in HSC-2 cells at 48 h after 6 Gy irradiation. (e)
Schematic illustration of the EVs released from radioresistant OSCC cells-mediated radioresistance model. When radiosensitive or radioresistant OSCC cells
were exposed to X-ray irradiation, EVs released from radioresistant OSCC cells were taken up by the radiosensitive OSCC cells. Subsequently, there was
suppression of BAK by miR-503-3p contained in EVs, and finally inhibition of the apoptotic pathway controlled by downstream molecules of BAK, and
radiosensitive cells acquire radioresistance. Mean values obtained using an image analyser (Figure S9) from at least three independent experiments are shown
at the top of each band. Values are expressed as mean ± standard deviation of triplicate samples. *p < 0.05; **p < 0.01
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TABLE  Correlation between the miR-503-3p expression and clinicopathological factors in 55 patients with OSCC

miR--p expression

High Low

Characteristic Total n (%) n (%) p-value

Age (years)

Median 67.2 66.7 67.5

Range 39-85 39-85 41-85

≤ 65 21 11(52.3) 10(47.7) 0.864

> 65 34 17(50) 17(50)

Sex

Male 32 18(56.2) 14(43.8) 0.350

Female 23 10(43.5) 13(56.5)

Primary site

Tongue 16 8(50) 8(50) 0.881

Mandible 20 9(45) 11(55)

Maxilla 6 3(50) 3(50)

Oral floor 4 2(50) 2(50)

Buccal mucosa 9 6(66.7) 3(33.3)

T-category

T2 18 8(44.4) 10(55.6) 0.800

T3, T4 37 20(54.1) 17(45.9)

N-category

N0 23 8(34.8) 15(65.2) .*

≥ N1 32 20(62.5) 12(37.5)

Differentiation

Well 43 22(51.1) 21(48.9) 0.943

Moderate, poor 12 6(50) 6(50)

Lymphovascular invasion

Yes 3 1(33.3) 2(66.7) 0.531

No 52 27(51.9) 25(48.1)

Extracapsular extension

Yes 5 3(60) 2(40) 0.899

No 27 17(62.3) 10(37.7)

Pathological response

Grade I, IIa (poor response) 12 8(66.7) 4(33.3) .**

Grade IIb (partical response) 13 6(46.1) 7(53.9)

Grade ≥ III (complete response) 30 14(46.7) 16(53.3)

Recurrence

Yes 12 9(75) 3(25) 0.059

No 43 19(44.2) 24(55.8)

The chi-square test was used to examine the relationships between miR-503-3p expression and clinicopathologic factors. *p < 0.05 and **p < 0.01.
Abbreviation: OSCC, oral squamous cell carcinoma.

 DISCUSSION

In the research on EVs, the EV extraction process and quality checks are extremely important (Thery et al., 2018). Therefore, we
isolated EVs fromOSCC cells according to the MISEV2018 (Thery et al., 2018) and evaluated their quality. The vesicles obtained
by the isolation procedures in our study would be appropriately classified as sEVs, according to MISEV2018 (Thery et al., 2018).
There were no significant differences between SAS EVs and SAS-R EVs in their composition, size, or amount of release (Figure 1).
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F IGURE  Relationships between circulating miR-503-3p
expression and survival in patients with OSCC. For the
Kaplan–Meier survival analysis, the patients were divided into
two groups based on high or low miR-503-3p expression. (a)
Overall survival of the 55 OSCC patients based on miR-503-3p
expression. (b) Disease-free survival of 55 OSCC patients
based on miR-503-3p expression. OSCC, oral squamous cell
carcinoma

In past studies, highly malignant cells, such as metastatic cells, released more EVs than primary cells, and the size of EVs became
larger (Ono et al., 2018). In contrast to previous study, since SAS-R cells were established by irradiating the SAS cells with more
than 60Gy, there was assumed to be no difference in the essence of both cells (Livak & Schmittgen, 2001). In quality confirmation
using molecular markers, the expressions of ALIX and GAPDH varied among EVs, and the expression patterns differed from
those of the derived cells. In general, proteins that are not expressed in cells are not included in EVs. On the other hand, Yoshioka
et al. reported that the expression patterns of intracellular proteins and proteins in EVswere not always positively correlated in the
verification using various cell lines (Yoshioka et al., 2013). Some proteins are possibly selectively loaded into EVs, whereas some
proteins are not. Regarding ALIX, the expression of the cell-extracted protein differed between SAS and SAS-R (Figure 1a), which
is considered to reflect this phenomenon. On the other hand, GAPDH was probably not loaded into EVs for some reason. In
any case, research on EVs molecular markers in the field of oral cancer is still underway, and research on EVs-specific molecular
markers derived from oral cancer is expected in the future (Yap et al., 2020). There are multiple methods for EVs isolation, each
with advantages and disadvantages (Thery et al., 2018). Therefore, a quality check is indispensable for any isolationmethods, and
the EVSecond L70 SEC column is a method that can isolate EVs with a quality that can be sufficiently used for experiments, at
least in OSCC cells.
At present, there is no consensus on the effect of EVs on proliferation in cancer cells (Jella et al., 2014; Pace et al., 2019; Qu

et al., 2009; Raimondo et al., 2015). In the present study, there was no change in the proliferation of SAS cells treated with
SAS EVs or SAS-R EVs. However, the significant increase of radioresistance in SAS cells and EV uptake was confirmed in co-
culture and EV tracking system (Figure 2b, c). These results demonstrate that SAS-R EVs are involved explicitly in conferring
radioresistance to radiosensitive cells regardless of their proliferative activity. Recently, Mutschelknaus et al. (Mutschelknaus
et al., 2017; Mutschelknaus et al., 2016) reported that in head and neck cancer, radiation increases the uptake of EVs from cells
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and that the administration of EVs after irradiation increased radioresistance. Although no significant differences were found in
our preliminary experiments, the uptake of EVs and radioresistance in SAS cells tended to increase after irradiation (Figure S10).
Moreover, EVs had no significant effect on radiosensitivity in SAS cells treated with EVs before irradiation (Figure S11). These
results indicate that EVs exert their effects by acting specifically on the site where cells are irradiated and some kind of damage
has occurred. On the contrary, in contrast to the reports byMutschelknaus et al. (Mutschelknaus et al., 2017;Mutschelknaus et al.,
2016), EVs from irradiated SAS cells did not affect the radioresistance of SAS cells (data not shown). Collectively, the present data
indicate that SAS-R EVs potentially have a higher ability for radiosensitivity regulation compared to SAS EVs.
The regulation of malignant phenotypes by miRNA contained in EVs has been well reported (Kulkarni et al., 2019). However,

although there are several reports of EV-miRNA profiles in head and neck cancer (Langevin et al., 2017; Li et al., 2016), no studies
have focused on radioresistance. When considering that there is no difference in the amount of release between SAS EVs and
SAS-R EVs, the difference in components, such as miRNA contained in EVs, may have a great influence on EVs conferring
radioresistance to SAS cells. Therefore, we focused on specific miRNA profiles contained in EVs derived from CRR cells and
blood samples of patients whose response to CCRT was poor. We found miR-503-3p as the candidate miRNA involved in EV-
mediated radioresistance inOSCC (Figure 3). Recently, it was discovered thatmicroRNAs can be actively sorted into exosomes in
complexwith proteins, such asArgonaute, then released into the circulation (Bell &Taylor, 2016). Indeed, in severalmalignancies,
positive correlations were found between tumour-specific miRNA in the tumour and exosomes in circulation (Rabinowits et al.,
2009; Taylor & Taylor, 2008; Tsukamoto et al., 2017). We also confirmed the positive correlation between miR-503-3p in cancer
cells and EVs (Figure 3b). Therefore, the present data suggest that CRR cells carry and release radioresistance-related miRNAs in
the tumourmicroenvironment via exosomes. To date, there have been no studies in OSCC that have screened candidatemiRNAs
using cultured cells and patient fluid samples. Therefore, the results of the present study could likely be applied to clinical practice,
especially as a liquid biopsy. Additionally, although it has been reported that miR-503-3p promotes the apoptosis of lung cancer
cells and promotes the epithelial-mesenchymal transition of breast cancer (Sun et al., 2017; Zhao et al., 2016), the present study
is the first to report the relationship between miR-503-3p and radioresistance in a malignant tumour.
In the present study, the forced expression of miR-503-3p clearly showed the same results in EVs uptake experiments. These

results strongly support the hypothesis that SAS-R EVs are taken up into radiosensitive cells by radiation stimulation and that
miR-503-3p contained in SAS-R EVs confer radioresistance. Generally, it has been regarded that irradiation induces various
cell death pathways, such as apoptosis, mitotic catastrophe, necrosis, and autophagy, in cancer cells and exerts a therapeutic
effect by suppressing cell proliferation (Baskar et al., 2012). Because apoptosis is a typical example of radiation-induced cell death
(Dewey et al., 1995; Rupnow & Knox, 1999), we focused on apoptosis-related genes and selected BAK as a target gene related to
radiation-induced apoptosis by in silico analysis. BAK is a member of the BCL-2 family of proteins that permeates mitochondrial
membranes, activates the caspase cascade, and promotes apoptosis (Edlich, 2018; Eskes et al., 1998). There are several reports
on the BAK-related apoptotic response after irradiation. Przemeck et al. (Przemeck et al., 2007) reported that the radiation-
induced apoptosis of gastric epithelial cells is regulated by BAK. Choi et al. (Choi et al., 2006) reported that activation of the p38
MAPK pathway in response to radiation signals conformational changes in BAK, resulting inmitochondrial activation-mediated
apoptotic cell death in human non-small cell lung cancer cells. Under either EV-treatment or miR-503-3p-treatment conditions,
the present data were in agreement with these reports (Figure 4). Moreover, in our BAK knockdown experiments, the decrease of
radiosensitivity was also observed in SAS cells as with EV treatment andmiR-503-3p treatment. In addition, it was suggested that
SAS-R EVs confer radiation resistance in HSC-2 cells as well as in SAS cells using the miR-503-3p-BAK axis (Figure 6). Taken
together, the findings indicate the involvement of themiR-503-3p–BAK axis in the EV-mediated acquisition of radioresistance by
regulating apoptosis in OSCC (Figure 6e). On the contrary, miRNAs as well as proteins and lipids are involved in the regulation
of cancer malignancy by EVs (Raposo & Stoorvogel, 2013). Interestingly, Fitzgerald et al. (Fitzgerald et al., 2018) reported the
existence of a novel cell–cell communicationmechanism through cytokines encapsulated in EVs. As not all results in the present
study can be explained by miR-503 encapsulated in EVs, the regulatory mechanism for radioresistance conferred by cytokines
contained in EVs should be investigated in future studies.
Several studies are associatedwith cancer treatment resistance andmiRNA; in pancreatic ductal adenocarcinoma, high expres-

sion of miR-155-5p in serum and tumour correlates with resistance to chemotherapy and poor prognosis (Greither et al., 2010;
Mikamori et al., 2017). Pang et al. (Pang et al., 2016) reported a low expression of miR-497-5p in the plasma of patients with
osteosarcoma resistant to chemotherapy. We propose miR-503-3p as a candidate biomarker based on the in vitro results and
clinical samples herein. As a result of the verification using patient serum, high expression of circulating miR-503-3p was cor-
related with a poor pathological response to CRT (Table 2). Additionally, high expression of circulating miR-503-3p was also
associated with the shortening of OS and DFS (Figure 7). Furthermore, circulating miR-503-3p status is one of the independent
prognostic factors in the present cohort (Table 3). However, our preliminary experiments showed that the induced expression
of miR503-3p has no significant effect on the sensitivity of 5-FU treatment in vitro (data not shown). Therefore, these results
suggest that serum miR-503-3p is a useful biomarker for predicting the therapeutic effects of radiotherapy on and the progno-
sis of patients with OSCC. In addition, in our preliminary experiments, we found that in some cases EVs contained very small
amounts or only about half of the miRNAs in serum (data not shown), which is consistent with several recent reports (Arroyo
et al., 2011; Endzelins et al., 2017; Otahal et al., 2021). Especially, it is now recognized that not all miRNAs in the blood are derived
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from EVs, and in some cases there may be a certain amount of miRNAs present in the Ago2 ribonucleoprotein complex or in
other states (Arroyo et al., 2011). Therefore, it is important to consider these possibilities when applying the results of this study
to actual clinical practice.
Progressive advances in the development of nucleic acid drugs using miRNA have been made in recent years, and these drugs

have been used in the treatment of patients with liver diseases (Janssen et al., 2013; van der Ree et al., 2017). Our results may
lead to drug discovery and development of new therapies targeting miR-503-3p or EVs derived from radiation-resistant OSCC.
However, our findings are based on in vitro experiments, and especially the experiments of introducing miRNA into cells have
a strong artificial aspect. Therefore, future studies are required to verify the results of this study in vivo.
There are some limitations to the present study. It is necessary to examine how CRR cell-derived EVs and miR-503-3p affect

stromal cells, such as fibroblasts andmacrophages. Additionally, as the present clinicopathological analysis targeted patients who
received 5-FU-based preoperative chemoradiotherapy in our previous Phase 2 study (Nomura et al., 2010), it is necessary to
verify the clinical significance of miR-503-3p in patients with OSCC treated with CDDP-based chemoradiotherapy, which is the
standard treatment for head and neck cancer. In addition, the significant role of miR-503-3p in regulating radiation-induced
apoptosis is unclear. Furthermore, the components that control DNA double-strand break repair are possibly also involved in
the acquisition of radiation resistance of cells. Furthermore, the present study also demonstrates that miR-503-3p is possibly
involved, not only in the radioresistance of OSCC but possibly in the control of other malignant phenotypes as well, based on its
correlation with clinicopathological factors (Table 2) and the results of the miR-503-3p forced expression experiments (Figures 2
and 3). Finally, in this study, we focused on miRNAs that are altered between radioresistant and sensitive OSCC cells and those
that confer radioresistance. However, the approach of extracting miRNAs with radiosensitizing effects using methods such as
high-throughput screening to elucidate the radiotolerance mechanism may also be useful, and further research is warranted.
Despite these limitations, the present study is the first to elucidate that EVs released from CRR cells confer radioresistance to
surrounding cells. Furthermore, we first demonstrated that themiR-503-3p–BAK axis regulates radiation-induced apoptosis and
contributes to acquiring radiation resistance in OSCC. Furthermore, we discovered that circulating miR-503-3p in the serum of
patients withOSCCwas a potential biomarker. These findings will provide new insights into the study of the relationship between
EVs and treatment resistance, especially radiation resistance, in OSCC.
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