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Abstract

Various cell types secrete exosomes into their surrounding extracellular space, which
consequently affect the function and activity of recipient cells. Numerous studies
have showed that tumor cell-derived exosomes play important roles in tumor growth
and progression. Although a variety of endocytic pathways are reportedly involved in
the cellular uptake of exosomes, detailed mechanisms remain unknown. The present
study demonstrated that treatment with recombinant epidermal growth factor (EGF)
time- and dose-dependently promoted cellular uptake of oral squamous cell carci-
noma (OSCC) cell-derived exosomes into OSCC cells themselves. Conversely, EGF
receptor (EGFR) knockdown and treatment with EGFR inhibitors, including erlotinib
and cetuximab, abrogated OSCC cell uptake of exosomes. The macropinocytosis in-
hibitor 5-(N-ethyl-N-isopropyl) amiloride (EIPA) blocked the effects of active EGF/
EGFR signaling on uptake of OSCC cell-derived exosomes. These EGFR inhibitors also
suppressed OSCC cell-derived exosome-induced proliferation, migration, invasion,
stemness, and chemoresistance of OSCC cells. Taken together, the data presented
herein suggest that EGFR inhibitors might inhibit the malignant potential of OSCC
cells through direct inhibition of not only EGFR downstream signaling pathway but
also cellular uptake of OSCC cell-derived exosomes through macropinocytosis.
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1 | INTRODUCTION

Over 350 000 cases of oral cancer are reported annually worldwide.
Almost half of these individuals subsequently die of their disease.* Among
all defined histological types of oral cancer, more than 0% are oral squa-
mous cell carcinomas (OSCC). Despite recent therapeutic advances, sig-
nificant recurrence rates in OSCC are still observed, with approximately
40% of patients developing cervical lymph node metastases.? Therefore,
OSCC is still characterized as having a poor prognosis and low survival
rates, and improvements in the treatment for oral cancer are necessary.3'4

Exosomes, which are small membrane vesicles released by vari-
ous cells, including tumor cells, can be taken up by parent and recip-
ient cells, consequently affecting their function and activity through
included materials, such as lipids, proteins, and nucleic acids from
their cell of origin.5 Studies have shown that tumor-derived exo-
somes affect tumorigenesis, tumor progression, and metastasis by
exhibiting immunosuppressive properties, facilitating tumor inva-
sion and metastasis, stimulating tumor cell proliferation, or inducing
drug resistance.®” We also previously demonstrated that OSCC cell-
derived exosomes taken up by OSCC cells themselves significantly
promoted proliferation, migration, invasion, and growth of tumor
xenografts implanted into nude mice through the activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt, MAPK /extracellular signal
regulated kinase (ERK), JNK-1/2 pathways.® Therefore, the afore-
mentioned findings suggest that tumor cell-secreted exosomes can
be therapeutic targets in OSCC.

Concerning the therapeutic potential of targeting tumor cell-
secreted exosomes, evidence has shown that blocking of exosome
production, secretion, and uptake may be effective for cancer ther-
apy. For instance, studies have revealed that blockade of Rab27a, a
small GTPase, suppressed the secretion of exosomes and decreased
primary tumor growth.”!® Exosomes are taken up through a variety
of endocytic pathways, including clathrin-dependent endocytosis,
caveolin-mediated uptake, macropinocytosis, phagocytosis, lipid
raft-mediated internalization, membrane fusion, and protein interac-
tions. ! Among these endocytic pathways, macropinocytosis allows
for the uptake of large amounts of nutrients and other components,
including exosomes, through actin cytoskeleton rearrangement fol-
lowed by membrane ruffle formation via the activation of the Rho
family of GTPases, such as Rac1, and phosphoinositide signaling.12
Macropinocytosis can also occur in response to the stimulation of
growth factors, such as epidermal growth factor (EGF), macrophage
colony-stimulating factor-1 (CSF-1), and platelet-derived growth
factor, as well as the activation of oncogenic Ras.’*™ Therefore,
identifying and suppressing the exosome uptake pathway specific to
tumor cells may contribute toward suppressing cancer progression.

The EGF receptor (EGFR) is overexpressed in OSCC, with the
EGF-EGFR signaling pathway regulating the malignant potential of
OSCC cells and influencing anticancer drug resistance, progression,
and poor prognosis of patients with OSCC.*¢"*® Accordingly, anti-
EGFR agents, including monoclonal antibodies (mAbs) and small-
molecule tyrosine kinase inhibitors (TKI), have been developed, with
cetuximab currently approved for the treatment of patients with

advanced OSCCin Japan.w'20 However, it remains unknown whether
these anti-EGFR agents suppress the uptake of tumor cell-derived
exosomes through EGF-EGFR signaling-regulated macropinocytosis
and inhibit the progression of OSCC.

Therefore, the present study examined whether OSCC cells
themselves take up OSCC cell-derived exosomes through macropi-
nocytosis via EGF-EGFR signaling pathway activation. Furthermore,
this study explored the inhibitory effects of anti-EGFR agents on
exosome uptake through macropinocytosis and their role in tumor

development and progression using in vitro assays.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

HSC-2, -3, -4, and SAS were obtained from the RIKEN BioResource
Center and cultured in DMEM (Nissui Pharmaceutical) supple-
mented with 10% (v/v) FBS, 10 mmol/L of glutamine, 100 units/mL
of penicillin, and 100 pg/mL of streptomycin (Invitrogen) at 37°C in
a humidified 5% CO,/95% air atmosphere. EGFR-specific small inter-
fering RNA (siRNA) was synthesized by Ambion. Transfection was
performed using Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen). 5-Fluorouracil (FU) and cisplatin (CDDP) were obtained
from Sigma-Aldrich (Merck KgaA); recombinant human EGF was
obtained from PeproTech; and erlotinib was from obtained Cayman
chemical. Cetuximab (Erbitux) was purchased from Merck Serono.
5-(N-ethyl-N-isopropyl) amiloride (EIPA) and N-acetyl-L-cysteine
(NAC) were supplied by Sigma-Aldrich.

2.2 | Exosome isolation

Oral squamous cell carcinoma cells (2 x 10° cells/10 cm dish) were
cultured in conventional culture medium for 24 hours. The me-
dium was then replaced with DMEM supplemented with 5% (v/v)
exosome-depleted FBS (System Biosciences, LLC) for 48 hours,
after which the exosomes were isolated using the Total Exosome
Isolation Kit (Invitrogen; Thermo Fisher Scientific) according to the
manufacturer’s protocol. Briefly, cell culture supernatants were har-
vested and centrifuged at 2000 g for 30 minutes to remove cells
and cell debris. Next, the reagent was added to the supernatants,
and the mixture was refrigerated overnight. The mixture was then
centrifuged at 10 000 g for 60 minutes, and the supernatants were
removed. The exosome pellet was resuspended in PBS, and the pro-
tein concentration was determined using a bicinchoninic acid (BCA)
assay kit (Pierce Biotechnology).

2.3 | Exosome labeling and cellular uptake

The purified exosomes were labeled PKH26 or PKH67 (Sigma-
Aldrich; Merck KGaA) according to the manufacturer’s protocol.
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Briefly, 1 uL of PKH26 or PKH67 was added to 100 pg of exosome
pellet in 200 pL (total volume) of diluent C and incubated for 5 min-
utes at room temperature. The labeling reaction was stopped by
adding an equal volume of FBS, after which the samples were ultra-
centrifuged at 10 000 g for 60 minutes at 4°C. After removing the
supernatant, the pellets were resuspended in PBS.

To assess the cellular uptake of PKH26-labeled exosomes or
FITC-dextran through confocal laser microscopy, a total of 1 x 10*
cells/well HSC-4 cells were initially cultured in Nunc Lab-Tek 8-well
chamber slides (Thermo Fisher Scientific) for 24 hours to achieve
complete adhesion. Next, the cells were treated with PKH26-
labeled exosomes or FITC-dextran (Sigma-Aldrich) with or without
10 pmol/L of erlotinib, 100 pg/mL of cetuximab, or 25 umol/L of
EIPA for 24 hours. After incubation, cells were washed twice with
PBS and mounted using SlowFade Diamond Antifade Mountant
with DAPI (Invitrogen). Images were then captured using a Fluoview
FV-1000D confocal laser scanning microscope (Olympus) at 400x
magnification.

To assess cellular uptake of exosomes via flow cytometry, a total
of 1 x 10° cells/well OSCC cells were cultured in 12-well microplates
(Corning) for 24 hours to achieve complete adhesion. Next, the
cells were treated with PKH67-labeled exosomes or FITC-dextran
with or without 10 umol/L of erlotinib, 100 pg/mL of cetuximab,
or 25 umol/L of EIPA for 24 hours. After incubation, the cells were
washed twice with PBS, and cellular uptake of OSCC-derived exo-
somes and FITC-dextran was analyzed on a FACScan cytometer
using CELLQUEST (Becton Dickinson).

2.4 | Protein extraction and western blot analysis

Total cells from cell cultures and proteins from HSC-4-derived ex-
osomes were lysed using radioimmunoprecipitation assay buffer
(50 mmol/L; Tris pH 7.4, 150 mmol/L of NaCl, 1 mmol/L of EDTA,
0.25% sodium deoxycholate, 1.0% NP-40, and protease inhibitors).
Protein concentrations were then determined using a BCA assay.
The extracted proteins (50 ug/lane) were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membranes. Thereafter, the mem-
branes were blocked in Tris-buffered saline containing 5% (w/v)
skimmed milk powder and 0.1% (v/v) Tween-20 at 4°C overnight
and then probed with primary antibodies against CD9 (1:1,000; cat.
no. ab92726; Abcam), CD63 (1:1,000; cat. no. sc-5275; Santa Cruz
Biotechnology), calnexin (1:200; cat. no. MAB3126; EMD Millipore),
cytochrome C (1:1,000; cat. no. 556433; BD Biosciences), phos-
phorylated (Tyr1068) EGFR (p-EGFR; 1:1000; cat. no. c¢s3777; Cell
Signaling Technology), EGFR (1:1000; cat. no. cs4267; Cell Signaling
Technology), phosphorylated (Ser473) AKT (p-AKT; 1:2000; cat. no.
cs4060; Cell Signaling Technology), AKT (1:2000; cat. no. cs4691;
Cell Signaling Technology), phosphorylated (Thr202/Tyr204) ERK
(p-ERK; 1:2000; cat. no. cs4370; Cell Signaling Technology), ERK
(1:2000; cat. no. cs4695; Cell Signaling Technology, Inc), E-cadherin
(1:1000; cat. no. ¢s3915; Cell Signaling Technology), N-cadherin

(1:1000; cat. no. BD610920; BD Transduction Laboratories.), vi-
mentin (1:1000; cat. no. cs3932; Cell Signaling Technology), CD44
(1:1000; cat. no. 15675-1-AP; Proteintech Group), Oct4 (1:1000;
cat. no. 11263-1-AP; Proteintech Group), SOD2 (1:1000; cat. no.
BD611580; BD Transduction Laboratories.), SOD1, catalase, and
thioredoxin (1:250; cat. no. ab179843; Abcam), and B-actin (1:500;
cat. no. ab8226; Abcam). After incubating the signals with horse-
radish peroxidase (HRP)-conjugated anti-mouse IgG secondary
antibody (cat. no. NA9310) or HRP-conjugated anti-rabbit IgG
secondary antibody (cat. no. NA9340) (both 1:2000; both from
GE Healthcare) for 1 hour at room temperature, signal detection
was performed using an enhanced chemiluminescence system (GE

Healthcare).

2.5 | Cell proliferation assay

Cell proliferation was analyzed using the Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies) assay. A total of 5 x 10° cells/well
HSC-4 cells were seeded in 96-well culture plates and cultured for
24 hours followed by incubation with HSC-4-derived exosomes with
or without 100 pmol/L of 5-fluorouracil (5-FU), 25 umol/L of CDDP,
10 pumol/L of erlotinib, 100 ug/mL of cetuximab, or 5 mmol/L of
NAC for 24 hours. Thereafter, 10 uL of CCK-8 solution was added to
each well followed by incubation for an additional 2 hours at 37°C.
Absorbance was then measured at 450 nm using a microplate reader.

Each experiment was performed in triplicate.

2.6 | Migration assay

The migratory potential of the cells was examined using the
CytoSelect 24-well cell migration assay (Cell Biolabs). Briefly, a total
of 2.5 x 10° cells/well HSC-4 cells were seeded into 24-well plates
containing proprietary-treated plastic inserts and maintained in cul-
ture for 24 hours. After the inserts were removed, the cells were
treated with HSC-4-derived exosomes with or without 10 umol/L
of erlotinib or 100 pg/mL of cetuximab for 10 hours at 37°C. After
staining with 0.5% crystal violet in 10% ethanol for 10 minutes at
room temperature, the percentage of closure in the wound field was
determined using light microscopy at 40x magnification. Each ex-
periment was performed in triplicate.

2.7 | Invasion assay

The invasive potential of the cells was evaluated using the BioCoat
Matrigel Invasion Chamber kit (BD Biosciences). Briefly, HSC-4
cells were added to the Transwell insert chamber containing a
filter coated with Matrigel at a density of 1.5 x 10? cells/pL. In
the lower compartment, 750 pL of DMEM containing 10% FBS
was used as the chemoattractant. The HSC-4 cells were incu-
bated with HSC-4-derived exosomes with or without 10 umol/L
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of erlotinib or 100 ug/mL of cetuximab for 24 hours at 37°C. After
removing the inserts, non-invading cancer cells remaining on the
upper side of the filter were scraped off. Cells that invaded the
lower side of the filter were then stained with the Diff-Quick so-
lution (Sysmex Corporation) at room temperature for 10 minutes,
observed under a light microscope, and counted over five ran-
domly selected fields at 200x magnification. Each experiment was

performed in triplicate.

2.8 | Shere formation assay

To allow sphere formation, 1 x 10° cells were seeded into the 96-
well U-bottom low adherence plates (Thermo Fisher Scientific Nunc,
cat. no. 174925) and cultured with or without 100 pg/mL of HSC-
4-derived exosomes, 10 umol/L of erlotinib, or 100 pg/mL of ce-
tuximab for 7 days. The surface area was analyzed using a Keyence
BZ-X800 fluorescence microscope and BZ-X800 Analyzer software
(Keyence) following the manufacturer instructions. Each experiment

was performed in triplicate.

2.9 | Colony formation assay

To allow colony formation, 1 x 10° cells were seeded in six-well
culture plates and cultured with or without 100 pg/mL of HSC-
4-derived exosomes, 100 pumol/L of 5-FU, 25 umol/L of CDDP,
10 pumol/L of erlotinib, or 100 pg/mL of cetuximab for 24 hours at
37°C. Then, the medium was replaced with DMEM supplemented
with 10% (v/v) FBS and cultured for 7 days. The colony number in
each well was counted under a light microscope. Each experiment

was performed in triplicate.

2.10 | Flow cytometry

For the stemness assay, cells with an anti-CD44-PE/Cy7 antibody
(BioLegend, cat. no. 372810) and submitted for analysis on a FACScan
cytometer using FlowJo software (version 10; BD Biosciences). For
the apoptosis assay, cells were stained with propidium iodide and
FITC-conjugated annexin V and analyzed on a FACScan cytometer
using FlowJo software (version 10; BD Biosciences). Each experi-

ment was performed in triplicate.

2.11 | Measurement of intracellular reactive
oxygen species levels

Cells were incubated with 5 umol/L DCFH-DA (dichlorodihydrofluores-
cein diacetate) (Molecular Probes) for 1 hour at 37°C. Then, the cells
were treated with or without 100 pg/mL of HSC-4-derived exosomes,
100 pmol/L of 5-FU, or 25 pmol/L of CDDP for 24 hours and analyzed
using a ThermolLab System Fluoroskan Ascent FL (Thermo Electron).

2.12 | Statistical analysis

Data are presented as means + standard deviations. Statistical dif-
ferences among experimental conditions were determined using
one-way analysis of variance (ANOVA) or two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. All statistical analyses
were performed using BellCurve for Excel (Social Survey Research

Information), with P < .05 indicating statistical significance.

3 | RESULTS

3.1 | Time- and dose-dependent uptake of HSC-4-
derived exosomes by HSC-4 cells themselves

HSC-4-derived exosomes were initially characterized using west-
ern blot analysis. Accordingly, HSC-4-derived exosomes expressed
CD9 and CDé63, which are used as exosomal markers (Figure 1A).
Conversely, calnexin and cytochrome C were not detectable in the
exosomal lysates (Figure 1A). To study the uptake of isolated ex-
osomes, HSC-4-derived exosomes were treated with PKH26 and
PKH67, two fluorescent dyes with long aliphatic tails that are in-
corporated into the lipid membrane of exosomes. After incubating
HSC-4 cells with PKH26-labeled HSC-4-derived exosomes, confo-
cal laser microscopy revealed PKH26-positive granules in the cy-
toplasm of HSC-4 cells. Notably, HSC-4 cells treated with 100 pg/
mL of HSC-4-derived exosomes at 24 hours had more diffuse
granules in their cytosol compared to those treated with 10 pg/
mL of exosomes at 3 hours (Figure 1B). Flow cytometric analysis
also revealed a dose- and time-dependent increase in the uptake
of both PKHé67-labeled HSC-4-derived exosomes by HSC-4 cells
(Figure 1C,D). The aforementioned data suggested that HSC-4
cells themselves dose- and time-dependently take up HSC-4-

derived exosomes.

3.2 | HSC-4-derived exosomes promote the
malignant potential of HSC-4 cells

To determine the autocrine or paracrine effects of HSC-4-derived
exosomes, we determined the effects of HSC-4-derived exosomes
on the malignant potential of HSC-4 cells themselves. Accordingly,
HSC-4-derived exosomes dose-dependently facilitated prolifera-
tion (Figure 2A) and migration of HSC-4 cells (Figure 2B). The in-
crease in the number of HSC-4 cells invading the Matrigel depended
on the concentration of the HSC-4-derived exosomes (Figure 2C).
Furthermore, treatment with 100 pg/mL of exosomes increased the
population of cancer stem-like cells expressing CD44 and the size of
spheres (Figure 2D,E).

We previously reported that OSCC-derived exosomes promoted
the malignant potential of OSCC cells through the activation of AKT
and ERK signaling pathways, which are involved in the survival of
various cell types. In this experiment, HSC-4-derived exosomes also
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promoted the phosphorylation of AKT and ERK but not EGFR. Apart
from the promotion of migration, invasion, and stemness of HSC-4
cells, these exosomes increased the expression of mesenchymal
markers, including N-cadherin and vimentin, and stemness markers,
such as CD44 and Oct4 (Figure 2F). The aforementioned results
suggested that OSCC cells may increase their malignant behavior

through the secretion and uptake of OSCC cell-derived exosomes.

3.3 | HSC-4-derived exosomes attenuate the
chemosensitivity of HSC-4 cells

HSC-4-derived exosomes also significantly attenuated the 5-FU- or
CDDP-mediated inhibition of HSC-4 proliferation and colony for-
mation ability (Figure 3A,B). Furthermore, the treatment of HSC-4
cells with 5-FU or CDDP increased the percentage of apoptotic cells,
which was inhibited after adding HSC-4-derived exosomes to the cell
culture (Figure 3C). To elucidate the mechanism of OSCC cell-derived
exosome-induced chemoresistance, we analyzed the involvement of
intracellular reactive oxygen species (ROS). Treatment with chemo-
therapeutic drugs induced the generation of ROS in HSC-4 cells, but
the effects were inhibited by HSC-4-derived exosomes (Figure 3D).
HSC-4-derived exosomes induced the expression of some antioxida-
tive enzymes including catalase, SOD1, and thioredoxin regardless
of the presence of chemotherapeutic drugs (Figure 3E). Next, we
examined the effects of an antioxidant NAC to investigate whether
the decrease in intracellular ROS levels induced by HSC-4-derived
exosomes regulated the chemosensitivity of HSC-4 cells. NAC pro-
hibited chemotherapeutic drug-induced antiproliferative effects and
apoptosis (Figure 3F,G), and the effects were promoted by adding

HSC-4-derived exosomes. The aforementioned results suggested
that OSCC cell-derived exosomes may decrease the chemosensitiv-
ity of OSCC cells through the attenuation of the effects of chemo-

therapeutic drugs on intracellular ROS regulation.

3.4 | Epidermal growth factor/epidermal growth
factor receptor signaling regulates exosome uptake in
HSC-4 cells

To verify whether OSCC cell-derived exosomes are taken by OSCC
cells through EGF/EGFR signaling activation, both control and EGFR-
knockdown HSC-4 cells were treated with recombinant human
EGF. Accordingly, rhEGF treatment time- and dose-dependently
increased the uptake of HSC-4-derived exosomes (Figure 4A,C).
Conversely, EGFR knockdown suppressed the internalization of ex-
osomes both with and without rhEGF (Figure 4A,C). Concerning the
activation of EGFR signaling, rhEGF treatment activated the phos-
phorylation of EGFR and its downstream signaling pathways AKT
and ERK at 1 hour, with the activation status being maintained until
6 hours in control cells and then gradually decreasing until 24 hours
(Figure 4B). In EGFR knockdown cells, EGFR phosphorylation was
induced only at 1 and 3 hours, with the level of AKT and ERK phos-
phorylation being lower compared to control cells (Figure 4B). rhEGF
treatment dose-dependently induced EGFR, AKT, and ERK phos-
phorylation at 24 hours, although no dose-dependent activation of
EGFR signaling was observed in EGFR-knockdown cells (Figure 4D).
The aforementioned results suggested that HSC-4 cells uptake
their own exosomes through the activation of the EGF/EGFR signal
pathways.
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FIGURE 2 Effects of HSC-4-derived exosomes on the malignant potential of HSC-4 cells. HSC-4 cells were incubated with or without
HSC-4-derived Exo (1, 10, or 100 ug/mL) for 24 h. A, The viability was assessed using Cell Counting Kit-8 assay. B, Wound healing assay to
determine the migratory capacity of HSC-4 cells treated with HSC-4-derived Exo. Magnification, 40x. C, Invasion assay to determine the
invasive capacity of HSC-4 cells treated with HSC-4-derived Exo. Magnification, 100x. D, Expression of CD44 of HSC-4 cells was analyzed
using flow cytometry. E, Sphere area and phase-contrast photomicrographs of spheres formed from HSC-4 cells growing in low-adhesive
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3.5 | Involvement of macropinocytosis with
epidermal growth factor/epidermal growth factor
receptor signaling-regulated uptake of exosomes in
HSC-4 cells

To verify whether OSCC cell-derived exosomes were taken up by
OSCC cells through the activation of the macropinocytosis pathway
via EGFR stimulation, HSC-4 cells were treated with two types of
EGFR inhibitors: erlotinib (an EGF receptor tyrosine kinase inhibi-
tor) and cetuximab (a recombinant human/mouse chimeric EGFR
monoclonal antibody) with or without rhEGF for 24 hours. PKH26-
positive granules were observed in the cytoplasm of HSC-4 cells
and appeared more diffuse during confocal laser microscopy in the
presence of rhEGF (Figure 5A). Co-localization of PKH26-labeled
HSC4-derived exosomes and FITC-dextran, a probe for the macro-
pinocytosis pathway, was observed 24 hours after treatment.
Conversely, treatment with the macropinocytosis inhibitor EIPA in-
hibited the uptake of both exosomes and dextran. In the presence
of erlotinib and cetuximab, the internalization of PKH26-labeled ex-

osomes was also suppressed.

To thoroughly determine the inhibitory effects of EGFR inhib-
itors on macropinocytosis, the time course of dextran uptake was
verified using flow cytometry. rhEGF treatment time-dependently
increased the uptake of dextran, with a 1.8-fold higher uptake of
dextran having been observed at 24 hours compared to the control,
suggesting that EGF/EGFR signaling activated macropinocytosis in
HSC-4 cells (Figure 5B). Although no obvious suppressive effects of
EIPA on dextran uptake were observed until 6 hours, treatment for
24 hours inhibited both EGF-induced and control dextran uptake.
Erlotinib showed the strongest inhibitory effect on dextran uptake,
completely abolishing rhEGF-induced uptake. Conversely, cetux-
imab time-dependently suppressed dextran uptake, albeit weakly,
regardless of the presence of rhEGF.

Thereafter, the time course of HSC-4-derived exosome uptake
was verified using flow cytometry. Accordingly, rhEGF increased
exosome uptake by 1.8-fold at 24 hours (Figure 5C). Remarkable
suppressive effects by EIPA on exosome uptake were observed at
24 hours. Erlotinib also showed strong inhibitory effects on exo-
some uptake at 24 hours, completely abolishing rhEGF-induced
effects. In contrast, cetuximab time-dependently suppressed
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FIGURE 3 Effects of HSC-4-derived exosomes on the chemosensitivity of HSC-4 cells. A, HSC-4 cells were incubated with 100 ug/mL
HSC-4-derived Exo for 24 h with or without 100 umol/L of 5-FU or 25 umol/L of CDDP, after which cell proliferation was assessed using
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exosome uptake at 24 hours, albeit weakly, regardless of the
presence of rhEGF, suggesting that HSC-4 cells uptake exosomes
through the activation of macropinocytosis via EGF/EGFR signaling.
Moreover, we showed that erlotinib more effectively inhibited exo-
some uptake compared to cetuximab. In other OSCC cells, includ-
ing SAS, HSC-2, and HSC-3 cells, rhEGF treatment also increased
the uptake of dextran and OSCC-derived exosomes. In contrast,
EIPA and EGFR inhibitors suppressed the uptake of dextran and
OSCC-derived exosomes both with and without rhEGF (Figure S1).

Furthermore, we investigated whether EGFR inhibitors suppressed
EGF-activated signal transduction. As shown in Figure 5D, an increase
in EGFR, ERK, and AKT phosphorylation was observed in HSC-4 cells
treated with rhEGF for 24 hours. Although both EGFR inhibitors sup-
pressed EGFR phosphorylation, erlotinib alone completely abolished
AKT and ERK phosphorylation. In the presence of rhEGF, no obvious
suppressive effects on AKT and ERK phosphorylation were observed
with cetuximab treatment. Although EIPA slightly suppressed EGFR
phosphorylation both with and without rhEGF, EIPA did not influence

the phosphorylation status of AKT and ERK. The aforementioned re-
sults suggested that OSCC cells uptake their own exosomes through

the macropinocytosis pathway via EGFR stimulation.

3.6 | Suppression of exosome-induced malignant
potential of HSC-4 cells by epidermal growth factor
receptor inhibitors

To examine whether the inhibition of OSCC cell-derived exosome
uptake through EGFR inhibitors was involved with OSCC cell behav-
ior, HSC-4 cells were treated with EGFR inhibitors in the presence or
absence of OSCC cell-derived exosomes in vitro. Each inhibitor in-
hibited cell proliferation even in the absence of exosomes while also
suppressing exosome treatment-induced proliferation (Figure 6A).
Furthermore, treatment with each inhibitor suppressed HSC-4 cell
migration, invasion, and stemness both with and without HSC-4-
derived exosomes (Figure 6B-E).



SASABE ET AL.

LBRWATS 2 Cancer Science

(A)
10000 -
8000
é —@— Mock EGF(-)
g ~ 6000
o --@-- Mock EGF(+)
=
[PRS
z 4000 —O0— EGFR-SI EGF(-)
[
2000 -=-- EGFR-SI EGF(+)
0 r—F—7————
0 3 6 912151821 24
Time (h)

(o}
© 40000
8000
[72]
[0]
§ _ 6000
% LEL m Mock
T 4000 OEGFR-SI
i
o

2000

0 00505 5 50 500
EGF (nM)

(B) Mock

EGFR-SI
12 24 0 1 3 6

Time(th) 0 1 3 6 12 24

P-EGFR | wa — e - —
EGFR --.-.- -

P-AKT | ™= wms e e - - o - o - -
N eEOeeeeoehee
PpERK | — D a5 e w= — @ —
ERK oo GO ob b GDED &5 @ &0 @& = &
Bactin | "N ED " D G 4 S 40 B S -

(D) Mock EGFR-SI

EGF(nM) 0 0.05 05 5 50 500 O 0.05 0.5 5 50 500

pecrn| eme e GRR— - — — —
EGFR | P B &

P-AKT | ™= o o - - - e - — -
p-ERK I !

R O eeeeseess
B-actin | W G - - . S e s o> o o

FIGURE 4 Effects of epidermal growth factor (EGF)/epidermal growth factor receptor (EGFR) signaling on the cellular internalization of
HSC-4-derived exosomes. A, HSC-4 cells were transiently transfected with EGFR siRNA and cultured for 48 h. Next, cells were cultured with
25 pg/mL PKH26-labeled Exo derived from HSC-4 cells for the indicated times with or without 500 nmol/L of rhEGF and analyzed using
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times were analyzed using western blotting. C, HSC-4 cells were cultured with 25 pg/mL PKHé67-labeled Exo derived from HSC-4 cells at
different rhEGF concentrations for 24 h and analyzed using flow cytometry. D, TCL from control and EGFR-siRNA transfected cells treated
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vs mock-transfected cells

3.7 | Suppression of exosome-induced
chemoresistance of HSC-4 cells by epidermal growth
factor receptor inhibitors

Treatment with erlotinib and cetuximab also had profound inhibitory
effects on proliferation and colony formation ability in the presence
or absence of HSC-4-derived exosomes (Figure 7A,B). Furthermore,
treatment with each EGFR inhibitor increased the percentage of
apoptotic cells and abolished the antiapoptotic effects induced by
HSC-4-derived exosomes (Figure 7C).

4 | DISCUSSION

Cancer cells secrete aberrantly large amounts of exosomes that
are taken up by various types of cells, including cancer cell them-
selves, stromal cells, and immune cells, which constitute the tumor

microenvironment. Evidence has shown that the molecular and ge-
netic contents of cancer cell-secreted exosomes can influence the
phenotype of the incorporated cells through the activation of intracel-
lular signal pathways, as well as promote cancer progression and poor
prognosis.21 Our group, along with other researchers, had previously
reported that OSCC cell-secreted exosomes were taken up by OSCC
cells themselves, subsequently promoting proliferation, migration, and
invasion leading to cancer progression.g’zz'23 In our experiments, other
human oral squamous cell carcinoma cell lines, such as HSC-4, also se-
creted exosomes that promoted their malignant potential through the
uptake of self-derived exosomes. The aforementioned findings sug-
gested that OSCC cells can acquire more malignant biological behavior
by taking up their own exosomes. Therefore, therapeutic approaches
aimed at inhibiting the formation, secretion, and incorporation of
tumor cell-secreted exosomes can prevent OSCC development.

The molecular mechanisms of the materials in OSCC cell-derived
exosomes that regulate the malignant potential of OSCC cells remain
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to be fully elucidated. Among the bioactive molecules of exosomes,
transferred regulatory miRNAs can epigenetically alter gene func-
tion in the recipient cell. Because it has been reported that some
miRNA contained in tumor cell-derived exosomes, such as miR-21,
miR-342-3p, and miR-1246, promote cancer progression through
activation of AKT and ERK signaling pathways, these exosome-
containing miRNAs may also be involved in the promotion of malig-
nant potential in OSCC cells.?2% Furthermore, various mechanisms
of chemoresistance induced by OSCC cell-derived exosomes were
reported, such as shuttling of miRNA content, drug efflux, alteration
of vesicular pH, anti-apoptotic signaling, modulation of DNA damage
repair, immunomodulation, epithelial-to-mesenchymal transition,
and maintenance of tumor by cancer stem cells.?> Chemotherapeutic
drug-induced cytotoxicity and apoptosis are also regulated by ROS
generation. It has also been shown that exosomes conferred chemo-
resistance to pancreatic cancer cells by promoting ROS detoxifica-
tion, through lateral transfer of SOD2 and catalase transcripts.2® We

showed that HSC-4-derived exosomes induced the expression of
some antioxidant enzymes and decreased the intracellular ROS level
in HSC-4 cells. These results suggested that OSCC cells may acquire
malignant potential and chemoresistance through transfer of OSCC
cell-derived exosomal miRNAs or transcripts.

The EGFR is often overexpressed in OSCC cells, while the ac-
tivation of EGF/EGFR signaling can promote malignant potential,
such as proliferation, migration, invasion, epithelial-mesenchymal
transition, and cancer stem-like cell properties through the activa-
tion of downstream signal cascades, such as the RAS/ERK, PI3K/
AKT, and the janus kinase/signal transducer and activator of tran-
scription (JAK/STAT) pathway.?’?? EGF can also stimulate the in-
duction of macropinocytosis, an actin-driven endocytic process
whereby membrane ruffles fold back onto the plasma membrane to
form large (>0.2 um in diameter) endocytic organelles called mac-
ropinosomes. Cellular uptake of exosomes through macropinocy-
tosis which is induced by the activation of EGF-EGFR signaling or
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oncogenic Ras was reported in A431 human epidermoid carcinoma
cells and non-small cell lung cancer cells.'*° We showed that EGF/
EGFR signaling stimulation in HSC-4 cells following rhEGF treatment
time- and dose-dependently increased the uptake of HSC-4-derived
exosomes. Conversely, EGFR knockdown of HSC-4 cells through
of EGFR-siRNA transfection remarkably suppressed the uptake of
HSC-4-derived exosomes. Furthermore, FITC-dextran and PKH-26-
labeled HSC-4-derived exosomes had been found to be co-localized
in the cytosol of HSC-4 cells, with two types of EGFR inhibitors, er-
lotinib and cetuximab, as well as EIPA (a macropinocytosis inhibitor)
suppressing exosome uptake with or without rhEGF. The aforemen-
tioned findings suggested that EGF/EGFR signaling-induced mac-
ropinocytosis might be involved in the uptake of OSCC cell-derived

exosomes by OSCC cells themselves. Anti-EGFR therapeutic agents
(mAb and TKI) are currently being developed for the treatment of
patients with advanced 0OSCC,12° while cetuximab has become a
standard therapeutic regimen in the treatment of oral cancer.33°
In our experiments, both types of anti-EGFR agents inhibited the
proliferation, migration, invasion, stemness, and chemoresistance of
OSCC cells that had taken up OSCC cell-derived exosomes, suggest-
ing their potential efficacy for not only direct blockage of EGF/EGFR
downstream signal cascades, such as ERK and AKT-induced malig-
nant transformation of OSCC cells, but also inhibition of exosome
uptake via macropinocytosis. Multiple studies have shown that
blocking exosomal uptake can be a potentially effective method for
cancer therapy.®* Various endocytosis inhibitors, including heparin,
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methyl-p cyclodextrin, and genistein, have been reported to abro-
gate exosome endocytosis in cancer cells and inhibit phosphoryla-
tion of intracellular signaling pathways, such as ERK.&3%37 Although
cytochalasin D, dimethyl amiloride, and EIPA have been reported as
macropinocytosis inhibitors, clinical trials must verify their efficacy
and complications before these inhibitors can be clinically applied,
which requires a considerable amount of time.®”*? As such, anti-
EGFR agents may be an effective therapeutic strategy given that
they have already been clinically applied in the treatment of pa-
tients with OSCC and their side effects and complications have been
clearly determined.

In our experiments, erlotinib had stronger suppressive effects
on OSCC-derived exosome-induced malignant potential regardless
of the presence of rhEGF. Conversely, cetuximab had weak effects
in the presence of large amounts of rhEGF. When a large amount
of EGF is present in the tumor environment, administering mas-
sive amounts of anti-EGFR agents may be necessary to block EGF/
EGFR signaling. It has also been shown that EGFR was abundantly

expressed in cancer cell-derived exosomes, which could activate
survival-stimulating pathways, such as the MAPK and AKT path-

R.%0 Therefore, the activation

way, by transporting functional EGF
of the AKT and ERK pathways induced by HSC-4-derived exosomes
may be related to the transport of EGFR expressed in OSCC cell-
derived exosomes into OSCC cells, with TKI inhibiting the activation
of internalized EGFR. These results suggested that TKI may be more
effective than monoclonal antibodies for the treatment of patients
with OSCC. Furthermore, some studies have shown that tumor cells
secrete exosomes containing EGFR that regulate the signaling path-
way of endothelial cells, monocytes, and T cells in the tumor micro-
environment.***3 Zhang H et al reported that EGFR contained in
gastric cancer cells exosomes promoted liver metastasis by inducing
hepatocyte growth factor via the suppression of miR-26a/b in liver
stromal cells.** Moreover, it was shown that analysis of the content
of exosomal EGFR expression or EGFR mutation may allow predic-
tion of tumorigenesis, clinical stage, therapeutic effects of EGFR in-
hibitors, or prognosis using clinical specimens such as liquid biopsy
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samples, including plasma, serum, saliva, or urine.*4*8 Because it
remains unknown whether cancer development and progression de-
pend on the promotion of tumor cell-derived EGFR-overexpressing
or EGFR-mutated exosomes uptake by tumor cells themselves clini-
cally, further detailed analysis is required.

To conclude, our findings demonstrated that EGF/EGFR signal-
ing pathway facilitated the uptake of tumor cell-derived exosomes
via macropinocytosis and enhanced the malignant potential of OSCC
cells. Anti-EGFR agents may be effective for the treatment of pa-
tients with OSCC by blocking not only the direct EGF/EGFR signal-
ing pathway but also uptake of tumor cell-derived exosomes through
macropinocytosis. Further investigations are needed to determine
whether antagonizing EGF/EGFR signaling might be an effective
therapeutic strategy.
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