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Ultra-sensitive liquid biopsy of circulating
extracellular vesicles using ExoScreen
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Hiroshi Hayashi?, Hajime Sugisaki?, Hiroko Higashimoto®, Takashi Kato2, Fumitaka Takeshita' & Takahiro Ochiya'

Cancer cells secrete small membranous extracellular vesicles (EVs) into their micro-
environment and circulation. Although their potential as cancer biomarkers has been
promising, the identification and quantification of EVs in clinical samples remains challenging.
Here we describe a sensitive and rapid analytical technique for profiling circulating
EVs directly from blood samples of patients with colorectal cancer. EVs are captured by two
types of antibodies and are detected by photosensitizer-beads, which enables us to detect
cancer-derived EVs without a purification step. We also show that circulating EVs can be used
for detection of colorectal cancer using the antigen CD147, which is embedded in cancer-
linked EVs. This work describes a new liquid biopsy technique to sensitively detect disease-
specific circulating EVs and provides perspectives in translational medicine from the stand-
point of diagnosis and therapy.
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ancer cells secrete various types of humoral factors into
their microenvironment that are biomarkers for disease
diagnosis and prognosis, including cytokines, chemokines
and nucleic acids. Extracellular vesicles (EVs), including exosome
and microvesicles from cancer cells, have also been found in the
blood of cancer patients'™” and therefore provide a novel type of
biomarker for various patient scenarios.

EVs are small membranous vesicles that differ in their cellular
origin, abundance and biogenesis®, and are naturally secreted
by almost all cell types to transport bioactive molecules
intercellularly. EVs are positive for tetraspanin family proteins,
such as CD63, CD81 and CD9 (refs 9-11), and contain cell
surface proteins as well as both mRNA and microRNA,
Conventional methods of analyzing EVs generally require large
quantities of EVs to be concentrated and processed via time-
consuming immunoblotting or enzyme-linked immunosorbent
assay (ELISA) assays; these methods are impractical in most
clinical settings. In this study, we establish a highly sensitive and
rapid analytical technique for profiling surface proteins in EVs

from patient blood that can be used to identify biomarkers of
colorectal cancer, named ExoScreen. ExoScreen could monitor
circulating EV's in serum without the need for purification step. In
addition, we show that ExoScreen is superior for the detection of
EVs to conventional methods, immunoblotting and ELISA.
Furthermore, we find that ExoScreen enables to detect CD147
and CDY double-positive EVs, which is abundantly secreted from
colorectal cancer cells, in serum from colorectal cancer patients.
Our results demonstrate that ExoScreen can be a tool for
detection of EVs from as little as 5 il of cancer patients’ serum to
detect circulating cancer-derived EVs.

Results

Establishment of ExoScreen to detect EVs in serum. To realize
the usage of BVs in clinical situation, we develop methods that
specifically detect circulating EVs in the serum based on an
amplified luminescent proximity homogeneous assay using
photosensitizer-beads!'? without a purification step of EVs

4]

Blood (serum)

ExoScreen method

Conventional method

- Total time: ~12 h N'\.

I
L
Sample
(for example, serum)
Step 1 Purification

(Ultracentrifugation: 3 h)

Purified sample

Step 2 Sample preparation

(Quantification: 1 h)

Step 3
Immuncblotting

Sample analysis: 5-8 h
ELIS
)

Figure 1 | Schematic overview depicting the method for detecting circulating EVs via conventional methods and ExoScreen. In the case of conventional
methods, nearly 12 h are needed to detect the expression of certain protein in circulating EVs. In addition, excessive volumes of serum are required.

Conversely, ExoScreen is completed within 2 h and requires only 5 ul of serum. In this system, streptavidin-coated donor beads capture an analyte-specific
biotinylated antibody and are used in conjunction with acceptor beads conjugated to a second antibody. The streptavidin-coated donor beads are excited
with a laser at 680 nm, resulting in the release of singlet oxygen, which excites an amplified fluorescent signal in the acceptor bead that emits at 615nm

when the beads are within 200 nm of the captured analyte.
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Figure 2 | Establishment of ExoScreen to detect the EVs. (a) Analysis of the size distribution in the serum of healthy donors (n=3) and colorectal
cancer patients (n=3) by the NanoSight nanoparticle tracking system. (b) Detection of EVs or monomeric recombinant CD63 protein by ExoScreen using
a CD63 antibody. EV protein concentration was measured via the Qubit system. The concentration of recombinant CD63 was adjusted with that of protein
in EVs purified from HCT116 CM. Error bars are s.em. (n=3 for each condition). (c) Correlation between ExoScreen measurements for CD9 positive EVs,
CD63 positive EVs or CD63/CD9 double-positive EVs and EV protein concentration in a dilution series. EV protein concentration was measured via the
Qubit system. EVs were purified from HCT16 cell CM. The addition of biotinylated CD9 or CD63 antibodies without acceptor beads conjugated to
antibodies is denoted 'bCD9 only’ or ‘bCD63 only’, while 'aCD9 only’ or “aCDé3 only’ means addition of only acceptor beads conjugated to CD9 or CD63
antibodies without biotinylated antibodies. The addition of biotinylated antibodies and acceptor beads conjugated antibodies is denoted 'bCD9/aCD9" or
"hCD63/aCD63". Right panel shows the addition of biotinylated CD63 antibodies and acceptor beads conjugated CD9 antibodies. Error bars are s.e.m.
(n=3 for each condition). (d) Evaluation of ExoScreen specificity against purified EVs from HCT116 cell treated with or without 0.05% and 0.5% Triton
X-100. Two hundred fifty ng of EVs were detected by ExoScreen using CD9 antibodies. Error bars are s.e.m. (n=3 for each condition). (e) Evaluation
of ExoScreen specificity against EVs from HCT116 cells treated with (Prok(+)) or without (Prok( —)) Proteinase K. Two hundred fifty ng of EVs were

detected by ExoScreen using CD9 antibodies. Error bars are s.em. (n=3 for each condition). Data are representative of at least three independent
experiments each.

(Fig. 1). This system utilizes streptavidin-coated donor beads to
capture an analyte-specific biotinylated antibody, and acceptor
beads conjugated to a second antibody that recognizes an epitope
of the analyte. The donor beads are excited with a laser at 680 nm,
resulting in the release of singlet oxygen, which excites an
amplified fluorescent signal in the acceptor beads. As a result, the
acceptor beads emit light at 615nm, but only if they are within
200 nm of the analyte captured by both antibodies. As shown in
Fig. 2a, the size of EVs measured by the Nanosight particle
tracking system was approximately 100 nm, which prevented the
detection of larger vesicles, such as apoptotic bodies, shedding
vesicles or protein complexes. In addition, we could not obtain
signals from CD63 recombinant protein by ExoScreen, indicating
that this assay does not detect antigen monomers (Fig. 2b). We
call this assay ‘ExoScreen’ because the target of the assay is EVs

and because it has a possibility to screen for biomarker of various
diseases.

To confirm the reliability for detecting EVs by ExoScreen, we
selected CD9 and CD63, which are abundant on the surface of
EVs and are expressed in numerous cells, to detect EVs.
Conditioned medium (CM) of prostate cancer, prostate epithelial,
breast cancer and colorectal cancer cell lines were processed to
obtain purified EVs. ExoScreen was able to quantify the amount
of EVs present in cell culture supernatants with CD9 and CD63
positive EVs detectable in a dose-dependent manner (Fig. 2c and
Supplementary Fig. 1). The negative controls, represented by only
the biotinylated antibody or acceptor bead-conjugated antibody,
resulted in a minimal fluorescent signal (Fig. 2c). In addition,
the signal was decreased after detergent treatment (Fig. 2d and
Supplementary Fig. 2) or Proteinase K treatment (Fig. 2e and
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Figure 3 | Comparison of ExoScreen and conventional methods. (a) Immunoblotting analysis of CD63 (upper panels) or CD9 (lower panels)
against the EVs isolated from HCT116 cells. EV protein concentration were measured via the Qubit system. EVs were purified from HCT116 cell CM.

(b) Correlation between ExoScreen measurements for CD9 positive, CD63 positive or CD63/CD9 double-positive EVs and HCT116 cell CM in a dilution
series. CM was prepared for 5l and diluted as indicated. Error bars are s.e.m. (n=3 for each condition). (c) Correlation between ELISA measurements
for CD9 positive EVs and EV protein concentration in a dilution series. EV protein concentration were measured via the Qubit system. EVs were

purified from HCT116 cell CM. Error bars are s.e.m. (n=3 for each condition). Data are representative of at least three independent experiments each.

Table 1 | Comparison-of ExoScreen and ELISA.

ExoScreen ELISA
Incubation time 1.5-3h 3-6h+ coating time
Steps 2 More than 5
Washes No Yes
Throughput High Low
Sample volume Less than 5 pl* 50-200 pff
The volume of antibodies Low High
Dynamic range 3-4 logs 2 logs
Analytic range! 3 orders of magnitude 2 orders of magnitude
Sensitivity High High
Plate format 96-well or 384-well 96-well

ELISA, enzyme-linked immunosorbent assay.

*Total assay volume 50 pl.

+Total assay volume 200 pl.

Calculated by CD9/CD9 analysis of EVs derived from HCT116 cells

Supplementary Fig. 3), indicating that ExoScreen detected
complexes of membranous vesicle and transmembrane proteins.
Immunoblotting of the same purified EVs preparations con-
firmed the data obtained by ExoScreen. In fact, CD9 and CD63
proteins were - detectable via immunoblotting (Fig. 3a and
Supplementary Fig. 4). As shown in Fig. 3a, approximately
32ng of EV proteins were needed to properly detect CD63 by
immunoblotting, while ExoScreen could detect 15.6 ng of purified
EVs (Fig. 2c). Furthermore, EVs from only 1pl of culture
medium are enough to detect by ExoScreen (Fig. 3b and
Supplementary Fig. 5). In addition, ExoScreen has a wide
working range compared with ELISA (Figs 2c and 3c). Moreover,
" because ExoScreen is a mix-and-read assay, these conventional
methods require many steps and substantial time compared with

4

ExoScreen (Fig. 1). Thus, the ExoScreen assay increases
throughput while substantially decreasing hands-on. Taken
together, these results indicate that ExoScreen is superior for
the detection of EVs to conventional immunoblotting and ELISA
(Table 1). The results of EVs detection in culture supernatant
without purification (Fig. 3b, Supplementary Figs 5 and 6)
prompted us to investigate whether ExoScreen could detect and
characterize EVs in human serum. To develop ExoScreen as a
diagnostic tool for clinical use, we optimized the method to detect
EVs in serum without purification because the protocol exhibited
non-linearity of ExoScreen signals against serum samples
(Fig. 4a). This non-linearity is most likely a result of the
aggregation of condensed proteins in serum. Indeed, we added
dextran-500 to suppress serum protein aggregation, and this
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Figure 5 | Analysis of the amount of CD147 in EVs derived from various colon cancer cell lines and a normal colon fibroblast cell line.

(a) Immunoblotting analysis of CD147 or CD9 against purified EVs isolated from CCD-18Co cells, HCT116 cells, HCT15 cells, HT29 cells, WiDr cells,
COLO201 cells, COLO205 cells and SW1116 cells. EV proteins (250 ng) was used for the detection of CD147 and CD9. (b) Correlation between
ExoScreen detection of CD147/CD9 double-positive EVs and EV protein concentration in a dilution series. EVs protein concentration was measured
via the Qubit system. EVs were purified from CCD-18Co, HCTN6, HCT15, HT29, WiDr, COLO201, COLO205 or SW1116 CM. Error bars are s.e.m.
(n=3 for each condition). Data are representative of at least three independent experiments each.

treatment eliminated the disruption of signals by protein
aggregation (Fig. 4a). As shown in Fig. 4a, ExoScreen revealed
that serum EVs were captured and expressed both CD9 and
CD63 without purification. Further, these signals were detectable
in a dose-dependent manner (Fig. 4a). In addition, we assessed
whether the concentration of beads, which we employed in this
study, was appropriate for the detection of circulating EVs in
serum by checking the various concentrations of beads via
ExoScreen, and found that the concentration of beads we
employed in this study was adequate (Fig. 4b). Taken together,
these results indicated that ExoScreen could monitor
circulating EVs in serum without the need for a purification
process.

Enrichment of CD147 on EVs from colorectal cancer cell lines.
Because EVs are known to represent an important and specific

route of intercellular communication!4, we reasoned that

tumour-derived EVs may differ from circulating EVs in normal
physiological conditions. Previous reports showed that the
protein components of EVs from cancer cells were different
from normal cells!>!6, Indeed, it has been recently reported that
for patients with stage III melanoma, the amount of specific
protein in EVs was significantly increased in individuals who
eventually developed metastatic disease, indicating that EVs
might have great potential for cancer diagnosis®. To identify
cancer-derived EVs in cancer patients, EVs derived from the
colorectal cancer cell line HCT116 cells and a normal colon
fibroblast cell line CCD-18Co cells were subjected to proteomic
analysis (Supplementary Table 1). When EVs isolated from
CCD-18Co cells were compared with HCT116 cells, the amount
of CD147, which is the immunoglobulin superfamily member,
was found to be significantly high in the EVs of HCT116 cells,
whereas the expression could not be observed in CCD-18Co cells.
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each. AUC, area under the curve.

Notably, CD147 is plasma membrane protein and this is suitable
for applying to the ExoScreen. We observed that CD147 is
expressed on all of the colorectal cancer cell lines, but their
expression levels are not uniform (Fig. 5a,b and Supplementary
Figs 7 and 8). In addition, CD147 in EVs from CCD-18Co cells
was hardly detectable. Several reports have shown that CD147 is
expressed in the majority of human tumour types including
colorectal cancer!7-18, although CD147 is expressed in a variety of
embryonic and adult tissues, such as spermatocytes, neuronal
cells, erythrocyte and so on'’. In addition, CD147 functions in
lactate transporter, which is an important feature of cancer cell,
because of the excessive anaerobic glycolysis phenomenon in
cancer cells referred to as the Warburg effect?®. Indeed,
associations between high expression of CD147 and poor
prognosis have previously been shown in colorectal cancer?!,
thus representing a potential marker for ex vivo analysis of
tumour-derived EVs.

CD147 and CD9 double-positive EVs in clinical samples. Next,
we used ExoScreen to detect cancer-derived EVs in human
clinical samples (Fig. 6a). As shown in Fig. 6a, we found that

CD147 and CD9 double-positive EVs were significantly higher in
serum from cancer patients (n = 194) than in serum from healthy
donors (n=191). Most importantly, most of CD147 in cancer
patient sera reduced after surgery (Fig. 6b), suggesting that the
reduced signal of CD147 obtained from ExoScreen is originated
from cancer-derived EVs, even the variety of cells expressed
CD147. To confirm whether by ExoScreen really reflects the
protein profile of EVs in circulation, EVs were purified from the
sera of tumour patients (n=35) and healthy donors (n=10)
and analysed for expression of CD147 via immunoblotting
(Supplementary Fig. 9). We also performed ExoScreen against the
same serum samples obtained by ultracentrifugation (Fig. 6c,
right panel). As depicted in Supplementary Fig. 9, the expression
of CD147 in EVs isolated from the sera of cancer patients
correlated clearly with the results obtained from the ExoScreen
assay (Fig. 6¢), indicating that the accuracy of ExoScreen was
confirmed and that it can be used to monitor EVs in circulation
without any purification. Taken together, these results demon-
strate that ExoScreen can be a tool for detection of EVs from as
little as 5l of cancer patients’ serum to detect circulating cancer-
derived EVs.
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Discussion

In summary, we propose a rapid, highly sensitive and widely
usable detection method based on the amplified luminescent
proximity homogeneous assay using photosensitizer-beads for
cancer cell-derived EVs. Notably, different antibodies can be
conjugated to capture different analytes, such as CD147, thus
various types of cancer can be targetd. There are various
colorectal cancer screening tests. For example, the fecal occult
blood test has been recommended widely as a screening test for
colorectal cancer; however, the fecal occult blood displays low
sensitivity and specificity for detecting colorectal cancer’”.
Moreover, carcinoembrionic antigen (CEA) and carbohydrate
antigen 19-9 (CA19-9) are the most commonly used tumour-
associated antigens in the management of patients with colorectal
cancer, although those biomarkers are not sensitive enough for
early colorectal cancer?®?%. In fact, the high levels of CD147
detected in patient sera showed the normal value range of
CEA and CA19-9 in stage I patients (Supplementary Tables 2
and 3). In addition, the receiver operating characteristic curve
indicates a diagnostic advantage of CD147/CD9 double-positive
EVs in comparison with CEA and CA19-9 (Fig. 6d). From these
aspects and the result shown in Fig. 6b, ExoScreen detecting
CD147/CD9 double-positive EVs might be used for monitoring
the status of cancer after the surgery and during chemotherapy,
resulting in increase in QOL of the patients and providing doctor
for the proper assessment of patient status. Further studies are
needed to know whether our ExoScreen reduces colorectal
cancer mortality as a screening test. It should be noted that
CD147/CD9 double-positive EVs were also detected in samples
with early stage colorectal cancer that invade into submucosal
layer (T1 stage according to UICC classification) (Supplementary
Table 2) by the ExoScreen assay. These results also indicate that
ExoScreen can be used to detect biomarkers for diseases that are
currently difficult to diagnose and monitor not only cancer, but
autoimmune disease and degenerative disease of the brain. Thus,
our data suggest that ExoScreen, in addition to being a novel
liquid biopsy platform for the detection of circulating EVs, may
aid variety of disease diagnosis and help to identify companion
biomarkers that are important for new drug development.

Methods

Cell cultures. Human colorectal cancer cell lines (HCT116 cells, HCT15 cells,
HT29 cells, COLO201 cells, COLO205 cells, WiDr cells and SW1116 cells) and
normal colon fibroblast cell line CCD-18Co cells were purchased from American
Type Culture Collection. HCT116 and HT29 cells were cultured in McCoy’s 5A
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) and an
antibiotic-antimycotic solution (Invitrogen) at 37 °C in 5% CO,. WiDr cells
CCD-18Co cells were cultured in minimal essential medium (MEM) containing
2mM L-gulutamine, an antibiotic-antimycotic solution, nonessential amino acids
and 10% FBS at 37 °C in 5% CO,. HCT15 cells, COLO201 cells and COLO205 cells
were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS
and an antibiotic-antimycotic solution at 37 °C in 5% CO,. SW1116 cells were
cultured in Leibovitz’ L15 medium supplemented with 10% heat-inactivated FBS
and an antibiotic-antimycotic solution at 37 °C in without CO,. The following
additional cell lines were used: PNT2 cells, an immortalized normal adult prostatic
epithelial cell line (DS Pharma Biomedical Co., Ltd. Osaka, Japan); PC3 cells, a
human prostate cancer cell line initiated from a bone metastasis of a grade IV
prostatic adenocarcinoma (American Type Culture Collection); MDA-MB-231-
luc-D3H2LN cells (MDA-MB-231LN), a highly metastatic human breast cancer
cell line (Xenogen); and MCF7 cells, a human breast cancer cell line which
expresses oestrogen receptor (American Type Culture Collection). The above
cells were cultured in RPMI 1640 medium supplemented with 10% FBS and an
antibiotic-antimycotic solution at 37 °C in 5% CO,.

Patient serum samples. Collection and usage of human serum from corolectal
cancer patients (n=194) and healthy donor {n=94) were approved by Osaka
university Institutional Review Board (No.11343). Serum was aliquoted and kept at
— 80 °C until used, and freeze-thawing was avoided as much as possible after that.
Some part of the serum samples (11 =97) from healthy donor shown in Fig. 6a were
purchased from BizCom Japan (Tokyo, Japan). Serum samples containing red

blood cells were excluded from the analysis. Informed consent was obtained from
all patients.

Preparation of conditioned media and EVs, The cells were washed with
phosphate-buffered saline (PBS), and the culture medium was replaced with
advanced Dulbecco’s Modified Eagle Medium for HCT116 cells, WiDr cells,
SW1116 cells, HT29 cells and CCD-18Co cells, or advanced RPMI medium for
the other cell lines, containing an antibiotic-antimycotic and 2 mM L-glutamine
(but not containing FBS). After incubation for 48 h, the CM was collected and
centrifuged at 2,000 g for 10 min at 4 °C. To thoroughly remove cellular debris, the
supernatant was filtered through a 0.22 pm filter (Millipore). The CM was then
used for EV isolation. To prepare EVs, CM or the sera from colorectal patients and
healthy donors were ultracentrifuged at 110,000 g for 70 min at 4 °C. The pellets
were washed with 11 ml of PBS, ultracentrifuged at 110,000 g for 70 min at 4°C and
resuspended in PBS. The putative EVs fraction was measured for its protein
content using a Quant-iT Protein Assay with Qubit2.0 Fluorometer (Invitrogen).

Reagents. The following antibodies were used for immunoblotting: mouse
monoclonal anti-human CD63 antibody (clone H5C6, dilution 1:200) from BD
Biosciences, mouse monoclonal anti-human CD9 antibody (clone ALB 6, dilution
1:200) from SantaCruz Biotechnology, mouse monoclonal anti-human CD147
antibody (clone MEM-M6/1, dilution 1:1,000) from Novus Biologicals and mouse
monoclonal anti-Actin (clone C4, dilution 1:1,000) from Millipore. The secondary
antibody (horseradish peroxidase-labeled sheep anti-mouse) were purchased from
GE HealthCare.

The following antibodies used for ExoScreen and ELISA were developed in
Shionogi & Co., LTD.: mouse monoclonal anti-human CD63 antibody (clone
8A12) and mouse monoclonal anti-human CD9 antibody (clone 12A12). Mouse
monoclonal anti-human CD147 antibody (clone MEM-M6/1) was purchased from
Novus Biologicals. Antibodies were used to modify either acceptor bead or biotin
following the manufacturer’s protocol.

AlphaLISA reagents (Perkin Elmer, Inc., Waltham, MA 02451, USA)
consisted of AlphaScreen Streptavidin-coated donor beads (6760002), AlphaLISA
Unconjugated-acceptor beads (6062011) and AlphaLISA Universal buffer
(ALOOLEF). AlphaLISA assays were performed in 96-well half-area white plates
{6005560) and read in an EnSpire Alpha 2300 Multilabel Plate reader (Perkin
Elmer, Inc.).

ExoScreen assay. A 96-well half-area white plate was filled with 5 pl of sample,
51nM biotinylated antibodies and 50 pg ml ™ AlphaLISA acceptor beads
conjugated antibodies in the universal buffer. The volume of each reagent was
10 ul. The plate was then incubated for 1-3h at room temperature. Without a
washing step, 25 pl of 80 pg ml ™} AlphaScreen streptavidin-coated donor beads
were added. The reaction mixture was incubated in the dark for another 30 min at
room temperature and the plate was then read on the EnSpire Alpha 2300
Multilabel Plate reader using an excitation wavelength of 680 nm and emission
detection set at 615 nm. Background signals obtained from PBS were subtracted
from the measured signals.

ELISA. Ninety-six well-plates (Nunc) were coated with 2.5 pg ml ™! anti-human
CD9 or -CD63 antibodies in a volume of 50 pl per well of carbonate buffer (pH 9.6)
and incubated for 4 h at room temperature. After 2 washes with 0.01% Tween-20 in
PBS, 100 il per well of Blocking One solution (Nacalai Tesque) was added at room
temperature for 1 h. Following 3 washes in PBS, EVs purified from cell culture
supernatants were added in a final volume of 50 ul and incubated for 1h at room
temperature. After 3 washes with PBS, 50 ul of biotinylated anti-human CD9

or -CD63 antibodies diluted to I pgml ™! were added and incubated for 1h at
room temperature. After 3 washes with PBS, the plate was incubated with 100 pl of
HRP-conjugated streptavidin (Cell Signalling Technology) diluted 1:2,000 in
Blocking One solution for 1h at room temperature. After the final 3 washes with
PBS, the reaction was developed with Peroxidase (TMB One Component HRP
Microwell Substrate, SurModics). The reaction was arrested with 450 nm Stop
Reagent for TMB Microwell Substrates (SurModics) and optical densities were
recorded at 450 nm.

Immunoblotting. Equal amounts of EVs or whole-cell lysates were loaded onto
4-15% Mini-PROTEAN TGX gels (Bio-Rad, Munich, Germany). Following
electrophoresis (100V, 30 mA), the proteins were transferred to a polyvinylidene
difluoride membrane. The membranes were blocked with Blocking One solution
and then incubated with primary antibodies. After washing, the membranes were
incubated with horseradish peroxidase-conjugated sheep anti-mouse IgG and then
subjected to enhanced chemiluminescence using ImmunoStar LD (Wako). CD63,
CDY and CD147 were detected under non-reducing conditions. Original scans of
the cropped images in the main figures (Figs 3a and 5a) are presented in
Supplementary Fig. 10.
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Measurement of size distribution by NTA. Nanoparticle tracking analysis (NTA)
was carried out using the Nanosight system (NanoSight) on sera diluted 1000-fold
with PBS for analysis. The system focuses a laser beam through a suspension of the
particles of interest. These are visualized by light scattering using a conventional
optical microscope aligned perpendicularly to the beam axis, which collects light
scattered from every particle in the field of view. A 60 s video recorded all events for
further analysis by MNTA software, The Brownian motion of each particle was
tracked between frames to calculate its size using the Stokes-Einstein equation.
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CD10 as a novel marker of therapeutic
resistance and cancer stem cells in head and
neck squamous cell carcinoma

T Fukusumi®?, H Ishii?, M Konno?, T Yasui', S Nakahara', Y Takenaka', Y Yamamoto', S Nishikawa?, Y Kano?,
H Ogawa®, S Hasegawa®, A Hamabe®, N Haraguchi®, Y Doki®, M Mori® and H Inohara™"

'Department of Otorhinolaryngology—Head and Neck Surgery, Osaka University, Graduate School of Medicine, Suita, 2-2
Yamadaoka, Osaka 565-0871, Japan; Department of Frontier Science for Cancer and Chemotherapy, Osaka University, Graduate
School of Medicine, Suita, 2-2 Yamadaoka, Osaka 565-0871, Japan; *Department of Gastroenterological Surgery, Osaka University,
Graduate School of Medicine, Suita, 2-2 Yamadaoka, Osaka 565-0871, Japan and *Department of Surgery, Osaka National
Hospital, Osaka, Tyuou-ku, 2-1-14 Houenzaka, Osaka 540-0006, Japan

Background: Cancer stem cells (CSCs) are responsible for treatment failure. However, their identification and roles in resistance
are not well established in head and neck squamous cell carcinoma (HNSCC).

Methods: Three HNSCC cell lines (FaDu, Detroit562 and BICRé) were treated with cisplatin or radiation. Cell surface antigens
were analysed by LyoPlate, a novel cell surface antigen array. The expression levels of antigens highly expressed after treatments
were further compared between cisplatin-resistant Detroit562 cells and its parental line. Association of the candidate antigen with
CSCs properties, namely sphere formation and in vivo tumourigenicity, was also examined.

Results: CD10, CD15s, CD146 and CD282 were upregulated across the treated cell lines, while the increased expression of CD10
was prominent in the cisplatin-resistant cell line. Isolation mediated by FACS revealed that the CD10-positive subpopulation was
more refractory to cisplatin, fluorouracil and radiation than the CD10-negative subpopulation. It also showed an increased ability
to form spheres in vitro and tumours in vivo. Moreover, the CD10-positive subpopulation expressed the CSC marker OCT3/4 at a
higher level than that in the CD10-negative subpopulation.

Conclusions: CD10 is associated with therapeutic resistance and CSC-like properties of HNSCC. CD10 may serve as a target
molecule in the treatment of refractory HNSCC.

Head and neck squamous cell carcinoma (HNSCC) is the sixth Cancer stem cells (CSCs) are defined as cells that possess the
most common malignancy worldwide (Argiris ef al, 2008). Despite  properties of tumour initiation and self-renewal. It is currently
recent advances in its diagnosis and management, long-term understood that CSCs are responsible for treatment failure in a
survival of patients with HNSCC remains poor (Lo et al, 2003).  diversity of cancers (Bao et al, 2006; Li et al, 2008). CD44 (Prince
Radiotherapy and chemotherapy initially control tumour growth; e al, 2007) and ALDH1 (Chen et al, 2009) have been reported to
however, over time many patients suffer relapse. To improve represent candidate markers of HNSCC CSCs; however, whether
prognosis, the establishment of a novel marker to predict they serve as true markers remains controversial (Chen et al, 2011;
therapeutic resistance is required. This would also aid the Koukourakis ef al, 2012). These discrepant reports prompted us to
optimisation of HNSCC treatment, and thus benefit patient search for a novel marker specific to HNSCC CSCs. Thus, in the
outcome. : present study we aimed to identify a new cell surface antigen that is
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involved in therapeutic resistance, and to address whether it served
as a marker for HNSCC CSCs. Through array analysis and testing
of cell viability in the presence of therapeutic agents, we identified
CDI10 as a potential marker of refractory HNSCC. Moreover,
CD10 was found to confer a CSC-like phenotype, and underscored
expression of OCT3/4. Thus, CD10 could be a specific marker of
HNSCC CSCs that contributes to therapeutic resistance.

Cell culture. FaDu and Detroit562 cell lines were obtained from
the ATCC (Manassas, VA, USA), while BICR6 was from ECACC
(Proton Down, Salisbury, UK). FaDu and BICR6 were established
from a primary hypopharyngeal cancer, while Detroit562 were
from a lymph node metastasis of pharyngeal cancer. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma
Aldrich, St. Louis, MO, USA) supplemented with 10% foetal bovine
serum (FBS) and a penicillin (50 Uml™ Y and streptomycin
(50 ugml ™) cocktail under an atmosphere of 5% CO, at 37 °C.
The cisplatin-resistant Detroit562 cell line was established by
continuous stepwise exposure to cisplatin starting from a
concentration of 1 um up to 10 um.

Cell surface antigen arrays. Cells were exposed to 3 v cisplatin
for 7 days. Alternatively, cells were irradiated by a single fraction of
8 Gy and further cultured for 5 days. The expression patterns of
cell surface antigens were then compared between the treated and
untreated cells using the LyoPlate cell surface antigen array (BD
Biosciences, San Jose, CA, USA). The kit consists of three 96-well
plates coated with monoclonal antibodies along with AlexaFluor
647 conjugated goat anti-mouse Ig and goat anti-rat Ig secondary
antibodies. It allows comprehensive analysis of 242 cell surface
antigens by flow cytometry, which was performed using the Cell
Analyzer EC800 (Sony, Tokyo, Japan).

Flow cytometry and cell sorting. Flow cytometry and cell sorting
were performed using the FACSAria II (BD, Franklin Lakes, NJ,
USA). Cells were harvested and single-cell suspensions were
prepared with the aid of StemPro Accutase (Life Technologies,
Carlsbad, CA, USA). Spheroid cells were separated into single-cell
suspensions with the aid of collagenase 1 (Sigma Aldrich) and
adjusted to a concentration of 10" cells ml™". To stain surface
antigens, cells were incubated with antibodies against CD10,
CD15s, CD44, CD146 and CD282 for 30min on ice. The
fluorophores for each antibody were as follows: CD10—Brilliant
Violet (Biolegend, San Diego, CA, USA) and APC (BD
Biosciences); CD44—FITC (BD Biosciences); CD146—APC (Bio-
legend); CD282—PE (BD Biosciences). For CD15s, we combined
purified antibody (BD Biosciences) and the secondary antibody—
APC/Cy7 (BD Biosciences). The antibodies against CD10, CD15s
and the secondary antibody of CD15s were used at a concentration
of 50 ulml ™. The antibodies against CD44, CD146 and CD282
were used at a concentration of 200 ylml ™', To stain ALDH], we
used the Aldefluor stem cell detection kit (StemCell Technologies,
Vancouver, BC, Canada) at a concentration of 50 ulml ™! for
45 min at 37 °C. The fluorophore of Aldefluor was FITC. Doublet
cells were eliminated using FSC-A/FSC-H and SSC-A/SSC-H.
Dead and damaged cells were eliminated using 7-AAD (BD
Biosciences). Briefly, after CD10, CD15s, CD44, CD146, CD282
and ALDHI1 staining, 7-AAD was incubated with cells for 10 min
at room temperature. Except cell sorting, all FACS analysis was
performed three times.

Viability assay. Cells were seeded in 96-well plates at 3 x 10° cells
per well, cultured overnight and then incubated with 0.1-5 M
cisplatin or 0.5-50 pm fluorouracil for 72 h. Alternatively, cells were
irradiated at a single fraction of 8 Gy and then cultured for 72h.

Cell viability was subsequently measured using the Cell Counting
Kit-5 (Dojindo Laboratories, Kamimasiki, Japan). The assay was
performed three times.

Sphere formation assay. Cells were seeded in 96-well flat bottom
ultra-Jow attachment culture dishes (Corning, Tewksbury, MA,
USA) at 10 cells per well in ReproStem medium (ReproCELL,
Yokohama, Japan) containing penicillin (50 Uml ™) and strepto-
mycin (50 ugml™") cocktail and basic fibroblast growth factor
(5ngml ™ ') without FBS. After 10 days, the size of spheroid
colonies was measured under a microscope and the number of
colonies with a diameter over 100 jm was counted. The assay was
performed three times.

Kenograft assay. The various numbers of cells (1 x 10 1 x 107
and 1x10") were diluted in equal amounts of DMEM and
Matrigel (BD Biosciences) to a final volume of 200 4 then injected
subcutaneously into NOD/SCID mice (Charles River Laboratories
Japan, Yokohama, Japan) using a 22-gauge needle. The mice were
maintained under pathogen-free conditions and sacrificed 2
months later or when tumours exceeded 20 mm at the largest
diameter. Mice were handled in accordance with the procedures
outlined in the Regulations on Animal Experiments at Osaka
University. The institutional committee on animal research
approved the study.

Quantitative real-time PCR. Quantitative real-time PCR was
used to validate siRNA-mediated knockdown of CD10 and to
examine mRNA levels of OCT3/4. Briefly, total RNA was isolated
from cells using TRIzol reagent (Life Technologies) and cDNA was
synthesised using the ReverTra Ace qPCR RT Master Mix
(Toyobo, Osaka, Japan). Quantitative reverse transcription-PCR
(qRT-PCR) was performed using a Light Cycler TagMan Master
(Roche, Basel, Switzerland). The primer sequences were as follows:
CD10 5-GGGGAGGCTTTATGTGGAAG-3' (sense) and 3'-CTC
GGATCTGTGCAATCAAA-5 (antisense); and OCT3/4 5'-GAAA
CCCACACTGCAGATCA-3' (sense) and 3'-CGGTTACAGAACC
ACACTCG-5' (antisense). Gene expression levels were normalised
to that of ACTB, 5-AGAGCTACGAGCTGCCTGAC-3' (sense)
and 3/-CGTGGATGCCACAGGACT-5' (antisense).

Transfection. The siRNA duplexes, si-CD10 and si-control, were
obtained from Life Technologies. The si-CD10 sequences were as
follows: 5'-GGCCCUUUAUGGUACAACCUCAGAA-3" (sense)
and 3-UUCUGAGGUUGUACCAUAAAGGGCC-5' (antisense).
An initial dose-response experiment was performed according to
the manufacturer’s instructions to determine optimal transfection
efficiency. Optimal inhibition was observed at a concentration of
10nM siRNA at 72h after transfection, thus further qRT-PCR
analysis was done under these conditions.

Statistical analysis. The comparison of spheroid colony sizes was
made using the Mann-Whitney U-test. The analyses of viability
curves were made using two-way analysis of variance. Other
statistical comparisons were made using the Student’s #-test.
Differences were considered significant when P<0.05. All
statistical analyses were performed using JMP Pro 11 (SAS
Institute, Cary, NC, USA).

Identification of antigens related to therapeutic resistance. To
identify antigens related to therapeutic resistance, surface antigen
expression levels in cells from three HNSCC cell lines, Detroit562,
FaDu and BICR6 that survived treatment with cisplatin or
radiation were compared with those of their untreated counter-
parts by means of LyoPlate (Supplementary Table 1). From this
analysis, four cell surface antigens, CD10, CD15s, CD146 and
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CD282, were found to be upregulated in each cell line following
either treatment (Table 1).

To further test whether any of these antigens correlated with
therapeutic resistance, we established the cisplatin-resistant
Detroit562 cell line, which showed excellent viability even in the
presence of cisplatin at a concentration as high as 100zm
(Figure 1A). The expression levels of CD10, CD15s, CD146 and
CD282 were then compared between the parental and cisplatin-
resistant Detroit562. Only CD10 expression levels were found to be
significantly upregulated in cisplatin-resistant Detroit562 when
compared with those in the parental line. Indeed, the CD10(+)
subpopulation accounted for 22.5% compared with 1.4% in
cisplatin-resistant Detroit562 and parental cells, respectively
(Figure 1B). Of note, interdependence was not detected among the
four markers (Figure 1C). These results indicate that CD10 may
serve as a cell surface antigen specific to refractory HNSCC cells.

Association of CD10 with chemo and radio resistance. To
further address the role of CDI10 in. resistance, we examined
whether the CD10(+) subpopulation was chemo and/or radio
resistant. To do this, CD10(+) and CD10(~—) subpopulations
were isolated by FACS from the FaDu and Detroit562 cell lines,
and their viability after cisplatin treatment was compared. As
shown in Figure 2A and B, the CD10(+) subpopulation was
significantly more refractory to cisplatin than the CD10(—)
subpopulation in both FaDu and Detroit562. We also examined
whether CD10 affected the sensitivity of cells to fluorouracil, which
is used in combination with cisplatin in the treatment of HNSCC
(Kish et al, 1982). As shown in Figure 2C and D, the CD10(+)
subpopulation was also significantly more refractory to fluorouracil
in Detroit562. Next, we investigated the association between CD10
and radiation sensitivity. We found that the CD10(4-) subpopula-
tions of both FaDu and Detroit562 were significantly more radio
resistant than the respective CD10( — ) subpopulations (Figure 2E).

Association between CD10 and the cell cycle. Generally, cisplatin
and fluorouracil affect DNA synthesis. Thus, slow-cell cycling or
dormant cells (GO/G1 phase) are resistant to these chemotherapeutic
agents (Barr et al, 2013). As for radiation, cells are most sensitive to
its effects during the G2/M phase and less sensitive in G1/0 and S
phases (Sinclair, 1968). We hypothesised that the chemo and radio
resistance of the CD10(+) subpopulation was associated with cell
cycle phase. Thus, we performed cell cycle analysis using
Hoechst33342. As shown Figure 2F-G, the CD10(+ ) subpopula-
tion had a greater proportion of cells in the G0/G1 phase and less
in the G2/M phase than the CD10(-) subpopulation. These data
indicated that the CD10(+) subpopulation of HNSCC cells was
slow-cell cycling or dormant compared with the CD10(-)
subpopulation.

CD10 and sphere formation ability. Given that CSCs are
responsible for therapeutic resistance (Bao et al 2006; Li et al,
2008), and are also in the dormant or slow-growing phase of the cell
cycle (Holyoake et al, 1999), we hypothesised that CD10 might be a
novel marker for CSCs in HNSCC. One of the most important
characteristics of CSCs is self-renewal ability, which is assessed by
sphere formation. First, we examined the distribution of CD10 in
spheroid cells and control adherent cells using FACS analysis. In
FaDu, 10.3% of spheroid cells and 2.1% of adherent cells were
CD10(+ ). Similarly, 10.2% of spheroid cells and 1.7% of adherent
cells were CD10(+) in Detroit562 (Figure 3A and B). Next, we
compared sphere formation ability between CD10(+ ) and CD10(-)
subpopulations. Although the morphology of spheroid colonies was
similar between the two subpopulations (Figure 3C), there was a
significant difference in their number. The CD10( + ) subpopulation
formed more spheroid colonies than the CD10(—) subpopulation
in both FaDu and Detroit562 (Figure 3D-E). Moreover, colonies of
the CD10(+) subpopulation were larger than those of the
CD10( — ) subpopulation in FaDu and Detroit562 (Figure 3F-G).

CD10 and tumourigenicity. To further address the association
between CD10 and CSC properties, we examined whether CD10
modulates in vivo tumourigenicity. CD10(+4) and CD10(-)
subpopulations were sorted and individually transplanted into
NOD/SCID mice. The result of the limiting dilution transplanta-
tion assay of Detroit562 cells is shown in Table 2. Briefly, when
1000 cells were transplanted, the CD10(+ ) subpopulation formed
tamours in six of six (100%) transplanted mice, while the CD10(-)
subpopulation formed tumours in only two of six (33%) mice.
Moreover, the CD10(+) subpopulation remained tumourigenic
with as few as 100 cells. In contrast, there was no difference in
tumourigenicity between the CD10(+) and CD10( — ) subpopula-
tions of FaDu (Supplementary Table 2), although the size of
tumours formed by inoculation of 1000 cells was notably larger in
the CD10( + ) subpopulation than in the CD10( — ) subpopulation
(Supplementary Figure 1). To confirm that the histology of
tumours was squamous cell carcinoma, we performed H&E
staining (Figure 4A). Both FaDu and Detroit562 tumours from
CD10(+) and CD10(—) subpopulations presented with squa-
mous cell carcinoma histology and the shapes of these tumour cells
were similar to those of parental cell lines.

Interrelations between CD10 and other CSC markers. It has
been reported that CD44 (Prince et al, 2007), CD133 (Chiou et al,
2008) and ALDHI (Chen et al, 2009) are markers of CSCs in
HNSCC; thus, we examined the interdependence between CD10
and these markers. Since CD133 is not contained in the cell surface
antigen array, we first assessed its expression in treated (cisplatin
or radiation) and untreated FaDu cells by flow cytometry as per the
conditions used in the array analysis. We found that CD133
expression was barely detectable even after the treatments

Detroit562

Cell surface Control RT cbbDP Control RT CcDhDP Control RT CDDP
antigen (%) (%) (%) (%) (%) (%) (%) (%) (%)
CD10 7.5 36.5 31.8 9.5 23.1 243 31.2 38.1 57.6
CD15s 40.7 52.6 66.8 25.5 95.6 74.2 58.4 65.5 78.3
CD146 64.5 76.8 89.2 19.6 82.9 37.3 37 9.2 15.2
CD282 8.6 26.7 27.6 11.5 98.8 14.3 7.1 25.3 303

Abbreviations: CDDP, cisplatin; RT, radiotherapy. Control, no treatment; RT, cells were assayed 5 days after exposure to single fraction 8 Gy irradiation; CDDP, cells were assayed after exposure
to 3um cisplatin for 7 days. Data represent the percentages of each marker as measured by flow cytometry.
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Figure 1. Expressions of candidate antigens in the cisplatin-resistant HNSCC cell line Detroit562. (A) Cisplatin-resistant Detroit562 were
generated and validated by testing their viability against that of the parental cell line in response to cisplatin treatment, at the indicated doses.

Statistical analysis was performed using two-way analysis of variance. Da
CD146 and CD282 by flow cytometry in cisplatin-resistant Detroit562 an

ta represent means £ s.e.m. (B) Expression analyses of CD10, CD15s,
d the parental cells. The percentages of positive subpopulations are

indicated; **P<0.01; n.s., not significant. (C) The interdependence of the four markers.

(Supplementary Table 3). Thus a relationship between CD10 and
CD133 by means of FACS analysis could not be explored. As for
CD44, We found that the majority of FaDu and Detroit562 cells
were CD44(+). Although we found that all CD10(+) cells
expressed CD44 in both Detroit562 and FaDu cell lines
(Supplementary Figure 2A), significant interdependence was not
detected. As for ALDH1, we found that CD10(+ ) cells expressed
significantly more ALDHI than CD10(-) counterparts in both cell
lines (Figure 4B and Supplementary Figure 2B). The expression
levels of CD10 and ALDH1 were found to be interdependent.

Stem cell-related genes in CD10-positive cells. To shed light on
the molecular mechanisms underlying self-renewal ability ‘and
tumourigenicity of the CD10( + ) subpopulation, we compared the

expression of OCT3/4, a known marker of tissue stem cells
(Nichols et al, 1998) and CSCs (Nichols et al, 1998), between
CD10(+ ) and CD10( — ) subpopulations. OCT3/4 expression was
significantly increased in the CD10(4) subpopulation when
compared with that of the CD10( — ) subpopulation in both FaDu
and Detroit562 (Figure 4C). Of note, knockdown of CD10 by
siRNA resulted in decreased expression of OCT3/4 (Figure 4D and
Supplementary Figure 3A-B).

In the present study, we used the novel cell surface antigens array
Lyoplate to identify antigens relevant to cell survival after
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Figure 2. CD10(+ )/(-) cell viability in response to treatment with cisplatin, fluorouracil, or radiation and cell cycle analysis. (A-D) CD10(+) and
CD10(—) subpopulations were isolated by FACS and cultured with 0.1-5 um cisplatin or 0.5-50 um fluorouracil for 72 h. Viability in response to
cisplatin in FaDu (A) and Detroit562 (B) or fluorouracil in FaDu (C) and Detroit562 (D) was then measured. Statistical analysis was performed using
two-way analysis of variance. (E) Alternatively, cells were exposed to radiation at single fraction 8 Gy. After 72 h, cell viability was measured. Data
represent means +s.e.m.; **P<0.01. (F) Cell cycle analysis of CD10-positive and -negative subpopulations was performed after staining with
Hoechst33342. (G) The cell cycle phase distribution of CD10 (+)/(-) subpopulations. **P<0.01; n.s., not significant.

treatment with cisplatin or radiation. This is the first report that
tries to identify an antigen that exhibits both therapeutic
resistance and is related to CSCs by means of the cell surface
antigens array. We found that CD10, CD15s, CD146 and CD282
were highly expressed in treated cells compared with untreated
cells. To validate the result of the cell surface antigens array, we
next compared the expression of these antigens between a

cisplatin-resistant cell line and its parental cell line. Of the
candidate antigens, only expression of CD10 was upregulated in
the cisplatin-resistant cell line as determined by FACS analysis.
We propose two reasons for the different antigen expression
profiles detected by Lyoplate and FACS analysis. First, different
flow cytometers were used for the detection of signals, thus
variations in sensitivity may account for the divergent findings.
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