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A B S T R A C T   

As an organizer of multi-molecular membrane complexes, the tetraspanin CD9 has been implicated in a number 
of biological processes, including cancer metastasis, and is a candidate therapeutic target. Here, we evaluated the 
suppressive effects of an eight-mer CD9-binding peptide (CD9-BP) on cancer cell metastasis and its mechanisms 
of action. CD9-BP impaired CD9-related functions by adversely affecting the formation of tetraspanin 
webs—networks composed of CD9 and its partner proteins. The anti-cancer metastasis effect of CD9-BP was 
evidenced by the in vitro inhibition of cancer cell migration and invasion as well as exosome secretion and 
uptake, which are essential processes during metastasis. Finally, using a mouse model, we showed that CD9-BP 
reduced lung metastasis in vivo. These findings provide insight into the mechanism by which CD9-BP inhibits 
CD9-dependent functions and highlight its potential application as an alternative therapeutic nano-biomaterial 
for metastatic cancers.   

1. Introduction 

Cancer is one of the leading causes of death globally and most cancer 
deaths are resulted from metastasis—the formation of primary cancer- 
derived secondary tumors at distant sites [1]. Cancer metastasis is a 
multi-step process involving a series of events that allow cancer cells to 
invade from the primary tumor, survive in blood vessels or the 
lymphatic system, extravasate, and form secondary tumors in distant 
organs [2]. Due to the complexities of metastasis, clinical approaches 
against metastatic cancers are limited, which causes poor treatment 
outcomes and inefficient drug discovery [3]. Thus, the development of 
strategies and agents to prevent metastatic cancer outgrowth is neces-
sary [3]. 

The CD9 membrane protein is a member of tetraspanins or the 
transmembrane 4 superfamily (TM4SF) proteins, defined by similarities 
in size (approximately 20–30 kDa) and topology (four transmembrane 
domains together with two extracellular and one intracellular loops) 
(Scheme 1A) [4]. Through its large extracellular loop (LEL) and four 
transmembrane regions, CD9 interacts with specific partner proteins, 

including other tetraspanins, thereby forming tetraspanin webs for 
partner-dependent functions (Scheme 1A) [4,5]. CD9 is expressed in 
various cellular components (e.g., the plasma membrane, endocytic 
compartment, and extracellular vesicles (EV)) and is often concentrated 
in highly curved membrane subdomains (e.g., microvillar-like pro-
jections and filopodia) [6]. Depending on cell types and associated 
molecules, CD9 plays an important role in many biological and patho-
logical processes, such as motility, fusion, signaling, egg–sperm fusion, 
virus infection, glomerular disease progression, and cancer metastasis 
[6–10]. There is abundant evidence suggesting that CD9 has roles in 
cancer differentiation, migration, invasion, and metastasis because of its 
specific overexpression in metastatic cancer cell lines, cancer-derived 
EVs, and late-stage cancers [11–15]. As an organizer of biological 
membranes, CD9 may induce changes in tetraspanin web organization 
and/or cancer-specific signaling pathways (e.g., TNF-α and TGF-β) in 
cancer cells [6,16–18]. During EV-based intercellular communication 
and metastasis, CD9 in high-curvature regions may be responsible for 
membrane curvature generation/fusion in EV exocytosis as well as 
adhesion/fusion in EV endocytosis [4,19,20]. Taken together, the 
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tetraspanin CD9 is a potential therapeutic target for metastatic cancers. 
The therapeutic benefit of targeting tetraspanins, nevertheless, is 

hindered by the adverse impact and inefficient delivery of nucleic acids 
as well as the issues with antibody size, susceptibility, side effects, and 
resistance [6,21,22]. Alternatively, peptides or short chains of amino 
acids with strong binding affinity are characterized by small size, high 
stability, low cytotoxicity, and possible tunability [22,23]. Hence, pep-
tide utilization may be useful for the therapeutic targeting of tetraspa-
nins, including CD9. We have previously identified an eight-mer CD9- 
binding peptide (CD9-BP, RSHRLRLH) from the amino-acid sequence of 
CD9's major partner, EWI-2 protein, by the peptide array technique 
(Scheme 1B) [24]. CD9-BP showed a good affinity for CD9 via self- 
delivery to the membrane-proximal LEL domain and potentially 
impaired the partner association of CD9 (Scheme 1B) [24,25]. CD9-BP 
was earlier used as an optional probe for targeting CD9-enriched 
nanoscale EVs [24]. Besides, CD9-BP preferentially suppressed the 
migration of cancer cells rather than normal cells [25]. However, the 
mechanism by which CD9-BP blocks CD9-related functions and its 
impact on cancer metastasis is still unknown. 

In this study, we first evaluated the effect of CD9-BP on the formation 
of tetraspanin webs. Furthermore, the abilities of CD9-BP to reduce 
cancer cell migration and invasion were evaluated. The CD9-BP effects 
on secretion and uptake of nanoscale EVs or exosomes were also eval-
uated. Finally, we evaluated the ability of CD9-BP to reduce lung 
metastasis in a mouse model. The results of these analyses clearly 
demonstrated that CD9-BP is a promising biomolecule for targeted 
therapy aimed at preventing metastasis. 

2. Results and discussion 

2.1. Impact of CD9-BP on tetraspanin web formation of melanoma cells 

Tetraspanins recruit and sort partner proteins, including other tet-
raspanins, and form tetraspanin webs [5,26]. To study the impact of 
CD9-BP on tetraspanin web formation, helical D-form CD9-BP (Fig. S1) 
was prepared, labeled, and applied to stain melanoma B16/BL6 cells, 
which show high CD9 expression and are widely used in studies of 
cancer metastasis and solid tumor formation [27]. As shown in Fig. 1A, 
similar stain patterns were observed for fluorescein isothiocyanate 
(FITC)-labeled CD9-BP and Tide Fluor™ 5WS-labeled CD9 antibody on 

B16/BL6 cell membranes, supporting the CD9-targeting ability of CD9- 
BP. Tetraspanin web formation in CD9-BP-treated and untreated cells 
was next observed by super-resolution stimulated emission depletion 
(STED) microscopy (Fig. 1B and C). After treatment with CD9-BP at 
1000 nM, which previously showed no distinct cytotoxicity [25], we 
observed that the tetraspanin web diameter of the treated sample was 
smaller than that of the untreated control (Fig. 1D). Moreover, the 
number of the observed tetraspanin webs to cell surface area was rela-
tively low in the peptide-treated cells (Fig. S2). These data demonstrated 
that CD9-BP impaired web formation by CD9 and its partner proteins on 
B16/BL6 cells. Our data were in agreement with previous estimates of 
the diameter of tetraspanin webs and were consistent with the previ-
ously reported competition of CD9-BP with the interaction between CD9 
and its major partner, EWI-2 [25,26,28,29]. Because tetraspanin webs 
facilitate cell surface protein interactions [30], CD9-BP was expected to 
have adverse effects on CD9 dynamics and the functions of its partner 
proteins, particularly in cancer metastasis. 

2.2. Impact of CD9-BP on migration and invasion of melanoma cells 

Since CD9 is involved in cellular migration and invasion, which are 
necessary for cancer metastasis [31,32], the effects of CD9-BP on these 
processes were evaluated. A single cell tracking was conducted to 
observe the movement of individual untreated and CD9-BP-treated B16/ 
BL6 cells on a culture dish. As shown in Fig. 2A and B, CD9-BP statis-
tically decreased the migration distance of B16/BL6 cells in a dose- 
dependent manner from 100 nM onwards. Moreover, no adverse effect 
of CD9-BP on B16/BL6 cell viability was observed at concentrations up 
to 5000 nM CD9-BP (Fig. S3). In addition to single-cell analyses, the 
migration of untreated and CD9-BP-treated B16/BL6 cells through a 
polycarbonate porous membrane was evaluated. The migration per-
centage was statistically lower for CD9-BP-treated cells than for un-
treated controls, consistent with the single cell tracking analysis 
(Fig. 2C). The effect of CD9-BP on the invasion of B16/BL6 cells in 
collagen type I matrices was also observed. Since the addition of CD9-BP 
statistically decreased the cancer cell migration at 100 nM (Fig. 2A–C), 
spheroids of B16/BL6 cells were prepared and embedded in the collagen 
matrices, which were supplemented with 100 nM CD9-BP. CD9-BP also 
suppressed the matrix invasion of B16/BL6 spheroids based on the 
relative change in the spheroid area after 48 h of incubation (Fig. 2D and 

Scheme 1. Schematic illustration of the tetraspanin CD9 and CD9-binding peptide (CD9-BP). A) CD9 associates with signaling partner molecules. B) CD9-BP binds to 
CD9s large extracellular loop (LEL) and impairs CD9-related functions. 

T. Suwatthanarak et al.                                                                                                                                                                                                                       



Biomaterials Advances 146 (2023) 213283

3

E). Thus, CD9-BP could decrease both migration and invasion, the initial 
steps in metastasis, of cancer cells. 

2.3. Impact of CD9-BP on cancer cell secretion and uptake of exosomes 

Exosomes or nanoscale EVs containing cancer-specific cargoes confer 
a favorable microenvironment at future metastatic sites and mediate 
cancer metastasis [33]. CD9 is abundant in high-curvature domains and 
may be responsible, in part, for membrane curvature, adhesion, and 
fusion in both exocytic secretion and endocytic uptake of EVs [4,19,20]. 
A triple-negative human breast cancer cell line (MDA-MB-231), 
aggressively releasing exosomes [22], was used to examine the effect of 
CD9-BP treatment on exosome secretion and uptake. MDA-MB-231 cells 
were cultured using an exosome-free medium with or without CD9-BP, 
and the cultured medium was then collected to quantify secreted exo-
somes by a nanoparticle-tracking analysis (NTA) system. As shown in 
Fig. 3A, CD9-BP reduced the number of secreted exosomes in a 
concentration-dependent manner. Accordingly, the level of CD63, a 
well-known exosomal marker [13], in the exosome suspension 
decreased as the CD9-BP concentration increased (Fig. S4A). Besides, 
the B16/BL6 and normal human dermal fibroblast (NHDF) cell lines 
were employed for comparison. As shown in Fig. 3B, treatment with 
CD9-BP and the CD9 antibody had significant inhibitory effects on 
exosome secretion in MDA-MB-231 and B16/BL6 cells. Slightly or no 
inhibitory effect was observed in the normal cell line (NHDF), which 
secreted fewer exosomes than corresponding estimates for the two 
highly aggressive cell lines (Fig. 3B). Consistent with the decreased 
concentration of exosomes, decreased levels of CD63 in the collected 

exosome suspensions for only MDA-MB-231 and B16/BL6 cells were 
observed (Fig. S4B). These results suggested that CD9-BP could signifi-
cantly and negatively affect exosome secretion in highly aggressive cells 
but not in normal cells. 

To study the effect of CD9-BP on exosome uptake, pre-cultured cells 
were incubated with the same cell-derived and fluorescently-labeled 
exosomes in a CD9-BP-containing medium. After incubation, the su-
pernatant containing the remaining exosomes was collected and exo-
some uptake was evaluated based on the decrease in fluorescence 
intensity. Fig. 3C shows the dose-dependent inhibition of MDA-MB-231 
exosome uptake in MDA-MB-231 cells. As shown in Fig. 3D, compared to 
that of the untreated cells, the exosome uptake abilities of MDA-MB-231 
and B16/BL6 cells were inhibited by CD9-BP and CD9 antibody at a 
concentration of 100 nM, whereas no significant inhibition was 
observed in NHDF cells. Interestingly, these results were in good 
agreement with those of a previous study showing that the CD9 antibody 
could reduce the exosome uptake of B16/BL6 cells by approximately 20 
% [19]. The inhibition of uptake was clearly observed in fluorescence 
images of the MDA-MB-231 and B16/BL6 cells after incubation with 
fluorescently labeled exosomes (Fig. 3E). In NHDF cells, low exosome 
uptake was observed with no distinct differences among untreated, CD9- 
BP-treated, and anti-CD9-treated cells (Fig. 3E). These data demon-
strated that CD9-BP could impede exosome uptake in highly aggressive 
cells but not normal cells. Therefore, CD9-BP has the potential to 
decrease cancer cell metastasis by inhibiting the secretion and uptake of 
cancer-derived exosomes. 

Fig. 1. Impact of CD9-binding peptide (CD9-BP) on CD9 web formation of melanoma cells. A) Fluorescence microscopy images of melanoma B16/BL6 cells co- 
stained with Tide Fluor™ 5WS-labeled CD9 antibody (pink) and fluorescein isothiocyanate (FITC)-labeled CD9-BP (green). Scale bar, 10 μm. Right graphs show 
intensity profiles of the labeled CD9 antibody (upper) and the labeled CD9-BP (lower) in a line depicted in the left-hand microscopy images. B) Representative 
stimulated emission depletion (STED) microscopy image of untreated B16/BL6 cell membranes stained with the labeled CD9 antibody. C) Representative STED 
microscopy image of CD9-BP-treated B16/BL6 cell membranes stained with the labeled CD9 antibody. Scale bar, 2 μm. D) Box plot of tetraspanin web diameters 
calculated from intensity profiles in STED microscopy images by the full width at half maximum (FWHM) intensity. The number of the observed webs is indicated in 
brackets. *P < 0.01, Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Impact of CD9-BP on lung metastasis of melanoma cells in vivo 

The ability of CD9-BP to prevent metastasis from a primary tumor 
was finally evaluated in a mouse model [34]. B16/BL6 cells were treated 
with CD9-BP or control peptide (sequence: AAAA, no CD9-binding 
ability) and transplanted into C57BL/6 J mice via the foot pad 
(Fig. 4A). After 24 days, the lungs and primary tumors were collected 
from mice (Fig. 4A). As shown in Fig. 4B and C, B16/BL6 cells treated 
with CD9-BP resulted in significantly fewer lung nodules or metastases 
compared with untreated B16/BL6 cells. Furthermore, CD9-BP had a 
slight effect on the primary tumor weight and length (Figs. 4D and S5). 
The histological analysis was later performed by sectioning the Bouin's 
fluid-fixed lungs and primary tumors and staining them with hematox-
ylin and eosin (H&E) (Fig. 5A and B). The morphology of cancer cells 
could be abundantly observed in both the lung and primary tumor of the 
control peptide group (Fig. 5A and B). In contrast, cancer cells were 
slightly shrunk in the primary tumor, and the number of cancer colonies 
was reduced in the lung of the CD9-BP group (Fig. 5A and B). These data 
indicate that CD9-BP could reduce lung metastasis of B16/BL6 cells in a 
mouse model. 

Collectively, we demonstrate that a peptide binding to the tetra-
spanin CD9 or CD9-BP reduces cancer metastasis. As CD9 is functionally 
important for the organization of multi-molecular membrane complexes 
for a wide range of cellular functions, including cancer metastasis, we 
evaluated the suppressive impacts of CD9-BP on cancer-cell motility and 
its mechanisms of action to reduce metastasis. Based on the possible 
architecture of tetraspanin webs reported by Martin et al. [35], we 
speculate that CD9-BP mainly obstructs the primary extracellular 
tetraspanin-protein interactions and partially inhibits secondary as well 
as tertiary heterotetraspanin interactions, causing a decrease in size and 

number of webs, and an impairment of the related functions (Fig. 6A). In 
the first step of cancer metastasis, our results suggest that CD9-BP has 
inhibitory effects on CD9-induced migration and invasion of cancer cells 
(Fig. 6B). CD9-BP binds competitively to CD9 LEL, serving as the main 
site for the interactions, including interactions between CD9 and its 
migration and invasion-mediating partners, such as EWI-2 and integrin 
beta-1 (Fig. 6B) [36–39]. Moreover, since CD9 may play a key role 
during the secretion and uptake of cancer-derived exosomes 
[4,19,20,40], we propose that it impedes the generation of a tumor- 
favorable microenvironment at metastatic sites by reducing exosome- 
based cell–cell communication (Fig. 6C). Given the roles of CD9 in 
membrane dynamics, CD9-BP may decrease CD9-dependent curvature 
and fusion abilities during the exocytotic exosome secretion or multi-
vesicular body-plasma membrane fusion (Fig. 6C) [4,19,20,41]. Integrin 
beta-3, an important partner of CD9, has recently been shown to mediate 
the endocytic exosome uptake of cancer cells; thus, we predicted that 
CD9-BP can disrupt associations between CD9, integrin beta-3, and 
other mediators of endocytosis (Fig. 6C) [42]. In addition, CD9-BP may 
interfere with CD9-related signaling pathways that promote cancer cell 
metastasis, such as TNF-α and TGF-β [6,16–18,43]. Similar to EWI-2, the 
parent of CD9-BP, which negatively regulates TGF-β signaling by 
competitively binding to CD9 in the TβR1-TβR2 association, CD9-BP 
may weaken the role of CD9 on the association of TβR1 with TβR2 
and alter melanoma metastasis [17]. Notably, we herein show that CD9- 
BP can reduce cancer metastasis in vivo, supporting its clinical value. 
Targeting CD9 by CD9-BP offers the potential to overcome major limi-
tations of typical approaches using antibodies, proteins, and nucleic 
acids [6,21,22]. Based on its molecular size, CD9 (approximately 4–5 nm 
on the membrane) may be more accessible by small CD9-BP (approxi-
mately 1.08 nm based on 5.4 Å per turn or 3.6 amino acid residues) than 

Fig. 2. Impact of CD9-binding peptide (CD9-BP) on the migration and invasion of melanoma cells. A) Migration distance of a single B16/BL6 cell treated with various 
concentrations of CD9-BP in 12 h. *P < 0.05; **P < 0.01, Student's t-test, n > 100. B) Trajectory plots of B16/BL6 cells untreated (left) and treated with 1000 nM 
CD9-BP (right) over 12 h. All tracks were set to start at the intersection of x- and y-axes or a common origin. C) Migration percentage of B16/BL6 cells treated with 
different concentrations of CD9-BP through an 8-μm porous membrane with a Boyden chamber system in 24 h. *P < 0.05, Student's t-test, n ≥ 3. D) Representative 
microscopy images of spheroid invasion of B16/BL6 cells untreated and treated with 100 nM CD9-BP in collagen type I matrices (48 h). Scale bar, 200 μm. E) Relative 
change in the spheroid area in D). Error bars represent standard deviation. *P < 0.05, Student's t-test, n = 3. 
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large CD9-targeting molecules [21]. Compared to other CD9 bio-probes, 
CD9-BP is more bio-chemically and functionally stable and has rela-
tively low cytotoxicity [44]. Furthermore, CD9-BP prepared by a fully 
chemical process is highly accessible and feasible for clinical research as 
well as scale-up commercialization [44]. In the future, the inhibitory 
mechanisms of CD9-BP's action in cancer metastasis should be further 
detailed. In vivo toxicity studies should also be performed. Potential 
applications of CD9-BP to other CD9-based pathological activities, such 
as virus infection and glomerular disease, should be studied [8,9]. 
Owing to the peptide tunability, the rational optimization and modifi-
cation of the CD9-BP sequence may yield derivatives with an improved 

binding affinity [44]. Integrating CD9-BP with other anti-metastatic 
agents and/or promising drug delivery systems will further enhance 
the treatment efficiency [44–46]. These findings verify the potential 
benefits of CD9-BP for metastatic cancer therapy. 

3. Conclusion 

We demonstrated that CD9-BP is a candidate biomaterial for 
reducing cancer metastasis. Binding to CD9 LEL, CD9-BP had an adverse 
effect on the diameter and number of tetraspanin webs—networks of 
CD9 and its partner proteins. Consequently, CD9-BP decreased cancer 

Fig. 3. Impact of CD9-binding peptide (CD9-BP) on cancer cell secretion and uptake of exosomes. A) Number of exosomes secreted from untreated and CD9-BP- 
treated MDA-MB-231 human breast cancer cells. B) Number of exosomes secreted from untreated, CD9-BP-treated, and anti-CD9-treated MDA-MB-231 and B16/ 
BL6 cells (highly aggressive) as well as normal human dermal fibroblasts (NHDF). C) Exosome uptake ability of untreated and CD9-BP-treated MDA-MB-231 cells. D) 
Exosome uptake ability of untreated, CD9-BP-treated, and anti-CD9-treated cells for the three representative cell lines. E) Fluorescence microscopy images showing 
the uptake of stained exosomes in the three representative cell lines. Scale bar, 10 μm. Error bars represent standard deviation. *P < 0.05; **P < 0.01, paired Student's 
t-test, n = 3. 
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cell migration and invasion as well as exosome secretion and uptake in 
vitro, all of which are CD9- and metastasis-related processes. CD9-BP 
also reduced the lung metastasis of melanoma cells in a mouse model. 
We believe that CD9-BP will be beneficial towards the long-term goal of 
obtaining effective targeted therapies for metastatic cancers. 

4. Materials and methods 

4.1. Peptide preparation 

D-Form CD9-BP (RSHRLRLH) powder was prepared following 

Fig. 4. Impact of CD9-binding peptide (CD9-BP) on the lung metastasis of melanoma cells in vivo. A) Experimental schema of the in vivo prevention of metastasis from 
a primary tumor model. B) Percentage formation of the lung nodules. Number in brackets indicates the number of mice. C) Representative images of lungs from mice 
transplanted with control peptide or CD9-BP-treated B16/BL6 cells. Scale bar, 2 mm. D) Weight of the primary tumors. Error bars represent standard deviations. *P <
0.05; **P < 0.01, Student's t-test. The control peptide sequence was AAAA. 

Fig. 5. Hematoxylin and eosin (H&E)-stained images of representative (A) lungs and (B) primary tumors from mice transplanted with control peptide or CD9-binding 
peptide (CD9-BP)-treated B16/BL6 cells. The image is enlarged from top to bottom. Scale bar, 200 μm. 
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previously described methods [23,25]. CD9-BP was synthesized on H- 
Rink-Amide-ChemMatrix® resin using an automated peptide synthe-
sizer (Initiator+; Biotage, Uppsala, Sweden), according to the manu-
facturer's instructions with some modifications. The synthesis cycle for 
each amino acid was started with the deprotection of Fmoc group at the 
N-terminus by 20 % piperidine in N, N-dimethylformamide (DMF). DMF 
was later used to wash the deprotected resin. Next, hydroxybenzo-
triazole (HOBt), 1-((dimethylamino)(dimethyliminio)methyl)-1H- 
benzo[d][1,2,3]triazole 3-oxide hexafluorophosphate (HBTU), and N, 
N-diisopropylethylamine (DIEA) were used to activate the carboxyl 
group of the next Fmoc-amino acid for coupling to the resin N-terminus, 
followed by DMF washing. After the final elongation, the Fmoc group at 
the N-terminus was removed by 20 % piperidine in DMF before the resin 
was washed with DMF and dichloromethane (DCM), respectively. A 
mixture of trifluoroacetic acid (TFA), 3-methylphenol (m-cresol), thio-
anisole, and ethanedithiol (EDT) (80/2/6/12, v/v/v/v%) was applied to 
cleave the prepared peptide from the resin and side chain-protecting 
groups. Chilled diethyl ether was then used to precipitate and wash 
the peptide. The centrifuged peptide pellet was dissolved in 1 % acetic 
acid and 30 % acetonitrile in ultra-pure water and finally freeze-dried. 
High-performance liquid chromatography (HPLC), as well as mass 
spectrometry (MS) systems, were used to ensure that the target peptide 
was obtained with a purity of >98 % (Fig. S1). 

To label CD9-BP with FITC, the synthesized CD9-BP and FITC 'Isomer 
I' were mixed with a mole ratio of 1:2 in sodium bicarbonate buffer (pH 
8.7) and incubated overnight at room temperature. The FITC-conjugated 

CD9-BP was purified and confirmed by the HPLC and MS systems. 

4.2. Tetraspanin web formation 

B16/BL6 melanoma cells (RCB2638; RIKEN BRC, Kyoto, Japan) were 
cultured in a glass-bottom dish (D11131H; Matsunami, Kishiwada, 
Japan) using Roswell Park Memorial Institute (RPMI)-1640 medium 
supplemented with fetal bovine serum (FBS, 10 %), sodium pyruvate (1 
mM), and penicillin-streptomycin (100 units mL− 1) under 5 % CO2, 
37 ◦C, and a humidified atmosphere. To prepare cells for staining and 
imaging, the cells cultured for 24 h were rinsed with phosphate-buffered 
saline (PBS), fixed with 4 % formaldehyde solution, rinsed with PBS, 
blocked with 1 % bovine serum albumin (BSA) solution, and rinsed with 
PBS. 

To co-stain the cells with CD9-BP and the CD9-antibody, FITC- 
labeled CD9-BP was first applied to the prepared cells at a final con-
centration of 1 μM for 1 h, followed by washing with PBS. Next, Tide 
Fluor™ 5WS-labeled CD9 antibody (SHI-EXO-M01-TF5; Cosmo Bio, 
Tokyo, Japan) was incubated with the cells at the final concentration of 
50 nM for 1 h before washing with PBS. The co-stained cells were then 
observed under the THUNDER imaging system (DMi8; Leica, Wetzlar, 
Germany). 

To analyze the impact of CD9-BP on tetraspanin web formation, the 
cells were cultured with a medium containing 1000 nM CD9-BP over-
night before they were prepared as described above. Later, the cells were 
incubated with the labeled CD9 antibody at the final concentration of 

Fig. 6. Overview of the mechanisms by which CD9-binding peptide (CD9-BP) reduces lung metastasis. A) CD9-BP impairs tetraspanin web formation. B) CD9-BP 
suppresses cell migration and invasion. C) CD9-BP inhibits the secretion and uptake of exosomes. 
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50 nM for 1 h before washing with PBS. Tetraspanin webs on the cells 
were observed and analyzed using the TCS SP8 STED FALCON micro-
scope system with the pulsed STED 775 nm super-resolution technique 
(Leica). ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) was utilized to analyze the number of tetraspanin webs to cell 
surface area. 

4.3. Cancer cell migration and invasion 

In the single cell tracking migration assay, B16/BL6 cells were 
cultured in a 96-well plate under the same conditions described above. 
After cells reached approximately 15 % confluency, they were stained 
with CellBrite™ Orange Cytoplasmic Membrane Dye (Biotium, San 
Francisco, CA, USA), and a new medium containing CD9-BP or CD9 
antibody (ab92726; Abcam, Cambridge, UK) was added. The fluores-
cence microscope with THUNDER live imaging system (Leica) was uti-
lized to track cell movements by obtaining images every 15 min for 12 h. 
The individual cell movements were analyzed using ImageJ and the Fiji 
package. The impact of CD9-BP on B16/BL6 cell viability was studied 
using Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan). 

In the Boyden chamber assay, B16/BL6 cells in serum-free medium 
(300 μL, 0.6 × 106 cells mL− 1) were seeded in the upper chamber 
included in the CytoSelect™ 24-Well Cell Migration Assay Kit with an 8 
μm-pore size membrane (CBA-101; Cell Biolabs, San Diego, CA, USA). 
Additionally, 10 % FBS-supplemented medium (500 μL) with or without 
CD9-BP was placed in the lower well. The cells were allowed to pass 
through the membrane for 24 h before the migrant cells were harvested, 
lysed, and stained with the solution of CyQuant GR dye. The fluores-
cence intensity of the solutions was measured using a microplate reader 
at 480/520 nm to quantify migrant cells. The assay was strictly con-
ducted following the manufacturer's instructions. 

In the invasion assay, B16/BL6 cells (2 × 104 cells mL− 1, 100 μL per 
well) were seeded in a 96-well plate with a round bottom (low attach-
ment, 4870-800LP; IWAKI, Japan) and cultured for 2 days to make cell 
spheroids. After removing the culture medium, collagen type I-A (Nitta 
Gelatin, Osaka, Japan) with or without CD9-BP was added to the 
spheroid and the new medium with or without CD9-BP was placed on 
the top of the collagen matrix. A microscope was used to obtain images 
of the spheroids at 0 and 48 h, and ImageJ was applied to analyze the 
area of spheroids. 

4.4. Cancer cell secretion and uptake of exosomes 

To evaluate exosome secretion, cells were cultured in 6-cm tissue 
culture dishes using 5 mL of Dulbecco's modified Eagle medium (DMEM) 
for MDA-MB-231 and NHDF cell lines (American Type Culture Collec-
tion, Manassas, VA, USA), and RPMI-1640 medium for the B16/BL6 cell 
line. After overnight incubation, the medium was replaced with 5 mL of 
exo-free medium containing CD9-BP or the CD9 antibody, and the cells 
were further cultured for 72 h. The cultured medium was collected 
before it was centrifuged in order to remove cell components at 2000 ×g 
for 10 min. To isolate the exosomes, the collected medium was filtered 
by a 200 nm filter and ultra-centrifuged at 110,000 ×g and 4 ◦C for 80 
min. The exosome pellet was washed with PBS (5 mL), ultra-centrifuged, 
and resuspended with PBS (0.5 mL). The exosome suspension was 
measured by the NTA system (NanoSight NS300; Malvern Panalytical, 
Malvern, UK) to count exosomes. The exosome suspension (100 μL) was 
also applied to quantify CD63 protein using a CD63/CD63 Exosome 
ELISA kit (HAK-HEL6363–1; Hakarel Inc., Osaka, Japan) according to 
the manufacturer's instructions. 

To evaluate exosome uptake, exosomes from MDA-MB-231, NHDF, 
or B16/BL6 cells were collected from the cell culture medium by ul-
tracentrifugation, following the methods described above. The exo-
somes (1.25 μg exosomal protein in 1 mL of PBS) were next labeled with 
CellBrite™ orange dye (5 μL) for 20 min at 37 ◦C. The labeled exosomes 

were pelleted by ultracentrifugation at 110,000 ×g and 4 ◦C for 80 min 
to remove the excess dye in the supernatant. The labeled exosomes were 
washed with PBS (1 mL) and again pelleted by ultracentrifugation. The 
labeled exosomes were re-suspended in the culture medium (1 mL, 1.25 
μg of exosomal protein) containing CD9-BP or the CD9-antibody. The 
exosome suspension prepared from each cell line (100 μL, 0.125 μg of 
exosomal protein) was immediately added to the pre-cultured MDA-MB- 
231, NHDF, or B16/BL6 cells in a 96-well plate, followed by overnight 
incubation. The supernatant containing the remained exosomes was 
collected and fluorescence was measured using a microplate reader to 
evaluate exosome uptake based on the decrease in fluorescence in-
tensity. Exosome uptake was also observed under a fluorescence 
microscope. 

4.5. Lung metastasis in vivo 

B16/BL6 cells were cultured in three 10 cm dishes, trypsinized, and 
collected by centrifugation. The cells were next suspended in 2 mL of 
serum-free DMEM before 800 μL of the cell suspension was mixed with 
CD9-BP or control peptide (sequence: AAAA) solution (80 μL, 1 mM). 
The cell-peptide mixture was incubated for 1 h at room temperature 
before transplantation (3 × 105 cells, 30 μL) into the foot pad of a mouse 
(C57BL/6 J, male, 4 weeks old, purchased from Japan SLC Inc., Shi-
zuoka, Japan). There was no administration of the peptide after the 
transplantation. As soon as the first mouse died, the remaining mice 
were euthanized on day 24 after the transplantation. The chest was next 
exposed, followed by injection with Bouin's fixative solution (FUJIFILM 
Wako Pure Chemical Corp., Osaka, Japan) to the upper part of the tra-
chea using a syringe to expand the lungs. Then, the lungs were detached 
from the body and transferred to Bouin's fixative solution in a 50 mL 
tube. Furthermore, the primary tumor at the foot pad was excised and 
transferred to Bouin's fixative solution. The weight of the primary tumor 
was measured by subtracting the weight of hindlimb with the implanted 
cells by the weight of hindlimb without the implanted cells. For the 
histological analysis, the Bouin's fluid-fixed lungs and primary tumors 
were sectioned, stained with H&E, and finally observed under a mi-
croscope with digital camera. The animal experiments were approved by 
the animal ethics committee of the National Research Institute for Child 
Health and Development of Japan, and conducted in accordance with 
the relevant guidelines for the care and use of laboratory animals 
(experimental number: 04–004). 

4.6. Statistical analysis 

All experimental data are presented as mean ± standard deviation of 
at least three samples. The difference was evaluated using the Student's 
t-test. 
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theranostic platform based on fibrous silica nanoparticles for the enhanced 
treatment of triple-negative breast cancer promoted by a combination of 
chemotherapeutic agents, Biomater.Adv. 137 (2022), 212823. 

T. Suwatthanarak et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029043160
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029043160
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029043160
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029043160
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029083050
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029083050
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029083050
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024475484
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024475484
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024475484
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029115040
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029115040
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029115040
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029115040
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029134680
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029134680
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029134680
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024509323
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024509323
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024509323
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024509323
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024539403
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024539403
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024539403
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024586673
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051024586673
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029215820
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029215820
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029215820
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029326610
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029326610
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029326610
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029326610
http://refhub.elsevier.com/S2772-9508(23)00006-7/rf202301051029326610

	A peptide binding to the tetraspanin CD9 reduces cancer metastasis
	1 Introduction
	2 Results and discussion
	2.1 Impact of CD9-BP on tetraspanin web formation of melanoma cells
	2.2 Impact of CD9-BP on migration and invasion of melanoma cells
	2.3 Impact of CD9-BP on cancer cell secretion and uptake of exosomes
	2.4 Impact of CD9-BP on lung metastasis of melanoma cells in vivo

	3 Conclusion
	4 Materials and methods
	4.1 Peptide preparation
	4.2 Tetraspanin web formation
	4.3 Cancer cell migration and invasion
	4.4 Cancer cell secretion and uptake of exosomes
	4.5 Lung metastasis in vivo
	4.6 Statistical analysis

	CRediT authorship contribution statement
	Declaration of competing interest
	Availability of data and materials
	Acknowledgements
	Appendix A Supplementary data
	References


