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CD151 is significantly enriched in the TNBC patient serum-derived exosomes.
CD151 regulates the secretion of ribosomal and complement proteins via exosomes.
Exosomal CD151 promotes TNBC cell migration and invasion.
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Proteomic Landscape of Exosomes Reveals the
Functional Contributions of CD151 in Triple-

Negative Breast Cancer

Sipeng Li'*, Xinya Li"*, Siqi Yang', Hao Pi", Zheyi Li', Pengju Yao', Qi Zhang',
Qingsong Wang', Pingping Shen®’, Xizhou Li*", and Jianguo Ji'"

Triple-negative breast cancer (TNBC) is an aggressive
subtype of breast cancer. Patients with TNBC have poor
overall survival because of limited molecular therapeutic
targets. Recently, exosomes have been recognized as key
mediators in cancer progression, but the molecular com-
ponents and function of TNBC-derived exosomes remain
unknown. The main goal of this study was to reveal the
proteomic landscape of serum exosomes derived from ten
patients with TNBC and 17 healthy donors to identify
potential therapeutic targets. Using a tandem mass tag-
based quantitative proteomics approach, we character-
ized the proteomes of individual patient-derived serum
exosomes, identified exosomal protein signatures specific
to patients with TNBC, and filtered out differentially
expressed proteins. Most importantly, we found that the
tetraspanin CD151 expression levels in TNBC-derived
serum exosomes were significantly higher than those
exosomes from healthy subjects, and we validated our
findings with samples from 16 additional donors.
Furthermore, utilizing quantitative proteomics approach to
reveal the proteomes of CD151-deleted exosomes and
cells, we found that exosomal CD151 facilitated secretion
of ribosomal proteins via exosomes while inhibiting exo-
some secretion of complement proteins. Moreover, we
proved that CD151-deleted exosomes significantly
decreased the migration and invasion of TNBC cells. This
is the first comparative study of the proteomes of TNBC
patient-derived and CD151-deleted exosomes. Our find-
ings indicate that profiling of TNBC-derived exosomal
proteins is a useful tool to extend our understanding of
TNBC, and exosomal CD151 may be a potential thera-
peutic target for TNBC.

Triple-negative breast cancer (TNBC), characterized by lack
of estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor 2 (HER2) expression, ac-
counts for 10 to 20% of all breast cancers (1) and is an

aggressive and invasive subtype of breast cancer with a high
proliferation rate (2). Clinically, because of the lack of molec-
ular targets, treatment of TNBC is limited and patients have a
poorer prognosis and overall survival in comparison with pa-
tients with other types of breast cancer (3). Therefore, there is
a clinical imperative to develop targeted TNBC therapies.

Exosomes are released from multiple cell types, are present
in biological fluids, and have been identified as important
mediators of tumor progression (4-6). Exosomes carry spe-
cific repertories of proteins, nucleic acids, and lipids, and the
cargo of an exosome is an indicator of its cell of origin and can
be exchanged between different cell types, mediating distant
cellular communication and thus affecting physiological and
pathological processes (7).

TNBC-derived exosomes have been found to play a key role
in cancer progression. Specifically, HCC1806 TNBC cell-
derived exosomes induced nontumorigenic MCF10A breast
cell proliferation (8), and exosomes derived from TNBC cell
line Hs578Ts()s significantly increased the proliferation,
migration, and invasion capacities of three recipient cell lines
(SKBR3, MDA-MB-231, and HCC1954) (9). Meanwhile, spe-
cific microRNA expression patterns were identified in plasma
exosomes of TNBC and HER2-positive breast cancer patient,
showing that the levels of exosomal miR-376c and miR-382
were significantly higher in patients with TNBC compared
with HER2-positive breast cancer patients, and the levels of
exosomal miR-374 were associated with a higher tumor size in
patients with TNBC (10). In addition, some exosomal proteins
were found to play a role in mediating tumor progression. For
example, Rab27a was found to facilitate secretion of exo-
somes to support tumor growth (11), and integrins «6p4 and
abp1 were found to be expressed on the exosomes of TNBC
cell lines and to facilitate lung tropism (4). Hence, profiling the
protein signatures of exosomes could be a promising strategy
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in TNBC therapy. However, few reports describe the compo-
nents of TNBC-derived exosomes (12-14), and the potential
for the utilization of proteomes of TNBC-derived exosomes in
TNBC therapy remains to be determined.

In the present study, we compared the full protein expres-
sion signatures of serum exosomes derived from patients with
TNBC and healthy donors using quantitative proteomics.
Utilizing this expression profile, we found that CD151 was
highly enriched in TNBC-derived exosomes. We also
demonstrated that the expression levels of CD151 were high
in TNBC cell line MDA-MB-231. In order to identify the
contribution of exosomal CD151, we knocked out the protein
in MDA-MB-231 cells, and we revealed that CD151 regulated
protein secretion via exosomes by using quantitative prote-
omics. In particular, CD151 favored sorting of ribosomal pro-
teins and integrins, rather than complement proteins, into
exosomes. Moreover, exosomal CD151 derived from MDA-
MB-231 cells promoted TNBC cell migration and invasion.
We believe that our proteomic profile of exosomes derived
from patients with TNBC and healthy donors will have pro-
found effects on knowledge of TNBC, and exosomal CD151
will be a valuable target for TNBC therapy.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

The main goal of this study was designed to reveal the proteomic
landscape of exosomes derived from patients with TNBC and healthy
subjects to identify potential therapeutic targets. The donated serum
of about ten patients with TNBC and 17 healthy subjects was used in
proteomics analysis. We analyzed every donor sample-derived exo-
somes individually as independent biological replicates. Additional 24
participants (12 patients with TNBC and 12 healthy donors) donated
serum, and 16 participants (eight patients with TNBC and eight health
donors) donated serum exosomes; these were used for data valida-
tion. CD151 expression levels were found significantly high in TNBC-
derived exosomes. Quantitative proteomics approach was further
performed to reveal the proteomes of CD151-deleted exosomes and
cells (Fig. 1).

Patient Serum Samples

Serum samples from patients with TNBC (n = 30; aged 36-88 years;
median age, 52) were obtained from College of Basic Medical Sci-
ences, Navy Medical University (supplemental Table S1). Serum
samples from healthy individuals (n = 37; aged 31-71 years; median
age, 53) were also obtained from College of Basic Medical Sciences,
Navy Medical University. Healthy individuals did not have any female-
related disorders or malignant diseases. All samples were obtained
from fasting individuals. None of the patients were treated with neo-
adjuvant therapy or other therapy prior to biopsy. Serum separator
tubes were used to collect blood samples and then centrifuged at
3000g for 10 min to extract the serum, and the serum was stored
at —80 °C until analyzed. A list of samples used for different experi-
ments is included in supplemental Table S2. The Shanghai Changhai
Hospital Ethics Committee approved the studies, and we obtained
written informed consent from all participants. All the procedures
followed the Declaration of Helsinki principles.

Isolation of Exosomes Derived from Human Serum Samples

Exosomes were isolated from serum samples by differential
centrifugation combined with filtering, as described in a previous
study, with minor modifications (15). Briefly, 500 pul of serum samples
were thawed on ice, and then these samples were diluted in 15 ml
PBS followed by filtering through a 0.22-um pore filter (Millipore) and
subsequent ultracentrifugation at 150,0009 for 3 h at 4 °C using a 70
Ti rotor (Beckman Coulter). Afterward, the pellet was washed in 15 ml
PBS, and a second ultracentrifugation step was carried out at
150,000g for 3 h at 4 °C. Finally, the pellet was resuspended in 100 pl
PBS and stored at —80 °C.

Transmission Electron Microscopy Assay

Samples (0.1 pg/pl) were tested in a Tecnai G2 20 Twin transmission
electron microscope (FEI; 200 kV). Exosomes were fixed to 200 mesh
carbon-layered copper grids (Beijing Zhongjingkeyi Technology) for up
to 90 s. Surplus material was drained by blotting, and the samples
were negatively stained with 10 pl of uranyl acetate solution.

Western Blotting

Samples containing 15 pg of exosomal proteins derived from the
serum or cell lysates of a study subject were denatured with SDS
(Sigma) loading buffer, boiled for up to 5 min, separated by SDS-
PAGE, and transferred onto a polyvinylidene fluoride membrane
(Bio-Rad) at 30 V for 60 min. Next, the membranes were blocked with
5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween-20
(TBST) at room temperature for 1 h and subsequently incubated
overnight at 4 °C with primary antibodies against TSG101 (sc-7964;
Santa Cruz Biotechnology), HSP70 (4873S; CST), Alix (2171S; CST),
CD63 (ab59479; Abcam), Calreticulin (12238T; CST), CD151 (96282S;
CST), ITGB1 (4706S; CST), Flotillin-1 (610820; BD), p-actin (ab3280;
Abcam), RPL6 (15387; Proteintech), RPL13 (11271; Proteintech),
RPL24 (17082; Proteintech), RPS3A (14123; Proteintech), RPS8
(18228; Proteintech), RPS10 (14894; Proteintech), C3 (21337; Pro-
teintech), C5 (66634; Proteintech), and C7 (17642; Proteintech). The
membranes were washed four times with TBST and incubated with
horse radish peroxide—conjugated secondary antibodies at 37 °C for
1 h. Finally, the membranes were washed with TBST four additional
times, after which immunoreactive bands were detected with an ECL
Kit (Millipore).

Nanoparticle Tracking Analysis

Exosomes were diluted 1:1000 in PBS and analyzed with the
ZetaView PMX 110 (Particle Metrix) equipped with a 405-nm laser to
determine the size and concentration of exosomes. Nanoparticles
were illuminated by the laser, and their movement was captured for
1 min. Using the nanoparticle tracking analysis (NTA) software (Zeta-
View, version 8.02.28), videos were analyzed to provide size distri-
bution profiles and particle concentrations.

Tryptic Digestion

First, the protein concentration of each sample was determined
using the Pierce Bicinchoninic Acid Protein Kit (Thermo Scientific).
Next, 100 pg protein from each sample was diluted in 8 M urea,
100 mM dithiothreitol was used to reduce disulfide bonds for 30 min at
37 °C, and 200 mM iodoacetamide was used to alkylate cysteines for
30 min. Protein was digested with LysC for 3 h at 37 °C and trypsin
overnight at 37 °C. Digestion was terminated by adding trifluoroacetic
acid to 0.5%, and digested proteins were desalted, dried, and dis-
solved in 100 mM TEAB buffer.
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Fiac. 1. Workflow for characterization of TNBC-related changes in serum and cell line-derived exosome proteome. A, five hundred
microliter of serum was collected from ten patients with TNBC and 17 healthy donors, and exosomes were purified by ultracentrifugation.
Exosomes were lysed, and 100 pg of exosomal protein was digested. The peptides in each individual sample and the pooled samples were
randomly distributed and labeled across three 10-plex TMT experiments. After labeling, samples were mixed within each TMT experiment and
separated into seven fractions. Tandem MS data were obtained using an Orbitrap Fusion Lumos instrument, and proteins were identified using
Proteome Discoverer 2.2. B, the serum exosome proteome data were normalized and analyzed. DEPs were determined by t test and further
characterized through gene enrichment and network analysis. Representative protein CD151 was validated by Western blotting. C, CD151 was
knocked out in MDA-MB-231 cells by using CRISPR-Cas9. Quantitative proteomics approach was performed to reveal the proteomes of
CD151-deleted exosomes and cells. DEP, differentially expressed protein; TMT, tandem mass tag; TNBC, triple-negative breast cancer.

Tandem Mass Tag Labeling

For serum exosomes, tandem mass tag (TMT) 10-plex reagent
(90110; Thermo Scientific) was used as previously described with
minor modifications (16). Three 10-plex sets were used to label 27
individual samples, and each set included one pooled sample. A
pooled sample was prepared for normalization between runs by
combining 4 pg of peptides from each individual sample. For MDA-
MB-231 cells and cell-derived exosomes, TMT 6-plex reagent
(90061; Thermo Scientific) was used to label CD151-KO cells and
exosomes. About 41 pl anhydrous acetonitrile was used to dissolve
the TMT reagents, after which 25 pg of peptides in 50 pl volume of
TEAB buffer was labeled with 10 pl of TMT reagent and incubated for
3 h. The reaction was terminated by the addition of 4 ul of 5% hy-
droxylamine followed by incubation for 15 min. Each set mixture was
mixed, and the mixture was dried and stored at —80 °C.

High-pH Reversed-phase Tip Fractionation

The TMT-labeled peptide mixture was separated by high-pH
reversed-phase tip fractionation (17). The peptides were

resuspended with 100 pl of 25 mM NH4COOH, pH 10, and loaded
onto the C18 material. Bound peptides were eluted by 200 pl aceto-
nitrile gradient buffer (10, 12.5, 15, 17.5, 20, 22.5, 25, and 50%
acetonitrile) in 256 mM NH4COOH at pH 10. For serum exosome pro-
teome, the 10 and 50% acetonitrile fractions were pooled, resulting in
seven fractions in one TMT experiment and a total of 21 fractions in all
three TMT experiments. For cell-derived exosome proteome, the 10
and 50% acetonitrile fractions were pooled, and the 12.5 and 25%
acetonitrile fractions were pooled, resulting in a total of six fractions in
TMT experiment with six channels. These fractions were dried and
stored at —20 °C until LC-MS/MS measurement.

LC-MS/MS Analysis

TMT-labeled peptides were reconstituted in 0.1% formic acid and
delivered to an Acclaim PepMap 75 pm x 2 cm NanoViper C18, 3 pm
column (Thermo Scientific) with mobile phase containing 0.1% formic
acid at 8 pl/min flow rate by EASY-nLC 1200 system. Then, the trap
column was switched to a PepMap RSLC C18, 2 um, 75 pm x 25 cm
column (Thermo Scientific). Peptides were separated in the second
dimension using a 194 min acetonitrile gradient 6 to 90% buffer (0.1%
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formic acid in 80% acetonitrile) at 300 nl/min flow rate. Tandem MS
data were collected using an Orbitrap Fusion Lumos Tribrid instrument
(Thermo Scientific). The general mass spectrometric settings included
MSH1 orbitrap resolution = 120,000; MS2 orbitrap resolution = 50,000;
high-energy collision dissociation fragmentation (for MS/MS), and
37% collision energy.

Database Search Parameters and Acceptance Criteria

Protein identifications, protein quantifications, and database
searches were performed by Proteome Discoverer (PD), version
2.2.0.388 (Thermo Scientific). For each of the TMT experiments, raw
files from the fractions were merged and searched with the SEQUEST
HT search engine with a Homo sapiens Swiss-Prot UniProt protein
database downloaded on February 2019 (95,556 entries). Searches
were configured with static modifications on lysines and N terminus
(+229.163 Da) for the TMT reagents, carbamidomethyl on cysteines
(+57.021 Da), dynamic modifications for oxidation of methionine resi-
dues (+15.995 Da), precursor mass tolerance of 10 ppm, fragment mass
tolerance of 0.02 Da, the maximum of missed trypsin cleavage sites of 2,
the minimum peptide length of 6, and the maximum peptide length of
144. The false discovery rate (FDR) was calculated using Percolator
algorithm provided by PD. FDR of 1% was applied at the peptide and
protein levels, and at least one unique peptide was used for protein
identification. For TMT experiment with ten channels, two normalization
methods were employed for the 30-plex experiment (three TMT ex-
periments with ten channels each) to obtain accurate data for protein
quantification. The total reporter ion intensity was applied to normalize
the reporter ion intensities within each 10-plex experiment, and the
pooled internal channel was utilized to normalize reporter ion intensities
among different TMT experiments. For TMT experiment with six chan-
nels, the total reporter ion intensity was used to normalize the reporter
ion intensities within 6-plex experiment.

Bioinformatics Analysis

The screening of differentially expressed proteins (DEPs) was car-
ried out by using the “statistical analysis” tool of Metaboanalyst
(https://www.metaboanalyst.ca/). Significant p value was obtained by
Student's t test (patients with TNBC versus health donors). Proteins
with FDR-adjusted p value <0.01 and fold change (FC) >1.5 were
identified as DEPs. For Gene Ontology analysis, Metascape was used
to convert UniProtKB accessions into Entrez Gene IDs (18), and Entrez
Gene IDs were mapped to Gene Ontology terms for cellular compo-
nents by FunRich software (version 3.1.3) (19, 20). Volcano plots and
Venn diagrams were drawn using R package ggplot2 (version 3.2.1)
(21) and R package VennDiagram (version 1.6.20) (22). Heat maps
were generated using hierarchical clustering analysis based on
Euclidean distance and R package pheatmap (version 1.0.12) (23).
Enrichment of functions and signaling pathways of the target proteins
was determined using Metascape (http://metasape.org) (18) and the
enrichKEGG function in the R package clusterProfiler (version 3.12.0)
(24). The STRING database (http://string-db.org) was applied to
identify protein networks, which were visualized by the plugin cyto-
Hubba (version 0.1) (25) in Cytoscape software (version 3.8.2 [Cyto-
scape Consortiumy]) (26).

Immunogold Labeling and Electron Microscopy

The grids were placed into blocking buffer for 1 h and then into a
solution of the primary antibody at the appropriate dilution overnight at
4 °C (anti-CD151, 96283S, CST; 1:500 dilution). Subsequently, PBS
was used to rinse the grids, which were floated on drops of the sec-
ondary antibody attached to 10-nm gold particles (AURION) at room
temperature for 1.5 h. The grids were rinsed with PBS and placed into
2.5% glutaraldehyde in 0.1 M phosphate buffer for 15 min. Finally, the

grids were stained with uranyl acetate and viewed under a Tecnai G2
20 Twin transmission electron microscope (FEI; 200 kV).

Cell Lines and Cell Culture

Triple-negative human metastatic breast carcinoma cells (BT549,
MDA-MB-468, and MDA-MB-231) and estrogen receptor expression
breast carcinoma cells (T47D and MCF7) were purchased from
American Type Culture Collection. MCF-7, MDA-MB-468, and MDA-
MB-231 cells were maintained in Dulbecco's modified Eagle's me-
dium with the addition of 10% (v/v) fetal bovine serum (FBS), 100 pg/
ml streptomycin, and 100 U/ml penicillin. T47D cells were grown in
RPMI1640 supplemented with 10% FBS, 10 pg/ml insulin, 100 U/ml
penicillin, and 100 pg/ml streptomycin. BT549 cells were grown in
RPMI1640 supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin. All cells were cultured in a humidified incu-
bator with 5% CO, at 37 °C and confirmed to be free of mycoplasma
contamination.

KO of CD151 by CRISPR-Cas9 in Cells

CD151-KO cells were generated using the CRISPR-Cas9 method in
MDA-MB-231 cells. Guide RNAs (5-TGAGTGGATCCGCTCACAGG
or 5-GCTGGTAGTAGGCGTAGGCG) targeting a sequence within the
exon of the CD157 gene were cloned into lentiCRISPRv2 (plasmid no.
52961). Stable CD151-KO cells were selected in the presence of 2 pg/
ml puromycin (Sigma-Aldrich) for 5 days and assayed for expression
of CD151 protein by Western blotting.

Isolation of Exosomes from Cells

Exosomes were isolated from cell supernatants by differential
centrifugation as described in a previous study, with minor modifica-
tions (15). Cells were cultured in T225 (225 cm?) flasks in Dulbecco's
modified Eagle's medium supplemented with 10% FBS until they
reached a confluency of 80%, after which cells were grown in serum-
free medium for 2 days. Next, supernatants were collected and
centrifuged for 10 min at 1000g to remove cell contamination, followed
by centrifugation for 30 min at 10,000g to remove apoptotic bodies
and cellular debris, after which the media were filtered using a 0.22-pm
pore filter (Millipore). Finally, exosomes were collected by ultracentri-
fugation for 2 h at 100,000g (45 Ti rotor; Beckman), followed by
washing in 70 ml PBS and ultracentrifugation for 2 h at 100,000g to
produce pellets.

Exosome Labeling and Transfer Assay

Exosomes were labeled with a green fluorescent dye (PKH67;
Sigma-Aldrich) according to the manufacturer's instructions. After
labeling, exosomes were washed with PBS and ultracentrifuged for 2
h at 100,000g to remove excess dye. Cells were incubated with 5 pg of
PKH67-labeled exosomes at 37 °C for 3, 12, 24, or 48 h. Uptake of
PKH67-labeled exosomes was analyzed using a Nikon confocal mi-
croscope (A1RSi; Nikon).

Migration and Invasion Assays

For migration assay, 2 x 10° MDA-MB-468 and 1 x 10° MDA-MB-
231 cells were plated in transwell chambers (6-well transwell cham-
bers, 8-ym pore size; 3428; Corning). For invasion assay, 4 x 10*
MDA-MB-468 and 2 x 10* MDA-MB-231 cells were plated in matrigel
precoated transwell chambers (24-well transwell chambers, 8-pm pore
size; 354480; Corning). The medium in inserts was free of FBS,
whereas the medium out was supplemented with 10% FBS. Exo-
somes were added to the bottom chambers at a concentration of
20 pg/ml, and PBS was used as a control treatment. After 24 h of
incubation, cells on the upper side of the membrane were wiped off
with a cotton swab and the lower side of the membrane was fixed with
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methanol and stained with crystal violet. Representative fields were
photographed, and the number of cells per field was counted by
ImagedJ software (U.S. National Institutes of Health).

Statistical Analysis

All functional experiments were repeated independently at least
three times. Data were analyzed using GraphPad Prism 8 software
(GraphPad Software, Inc) and shown as mean + SEM. Multiple sets of
data were analyzed by one-way or two-way ANOVA, and unpaired
Student's t test was used for analyses of two sets of data. Significant
differences are marked with asterisks (‘o < 0.05; ns, not significant).

RESULTS
Identification and Characterization of Serum Exosomes

Exosomes were isolated from the serum samples of healthy
donors by ultracentrifugation. To determine the relative purity
and morphology of isolated exosomes, we performed trans-
mission electron microscopy (TEM), immunoblotting, and NTA
to characterize serum exosomes. TEM analysis showed that
the isolated nanovesicles had typical cup-shaped structures
and a diameter within the range of 30 to 150 nm (Fig. 2A).
Western blotting analysis showed that exosomal protein
markers TSG101, HSP70, Alix, and CD63 were found in the
serum samples (Fig. 2B), and calreticulin, an endoplasmic
reticulum resident protein, was only detected in the MDA-MB-
231 whole-cell lysates. NTA revealed that the concentration of
particles was approximately 5.7 x 10’ following a 2000-fold
dilution, and the mode size was approximately 111.8 nm
(Fig. 2C), which was consistent with the size of exosomes.
Taken together, these results indicate that the exosomes were
well characterized by various assays and highly purified.

Global Proteome Profiling of Exosomes Derived From
Patients With TNBC and Healthy Donors

In order to examine the exosomal proteome changes in
patients with TNBC and healthy donors, we randomized our

A B

Calreticulin

samples (10 patients with TNBC and 17 healthy subjects)
across three 10-plex TMT experiments and included one
identical pooled sample in each TMT 10-plex analysis (Fig. 1A
and supplemental Table S3). The total reporter ion intensity
was applied to normalize the reporter ion intensities within
each 10-plex experiment, and the pooled internal channel was
utilized to normalize reporter ion intensities among different
TMT experiments. To validate the effect of normalization, the
distributions for normalized intensity of quantified proteins in
each sample (Fig. 3A) and the log2 expression ratios between
the groups after normalization (Fig. 3B) were presented. The
median of normalized data were almost at the same level, and
the mean of log2 ratio neared 0, indicating good standardi-
zation. We compared the reproducibility of the samples using
Pearson correlation and obtained a mean correlation of 0.907
by calculating the correlation between the three separate
technical replicates (Mix1, Mix2, and Mix3) in different TMT
groups (supplemental Fig. S1). Subsequently, we asked
whether exosomal proteome was different between healthy
donors and patients with TNBC. The hierarchical clustering of
proteomic data showed that TNBC and healthy samples were
clustered separately (Fig. 3C), and the principle component
analysis showed that TNBC and healthy samples were also
separated by the biplot of principal components 1 and 2
(Fig. 3D), supporting their differential expression patterns.
Thus, these data suggest that TNBC patient- and healthy
donor-derived exosomes undergo global alterations in protein
expression.

A total of 1050 proteins with an average of 712 per TMT
experiment were identified in TNBC-derived exosomes
(supplemental Table S4). For these proteins, there was an
overlap of 632 Entrez Gene IDs in the Vesiclepedia (http://
www.microvesicles.org) and Exocarta (http://www.exocarta.
org) databases (Fig. 4A). Common exosomal markers, such
as CD9, CD63, CD81, HSPAS8, and Alix, were shown to be
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Fic. 2. Verification of the identity of serum exosomes isolated from healthy donors. A, transmission electron micrographs of the isolated
exosomes revealed typical cup-shaped structures with a diameter of approximately 30 to 150 nm. The scale bar represent 500 nm. B, Western
blotting analysis of the exosomes showed that TNBC serum-derived exosomes expressed traditional exosome markers TSG101, HSP70, Alix, and
CD63, but not endoplasmic reticulum marker calreticulin, compared with whole-cell lysates (WCLs). MDA-MB-231 WCL was used as a control. C,
NTA of serum exosomes revealed a similar exosome mode (111.8 nm). NTA, nanoparticle tracking analysis; TNBC, triple-negative breast cancer.
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Fic. 3. TMT-based quantitative proteomics analysis of exosomes derived from patients with TNBC and healthy donors. A, boxplot
analysis of the intensity (log2) of all proteins across 27 samples. The intensities of all quantified proteins in three TMT experiments were
normalized and plotted by the R boxplot function (median protein intensity in each sample was shown as a blue line, TNBC sample as red body,
and healthy sample as black body). B, density plot of TNBC/healthy donor intensity ratio (log2) for all proteins. For all quantified protein, the
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were plotted as a distribution frequency and Gaussian curve fitted by using R package ggplot2. The red curve shows the normal distribution
(n = -0.04; & = 0.74), and the dashed line shows the mean value obtained from Gaussian distribution. C, hierarchical clustering of all samples.
The intensities of quantified proteins from all samples were log2 transformed, and hierarchical clustering analysis was performed by using hclust
algorithm of eclust function in the R package factoextra (1.0.7). D, principle component (PC) analysis of normalized signals from proteomic data.

A scatter plot for PC 1 and 2 is shown by using the prcomp function in R.

and “T” represent the individual healthy donor and patient with TNBC).
TNBC, triple-negative breast cancer.

present in our purified exosomes by MS data analysis
(supplemental Fig. S2). Furthermore, by using the FunRich
tool, the identified proteins were found to be localized pre-
dominantly in exosomes (60.8%) (Fig. 4B), consistent with the
typical location of exosomal proteins. Among the remaining
proteins, 37.9% were lysosome-associated proteins and
37.8% were extracellular proteins. A further 18.5% were
located in the extracellular region, whereas 14.1% were
cytoskeleton-associated proteins. Taken together, these re-
sults confirmed that these vesicles were exosomes.

In order to identify DEPs, we used group t test and identified
96 DEPs for TNBC-derived exosomal protein-related
changes, respectively (FC > 1.5; FDR < 0.01) (supplemental
Table S5). The distributions of statistical significance (-logo
FDR) and change (log. FC) for all quantified proteins were
represented by volcano plots (Fig. 4C). Further analysis of
hierarchical clustering revealed that individual samples were
classified into two clusters (Figs. 3C and 4D). Although there
was a slight batch effect observed for batch A, the biological

Each dot represents the sample derived from an individual human (“H”
Different sample types are indicated by color. TMT, tandem mass tag;

parameters (patient group and health group) clustered closely
(Fig. 4D), which indicated that the data were suitable for
extraction of meaningful biological information. At the same
time, these results also showed that the expression levels of
proteins varied within each group, indicating that there were
differences between individuals.

Enrichment Analyses and Protein—Protein Interaction
Networks of DEPs

To explore the functions of the identified DEPs, we analyzed
the proteomes of exosomes derived from patients with TNBC
and healthy donors using Metascape. Upregulated DEPs with
high expression levels in TNBC-derived exosomes were highly
enriched in genes related to hemostasis, integrin cell surface
interactions, regulated exocytosis, and formation of tubulin
folding intermediates by chaperonin containing TCP-1/TCP-1
ring complex and ITGA6-ITGB1-CD151 complex (Fig. 5A and
supplemental Table S6). Among them, integrin cell surface
interactions and ITGA6-ITGB1-CD151 complex are closely

6 Mol Cell Proteomics (2021) 20 100121

SASBMB



Functional Contributions of CD151 in TNBC

- Log10 (p-value) I Percentage of gene
LC-MS/MS Exocarta database 0 50 100 150 200 p=0.05 reference
X . . . , I p-value
Extracellular space p <0.001
2 Cytoskeleton p <0.001
g
é. Extracellular region
8
& Extracellular
3
]
b Lysosome
Vesiclepedia database
0 20 40 60 80
Percentage of genes
c P D g
P g
15 ! ! £
! ! b Batch
! ! o PatientType
o = = Eme——mm——
! ! = —— —— —— ] atch
T 10 5 5 = ———] A
o i i DEPs - = | = = — 1. B
i i = = R —
E"o i i Down (57) — e - —— c
N i % ° o, @ = = i
o : oo % ¢ e unchanged (327) - = = PatientType
Qo i AR : Up (39) — —— = = Health
! H R ° —_==E—=_—i - e TNBC
. . —— - — -1 ProteinType
—_ — = ==
2 - = —— I Down protein
- i e ——— -2 Up protein
0 ﬁ——EEE —E=
cRER

-2.5 -0.585 0.0 0.585 25

log, fold change

Fic. 4. Global profiling of proteins encapsulated in TNBC-derived exosomes using MS. A, Venn diagrams of proteins identified in TNBC-
derived exosomes by MS. The total number of proteins identified was compared with published results for exosomal and extracellular vesicle
proteins from the Exocarta and Vesiclepedia databases. B, intracellular locations of all identified proteins assigned by the FunRich 3.1.3 tool. C,
volcano plot of quantified proteins constructed from log2 fold change (x-axis) and —log10 g value (y-axis) data. The threshold for determining
DEPs is indicated by the dashed lines (adjusted p value < 0.01, fold change > 1.5). Red dots indicate significantly upregulated proteins, and
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with the individuals in each group being closest together. The red color indicates increased protein abundance, and the blue color indicates
decreased protein abundance. DEP, differentially expressed protein; TNBC, triple-negative breast cancer.

related to tumor cell invasion and metastasis (4). These find-
ings indicate that TNBC-derived exosomes may play a sig-
nificant role in integrin-regulated tumor metastasis by
transporting cellular information. In contrast, downregulated
DEPs with low expression levels in exosomes derived from
TNBC subjects were significantly enriched in proteins related
to the complement and coagulation cascades (Fig. 5B and
supplemental Table S7). In addition, downregulated DEPs
were found to be involved in the initial triggering of comple-
ment, blood coagulation, negative regulation of proteolysis,
cell killing, and endocytosis. To obtain a better idea of the
biological pathways engaged in TNBC-derived exosomes,
Kyoto Encyclopedia of Genes and Genomes enrichment
analysis was performed using the R package clusterProfiler

(supplemental Fig. S3). The DEPs were highly enriched in
pathways associated with focal adhesion and the complement
and coagulation cascades.

Proteins that play a crucial role in biological processes are
defined as hub proteins, and the regulation of other proteins is
often affected by these proteins. To find hub proteins in the
aforementioned enriched pathways, the proteins associated
with these pathways were inputted into the STRING database
to construct protein—protein interaction networks, and we
performed maximal clique centrality algorithm in cytoHubba,
and the proteins with the top five maximal clique centrality
values were filtered as hub proteins (supplemental Fig. S4).
The top proteins ranked in the complement and coagulation
cascades pathway consist of C8, VTN, C5, and C9.
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Fic. 5. Pathway enrichment analyses of DEPs. The 20 most significantly enriched pathways and biological processes in the proteomic data
of upregulated proteins (A) and downregulated proteins (B) were identified by Metascape. DEP, differentially expressed protein.

Interestingly, in the integrin cell surface interactions and focal
adhesion pathway, ITGB1 was the top one protein ranked by
the algorithm. In addition, in the ITGA6-ITGB1-CD151 com-
plex, exosomal integrins (ITGA6 and ITGB1) have been shown
to promote lung metastasis (4), so the hub protein CD151 may
play an important role in TNBC by regulating integrin
secretion.

Validation of MS Results by Immunoblots

To validate the MS results, the hub protein C5 in the com-
plement and coagulation cascades pathway, ITGB1 in the
integrin cell surface interactions pathway, and CD151 in the
ITGA6-ITGB1-CD151 complex were selected for validation.
Serum samples from an additional 12 patients with TNBC and
12 healthy donors were independently evaluated by Western
blotting. Compared with the healthy donor samples, the rela-
tive expression levels of CD151 and ITGB1 were increased in
the TNBC serum samples, whereas C5 levels were decreased,
consistent with the proteomics results (Fig. 6, A-C).

The Exosomal CD151 Is Significantly Enriched in the TNBC
Patient-derived and MDA-MB-231 Cell-Derived Exosomes

In total, 96 significantly modulated proteins were identified in
TNBC-derived exosomes, respectively. Top 20 significantly
upregulated exosomal proteins of TNBC were shown in
Figure 7A. Among which, CD151, which has accumulating evi-
dence about its role in cancer, was chosen for further investiga-
tion. CD151, a member of the tetraspanin superfamily, is
upregulated in various cancers (27). Moreover, CD151 is highly
expressed in the TNBC subtype and can promote the prolifera-
tion, migration, and invasion of breast cancer cells by modulating
the activities of laminin-binding integrins a3p1, a6p4, and a6p1
(28-30). In addition, CD151 was found to be highly enriched in
exosomes derived from pancreatic ductal adenocarcinoma cell
lines and patients with lung cancer (31, 32). However, the role of
CD151 in exosomes of TNBC has never been reported. CD151
expression in exosomes derived from TNBC serum samples,
breast cancer cell lysate, and exosomes derived from breast
cancer cells was validated (Fig. 7, B-E). As shown in Figure 7, B
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Fic. 6. Western blotting was performed to validate the MS results. A, serum from additional 12 patients with TNBC and 12 healthy donors
was independently assessed by Western blotting. A Coomassie blue—stained gel containing total proteins was used as a loading control. B, the
relative gene expression levels were determined separately for each treatment as the mean + SEM (n = 6), *p < 0.05. C, validation of selected
proteins indicated that the results from MS generally agreed well with the Western blotting results. ns, not significant; TNBC, triple-negative

breast cancer.

and C, exosomal CD151 expression was significantly increased
in the TNBC patient—derived exosomes. The results of immuno-
gold TEM further confirmed that CD151 was expressed in TNBC-
derived exosomes compared with normal volunteer-derived
exosomes (supplemental Fig. S5). These results indicate that
exosomal CD151 could be used as a biomarker to separate pa-
tients with TNBC from healthy subjects. In addition, we tested
CD151 expression levels in a panel of five breast cancer cell lines.
As shown in Figure 7D, cellular CD151 levels were especially
upregulated in TNBC cell line MDA-MB-231. In addition, exoso-
mal CD151 levels were evaluated in exosomes derived from
those breast cancer cell lines. Among those breast cancer cell-
derived exosomes, exosomal CD151 was significantly enriched
in exosomes secreted from TNBC cell line MDA-MB-231 (Fig. 7E).

CD151 Regulates the Secretion of Many Proteins via
Exosomes

Given that CD151 affects the subcellular distribution and
biochemical organization of a6 integrins (28), we performed

experiments to determine whether CD151 regulates intracel-
lular trafficking of other proteins and controls secretion of
these proteins via exosomes. To test the functionality of
exosomal CD151, we knocked out CD151 using CRISPR-
Cas9 in MDA-MB-231 cells. Western blotting was performed
on CD151KO (231-CD151KO0) and control cells (231-Control).
CD151 protein expression was completely abolished in 231-
CD151KO, indicating that CD151 was successfully knocked
out (Fig. 8A), and the same result was observed in exosomes
(231-CD151KO-Exo versus 231-Control-Exo) (Fig. 8B). Next,
stable isotope 6-plex TMT labeling of exosomal and cellular
proteins was performed. We quantified 2032 exosomal pro-
teins (supplemental Table S8) and 6849 cellular proteins
(supplemental Table S9) by quantitative proteomics. For
cellular proteome and cell-derived exosome proteome, we
obtained a mean correlation of 0.999 and 0.998 by Pearson
correlation (supplemental Fig. S6). We found that the profiles
of exosomal proteins in 231-CD151KO-Exo and 231-Control-
Exo differed markedly, but those proteins in 231-CD151KO
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Fic. 7. Expression of CD151 in exosomes derived from patients with TNBC and TNBC cell lines. A, top 20 upregulated proteins identified
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and 231-Control cells differed slightly (Fig. 8, C and D). These
results suggest that CD151 likely regulates the secretion of
many proteins via exosomes rather than controlling their
expression in cells.

Exosomal CD151 Promotes Ribosomal Protein Secretion
and Inhibits Complement Protein Secretion via Exosomes

Among the quantified exosomal proteins, 759 proteins
showed high (>1.5) KO/WT ratios (Fig. 9A and supplemental
Table S10), suggesting that CD151 inhibited secretion of
these exosomal proteins. In contrast, 481 proteins showed
low (<0.667) KO/WT ratios (Fig. 9A and supplemental
Table S10), suggesting that CD151 enhanced secretion of
these exosomal proteins. However, among the quantified
intracellular proteins (6849), only 64 DEPs were identified
(Fig. 9B and supplemental Table S11). This finding provides
additional information suggesting that CD151 regulates the
secretion of a large number of proteins via exosomes rather

than regulating their expression. The Kyoto Encyclopedia of
Genes and Genomes analysis of exo-DEPs suggested that
DEPs were involved in the complement and coagulation
cascades, coronavirus disease 2019, extracellular matrix—
receptor interaction, endocytosis, and ribosomes
(supplemental Fig. S7). Specifically, highly expressed proteins
in 231-CD151KO-Exo were enriched in the complement and
coagulation cascades, biosynthesis of amino acids, endocy-
tosis, focal adhesion, and platelet activation (Fig. 10A). Here,
the pathways of the complement and coagulation cascades
captured our attention, because complement proteins have
been found to be highly enriched in exosomes from healthy
donors compared with exosomes from patients with TNBC.
These results indicate that CD151 likely inhibits secretion of
complement-related proteins via exosomes in patients with
TNBC. Among the downregulated Exo-DEPs, 46 are ribo-
somal proteins (Fig. 10B). To investigate whether secretion of
these proteins was regulated by CD151, six ribosomal
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Encyclopedia of Genes and Genomes.

proteins (RPL6, RPL13, RPL24, RPS3A, RPS8, and RPS10)
and three complement proteins (C3, C5, and C7) were
investigated. The six selected ribosomal proteins displayed
lower expression levels in 231-CD151KO-Exo compared with
231-Control-Exo, but the three complement proteins showed
higher expression levels in 231-CD151KO-Exo compared with
231-Control-Exo (Fig. 11A), consistent with the proteomics
data. In addition, there was no obvious difference between
231-CD151KO cells and 231-Control cells (Fig. 11B and
supplemental Fig. S8). These findings suggest that exosomal
CD151 promotes ribosomal protein secretion and inhibits
complement protein secretion via exosomes.

Exosomal CD151 Promotes TNBC Cell Migration and
Invasion In vitro

Previous studies have shown that exosomes can modulate the
function of recipient cells by transferring their cargoes to recip-
ient cells (33). Therefore, before investigating whether exosomal
CD151 promotes TNBC cell migration and invasion, uptake of

these exosomes by recipient cells was validated (Fig. 12). Nearly
all recipient cells showed a green signal 12 h after the addition of
labeled exosomes. These results demonstrate that the uptake of
these exosomes by recipient cells is very efficient.

To verify whether exosomal CD151 promotes TNBC cell
mobility and invasiveness in vitro, TNBC cell lines (MDA-MB-
468 and MDA-MB-231) were cocultured with PBS, control
exosomes, and CD151KO exosomes for 24 h. Transwell as-
says showed that MDA-MB-468 and MDA-MB-231 cells
incubated with 231-Control-Exo exhibited enhanced cell
migration and invasion ability compared with PBS control
group (Fig. 13). Depletion of exosomal CD151 in exosomes
decreased MDA-MB-468 and MDA-MB-231 cell mobility
(Fig. 13, A-D), and its depletion also downregulated the
invasive potential of MDA-MB-468 and MDA-MB-231 cells
compared with 231-Control-Exo group (Fig. 13, E-H). There-
fore, these results suggest that TNBC-derived exosomes
promote TNBC cell migration and invasion in vitro, in part by
exosomal CD151.
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(A) and WCLs (B). Flotillin-1and p-actin were used as loading controls
for (A) and (B), respectively. WCLs, whole-cell lysates.

DISCUSSION

Despite the established roles of exosomes in various types
of cancer, few studies have focused attention on system-wide
proteomics analysis of exosomes, particularly for serum exo-
somes in patients with TNBC, as compared with other kinds of
cancer (12, 13, 34). However, the establishment of a more
comprehensive view of the proteomic profiles of the exo-
somes of patients with TNBC and exploration of the functions
of DEPs in exosomes would be of great value to clinicians and
researchers. Furthermore, targeting the DEPs of exosomes
may lead to new treatments for TNBC.

In this study, 1050 exosomal proteins were identified from
patients with TNBC by carrying out a 10-plex TMT-based LC—
MS/MS quantitative analysis. As far as we know, this is the
first study of the serum exosomes of patients with TNBC
based on this technique. Thus, our current finding provides
the advantages of individualized precise quantification and
maximized protein coverage for TNBC-derived exosomes.
Furthermore, a total of 96 DEPs were filtered out and analyzed
using the Metascape software tool (18). The identified DEPs
were found to be involved in the integrin cell surface in-
teractions, regulated exocytosis, ITGA6-ITGB1-CD151 com-
plex, and the complement and coagulation cascades.

Exosomes contain a variety of different bioactive molecules
representing their originated cells, thus providing useful

DAPI PKH67

Merge

3h

12h

24h

48h

Fic. 12. Intercellular trafficking of exosomes among cell lines as
determined by isolated exosomes labeled with PKH67 dye. Shown
here are isolated exosomes derived from MDA-MB-231 cells and
tested for uptake in MDA-MB-468 cells. Images were taken 3, 12, 24,
and 48 h after exosome addition using a confocal microscope.

biomarkers (35). Exosomal glypican-1 has been identified as a
potential noninvasive diagnostic to detect pancreatic cancer
(15). Exosomal PD-L1 was also identified as a predictor for
anti-PD-1 therapy (36, 37). In this study, we identified CD151
as a protein highly expressed in exosomes derived from the
serum of patients with TNBC and the culture supernatants of
TNBC cells, suggesting that the increased expression of
CD151 in serum exosomes could be a diagnostic biomarker
for TNBC.

CD151 is an important transmembrane scaffolding protein
and interacts with a wide number of integrin receptors such as
abp1, a6p4, a3p1, and a7p1 (38). Recruitment of these integ-
rins and other partner proteins leads to form tetraspanin-
enriched microdomains (39). CD151 has been demonstrated
to activate extracellular signal-regulated kinases 1 and 2 and
protein kinase B (Akt) signaling to promote nontumorigenic
mammary epithelial cell proliferation (40). The function of
CD151 in promoting cancer metastasis has been revealed in
breast cancer (41), osteosarcoma (42), and hepatocellular
carcinoma (43). In contrast, CD151 represses prostate cancer
by antagonizing cell proliferation, epithelial-mesenchymal
transition, and integrins (44). Despite the evidence impli-
cating the complex roles of CD151 in different cancers, its
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Fic. 13. Exosomal CD151 promotes TNBC cell migration and invasion. A-D, 231-CD151KO-Exo decreases migration of MDA-MB-468 (A
and C) and MDA-MB-231 (B and D) cells compared with 231-Control-Exo group. E-H, 231-CD151KO-Exo decreases invasion of MDA-MB-468
(E and G) and MDA-MB-231 (F and H) cells compared with 231-Control-Exo group. Migrated cell number and invaded cell number was
determined by ImageJ software. Error bars represent mean + SEM. Significance was determined using one-way ANOVA (*p < 0.05). ns, not

significant; TNBC, triple-negative breast cancer.

involvement in TNBC remains unclear. Here, we showed for
the first time the high CD151 expression in exosomes of pa-
tients with TNBC, suggesting its unexplored functions in the
crosstalk with neighboring and distant cells during TNBC
metastasis. Although CD151 has been found in exosomes
derived from pancreatic ductal adenocarcinoma cell lines and
patients with lung cancer (31, 32), functional roles in tumor
progression are not yet known. In the current study, we used
quantitative proteomics to reveal the proteomes of CD151KO
and control exosomes and found that exosomal CD151
regulated the secretion of numerous proteins via exosomes. In
particular, exosomal CD151 facilitated secretion of ribosomal
proteins via exosomes while inhibiting exosome secretion of
complement proteins. Previously, as a regulator of protein
trafficking, the only known function of CD151 was to function
in the internalization of its associated integrins via its endo-
cytosis sorting motif (36). Thus, our findings have significantly
expanded the known role of CD151. In addition, combining

with proteomics results of TNBC patient-derived exosomes
that complement proteins in TNBC patient—-derived exosomes
were expressed at relatively low levels, these results further
confirmed that exosomal CD151 inhibits exosome secretion of
complement proteins.

Emerging evidence suggests that exosomes mainly exert
their function by transferring DNA, RNA, and proteins to recip-
ient cells, thereby modulating gene expression and the function
of recipient cells (33). The proteins transferred by exosomes can
ultimately change the gene expression and functions of recip-
ient cells, thus participating in tumor formation, proliferation,
and metastasis (4, 5). However, the communication of TNBC
cells via exosomes is unclear. In the present study, TNBC cell
lines MDA-MB-468 (low invasive potential) and MDA-MB-231
(high invasive potential) were used. We proved that MDA-MB-
231-derived exosomal CD151 promoted not only TNBC cell
with low invasive potential but also TNBC cell with high invasive
potential migration and invasion.
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Our study has identified that patients with TNBC have
elevated levels of exosomal CD151 in the serum and proved
that CD151 appears to be the major mechanism by which
exosomes promote TNBC cell migration and invasion.
Therefore, developing exosomal CD151 as a serum-based
biomarker could be attractive, and targeting exosome car-
rying CD151 should be considered in TNBC therapeutic
strategy. In the future, we will try to develop effective small
molecules to block CD151 into exosomes. Such molecules
could have the potential to act alone or in combination with
current molecule inhibitors GW4869 and Nexinhib-20 to inhibit
exosome packaging and secretion (45, 46), to yield benefits
for patients with TNBC.

CONCLUSIONS

In conclusion, we have performed proteomic profiling of
serum exosomes in a prospective study including patients
with TNBC and healthy donors. We found that complement
proteins were lowly expressed, whereas CD151 was highly
expressed in serum exosomes from patients with TNBC
compared with those of healthy patients, and we demon-
strated the functions of exosomal CD151 in regulating protein
secretion and promoting TNBC cell migration and invasion.
We believe that our profile of TNBC patient—derived serum
exosomes is a useful tool that provides important insight into
the role of exosomes and establishes exosomal CD151 as a
potential therapeutic target for TNBC.
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