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Abstract

Extracellular vesicles (EVs) are important carriers for biomolecules in the microenvironment that greatly promote intercel-
lular and extracellular communications. However, it is unclear whether bombesin receptor-subtype 3 (BRS-3), an orphan
G-protein coupled receptor, can be packed into EVs and functionally transferred to recipient cells. In this study, we applied
the synthetic agonist and antagonist to activate and inhibit the BRS-3 in HEK293-BRS-3 cells, whose EVs release was
BRS-3 activation dependent. The presence of BRS-3 in harvested EVs was further confirmed by an enhanced green fluo-
rescent protein tag. After recipient cells were co-cultured with these EVs, the presence of BRS-3 in the recipient cells was
discovered, whose function was experimentally validated. Quantitative proteomics approach was utilized to decipher the
proteome of the EVs derived from HEK293-BRS-3 cells after different stimulations. More than 900 proteins were identified,
including 51 systematically dysregulated EVs proteins. The Ingenuity Pathway Analysis (IPA) revealed that RhoA signaling
pathway was as an essential player for the secretion of EVs. Selective inhibition of RhoA signaling pathway after BRS-3
activation dramatically reversed the increased secretion of EVs. Our data, collectively, demonstrated that EVs contributed to
the transfer of functional BRS-3 to the recipient cells, whose secretion was partially regulated by RhoA signaling pathway.
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Introduction namely, small EVs (sEVs) (<200 nm) and medium/large

EVs (m/IEVs) (>200 nm) [2]. They present in different body

Extracellular vesicles (EVs) are nanoscale particles released
by most types of cells in an evolutionally conserved man-
ner, and they are encapsulated by lipid bilayers [1]. Accord-
ing to the minimal information for studies of extracellular
vesicles 2018 (MISEV2018), EVs are mainly categorized
as two subtypes according to their physical characteristics,

Zeyuan Wang and Lehao Wu contributed equally as first authors
to this work.

P4 Yan Zhang
zhangyan_sjtu@sjtu.edu.cn

< Hua Xiao
huaxiao@sjtu.edu.cn

State Key Laboratory of Microbial Metabolism,

Joint International Research Laboratory of Metabolic
and Developmental Sciences, School of Life Sciences
and Biotechnology, Shanghai Jiao Tong University,
Shanghai 200240, China

School of Pharmacy, Shanghai Jiao Tong University,
Shanghai 200240, China

fluids, such as blood, urine, and saliva [3, 4]. The secretion
of EVs was originally described as a process for cells to
eliminate unneeded biomolecules [5]. However, during the
past 2 decades, scientists have discovered that EVs may act
as potent mediators in intercellular communications as well
as extracellular microenvironment [6]. Due to their capacity
to exchange nucleic acids, proteins, lipids, and metabolites,
EVs can transmit signaling molecules among cells, influ-
ence the pathological and physiological state of parental and
recipient cells, and participate in the development of various
diseases [7]. Moreover, both natural and engineered EVs
have been utilized as drug delivery nano-carriers, cancer
vaccines, detection markers, and therapeutic agents or tar-
gets in diseases, especially in cancers [8]. Proteomics tech-
nology has been employed for the large-scale analysis of
EVs proteome [9]. Among the proteins harbored by EVs,
some G-protein coupled receptors (GPCRs) could also be
identified [10].

GPCRs usually contain seven transmembrane domains
and constitute the largest family of proteins in the
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mammalian genome, including approximately 800 members
[11]. GPCRs have attracted long-standing interests as drug
targets, largely because they mediate cell signaling, regu-
late numerous physiological processes, and contain drug-
gable sites accessible on the cell surface [12]. For many
of these GPCRs, one or several endogenous ligands have
been identified. However, there are some GPCRs that have
not been decisively paired with their endogenous ligands,
which are classified as “orphan” GPCRs [13]. For instance,
Bombesin receptor-subtype 3 (BRS-3) is an orphan recep-
tor, whose endogenous ligands have not been found till
now [14]. Because of its 51% and 47% homology to the
other two mammalian bombesin receptors, BRS-3 is cat-
egorized as a member of the bombesin receptor family [15,
16], which is widely expressed in the central nervous sys-
tem, peripheral tissues, and gastrointestinal tract [17, 18].
It plays critical roles in the regulation of insulin secretion,
energy expenditure, body temperature and heart rate, and
is, therefore, involved in a number of human diseases such
as asthma and kidney diseases [18-20]. In-depth study on
BRS-3 may reveal new insights into potential treatments of
related diseases.

Ligand-activated receptors go through rapid desensiti-
zation and endocytosis and are subsequently internalized
into early endosomes [21]. In general, there are few typical
fates for GPCRs in cells, which proceed through respec-
tive pathways. As a representative fate, some GPCRs can
be recycled rapidly and efficiently, and then sent back to the
plasma membrane. These re-used GPCRs may respond again
to the stimulation of its ligands [22]. This process is called
re-sensitization. As another general fate, some GPCRs may
be sorted into multi-vesicular bodies, followed by lysosomal
degradation, a process guided by ubiquitination [23]. Moreo-
ver, recent studies show that very few GPCRs may be packed
into EVs and transferred to recipient cells functionally. For
example, when Angiotensin II Type 1 receptor (AT1R) is
activated by mechanical stress or its ligand, host cells release
exosomes that containing functional AT1R. AT1R-enriched
exosomes may target cardiomyocytes, skeletal myocytes and
mesenteric resistance vessels, and modulate blood pressure
responses in vivo [24]. However, it is unclear whether func-
tional BRS-3 can be sorted into EVs after activation and
transferred to recipient cells.

Quantitative proteomics is a powerful tool for compre-
hensive proteome analysis in biomedical research, including
BRS-3 research and EVs discovery. In our previous study,
a dynamic protein profiling of HEK293-BRS-3 cells after
BRS-3 activation was analyzed, which demonstrated that
BRS-3 activation had essential impact on cell death and
survival, protein synthesis, as well as mRNA translation.
Activation of BRS-3 might enhance mTOR pathway and
further promoted cell proliferation [25]. By utilizing tan-
dem mass tags based quantitative proteomics, we found that
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EVs derived from highly metastatic lung cancer cells carried
high level of hepatocyte growth factor (HGF), activating the
HGF/c-Met pathway in recipient cells and promoting their
metastasis [26]. Through characterizing the protein profil-
ing in EVs from HEK293-BRS-3 cells by quantitative prot-
eomics, we might reveal the potential fate of BRS-3 and its
related key pathways.

In this study, we hypothesized that BRS-3 could be
packed into EVs and released to the microenvironment,
which would be further utilized by recipient cells. A syn-
thetic agonist of BRS-3 was used to activate the receptor
on HEK-293T cells and secreted EVs in the culture media
were monitored. The presence of BRS-3 was evaluated in
the harvested EVs through labeling with an enhanced green
fluorescent protein (eGFP) tag. After confirmation, these
labeled EVs were further incubated with recipient cells. The
presence of BRS-3 in recipient cells was measured and its
function was tested with agonist activation and inhibition,
followed by detecting the phosphorylation of ERK protein.
Quantitative proteomics was used to compare the protein
profiling in secreted EVs before and after activation and
inhibition. Key pathways that related to the secretion of
EVs were revealed. Selected signaling pathway was further
validated and the potential mechanism for EVs’ fate was
discussed.

Materials and methods
Chemicals and reagents

[Dphe6, BAla“, Phel3, N1e14] Bn (6-14), namely Pep #1,
was purchased from Guoping Biotechnology Co. Ltd.
(Anhui, China). Boc-Phe-His-4-amino-5-cyclohexyl-2.4,5-
trideoxypentonyl-Leu-(3-dimethylamino) benzyl amide-
N-methylammonium trifluoroacetate, namely Bantag-1, was
kindly provided by Professor Olivier Civelli at University
of California, Irvine. Y-27632 was purchased from Beyo-
time Biotechnology (catalog no. SC0326). Antibodies for
phosphor-ERK, ERK, and Calnexin were purchased from
Cell Signaling Technology (catalog no. 9101, 4695, 2679).
Antibodies for TSG101 and CD63 were purchased from
Abcam (catalog no. ab125011, ab217345).

Cell culture and establishment of transfectants

HEK293-BRS-3 stable cells were a generous gift from Pro-
fessor Olivier Civelli at University of California, Irvine.
HEK-293T cells were purchased from the American Type
Culture Collection (ATCC). HEK293-BRS-3 cells and
HEK-293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Fisher Scientific INC.) supple-
mented with 10% fetal bovine serum (FBS, Gibco), 100
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units/mL penicillin, and 100 mg/mL streptomycin (Gibco).
Cells were incubated at 37 °C under a humidified atmos-
phere of 5% CO,. For transfection in HEK-293T cells, One-
Step DNA Transfecter Kit (Enlighten Biotech) was used
according to the manufacturer’s protocol. The plasmid of
BRS-3-eGFP was pcDNA3.1(+) BRS-3-eGFP.

EVs isolation

Prior to agonist stimulation and isolation of EVs, cells were
washed with PBS one time. The agonist, antagonist, and
selected inhibitor were dissolved in the medium only con-
taining DMEM, i.e. EVs were separated from the medium
without FBS. After cell culture and different treatments, the
culture medium was collected for EVs isolation through
differential centrifugation. To remove impurities, the cul-
ture medium was initially centrifuged at 300 g for 10 min,
2000 g for 10 min, 10,000 g for 20 min. Then the superna-
tants were ultra-centrifuged at 100,000 g for 70 min (Optima
Max Ultracentrifuge, Beckman Coulter) to precipitate EVs.
All sample preparation was performed at 4 °C.

Nanoparticle tracking analysis (NTA)

The concentration and size of EVs were measured by Nano
Particle Tracking systems, including NanoSight (NS300,
Malvern) and ZetaView (Zeta potential distribution Ana-
lyzer, Particle Metrix). NanoSight and ZetaView were used
for the measurement of EVs’ concentration and size distribu-
tion, and their instrument parameter settings were as follows:
ZetaView (software version ZetaView 8.05.04)—sensitivity
70, shutter 70; NanoSight (software version NanoSight NTA
3.4)—camera level 12—13, slider shutter 1200-1232, slider
gain 146-219. ZetaView was used for the detection of EVs’
eGFP, and the instrument parameter settings were as follows:
ZetaView (software version ZetaView 8.05.04)—sensitivity
87, shutter 100. EVs were re-suspended in PBS, and then
injected into the sample chamber. Each sample was meas-
ured according to the manufacturer’s instructions.

Transmission electron microscopy (TEM)

The morphology of EVs was checked by Philips CM120
transmission electron microscope (Eindhoven, Netherlands),
which operated at 120 kV. 10 pL of re-suspended EVs solu-
tion was loaded onto an ultrathin carbon film 300 mesh cop-
per grid, which was dried for fixation, then stained with 2%
phosphotungstic acid.

Protein sample preparation and western blotting

HEK?293-BRS-3 cells and EVs were lysed with RIPA buffer
(Beyotime Biotechnology, catalog no. PO013B) containing

phenylmethanesulfonyl fluoride (PMSF, Beyotime Bio-
technology, catalog no. ST506). Protein concentration was
measured by the bicinchoninic acid method (BCA method,
Thermo Fisher Scientific INC.). SDS-PAGE Sample Load-
ing Buffer (Beyotime Biotechnology, catalog no. POO15) was
added to the lysate and heated at 99 °C for 10 min. HEK-
293T cells were plated into 24-well plates and incubated
with harvested EVs for 12 h, then stimulated by BRS-3 ago-
nist (Pep #1) or antagonist (Bantag-1). Proteins were col-
lected by adding SDS-PAGE Sample Loading Buffer and
heated at 99 °C for 10 min.

The protein samples were loaded onto a 10% SDS-PAGE,
separated, and then transferred to polyvinylidene-fluoride
membrane (PVDF, Merck Millipore). ECL (PerkinElmer,
catalog no. NEL104001) was used for visualization. The
protein bands were quantified using the NIH Image J soft-
ware (NIH, Bethesda, MD).

Flow cytometry

HEK?293-BRS-3 cells were seeded in 10 cm diameter dishes.
After the cells grew and reached 95% confluence, Pep #1
was added with DMEM into dishes. The EVs were isolated
from the culture medium using ultracentrifugation method,
which were re-suspended in DMEM with 10% FBS. The
EVs were further added to HEK-293T cells for incubation.
After cultured with EVs for 12 h, HEK-293T cells were
harvested with trypsin—EDTA (Gibco), washed with PBS
twice, followed by centrifugation at 300 g for 3 min at 4 °C
twice. The collected cells were re-suspended in PBS for flow
cytometry analysis (BD LSR FORTESSA, BD Biosciences).
The percentage of FITC-A in cells was analyzed with the
FlowJo software (Tree Star, Inc., San Carlos, CA, USA).

LC-MS/MS

Extracted EVs proteins were digested overnight at 37 °C by
trypsin (Promega, V5071) through using FASP approach
[27]. Briefly, HEK293-BRS-3 cells were seeded into 15 cm
diameter dishes. After the cells grew and reached 95% con-
fluence, DMSO, Pep #1, Bantag-1 (BT1), or BT1 +Pep #1
dissolved in DMEM were added, respectively. EVs proteins
obtained from different treatment groups were processed
and three technical repeats were prepared for each group.
After desalting, digested peptides were analyzed with Easy-
nanoLC1000 coupled with an Orbitrap Q-Exactive Plus
Mass spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts). A 15 cm X 50 pm reverse-phase column
(2 pm, C18, 120 /OX, Thermo Fisher Scientific INC.) was uti-
lized for the separation of peptides. The mobile phases were
Buffer A (0.1% formic acid in water) and Buffer B (80% ace-
tonitrile with 0.1% formic acid). The gradient was: 2-20%
Buffer B in 98 min, 20-30% in 10 min, 30-95% in 2 min, and

@ Springer



72 Page4of14

Z.Wang et al.

then kept at 95% for 8 min, 95-2% in 1 min, and sustained
for 1 min at 2%. The flow rate was 300 nL/min. The MS
scan was ranged from 350 to 1500 m/z with 70,000 resolu-
tion. For MS/MS, the scan was ranged from 200 to 2000 m/z
with 17,500 resolution. The raw data were submitted for
database search by MaxQuant (version 1.6.1.0) software,
which searched against UniProt Human database (release
2017_11_28, 20,244 entries). Up to two missed cleavages
was permitted. Trypsin was selected as the enzyme for pro-
tein digestion. Cysteine carbamidomethylation was set as a
fixed modification, and methionine oxidation, N-terminal
acetylation were set as variable modifications. Maximum
peptide and protein false discovery rates (FDR) were both
limited to 1%. Label-free quantification was performed by
Intensity-based absolute quantification (iBAQ). Quantile
normalization was performed to ensure each sample had the
same distribution. The criteria of at least two unique pep-
tides, 1.5-fold change (FC), and p value < 0.05 were applied
for the screening of differentially expressed proteins.

Bioinformatics and statistical analysis

Omicsbean (http://www.omicsbean.com/) was used for
KEGG pathway analysis. Ingenuity Pathway Analysis
(IPA, Ingenuity Systems, QIAGEN, http://www.ingenuity.

A B

Pep #1 EVs / EVs-BRS-3

Transferred BRS-3 ©

Recipientcells
(HEK 293T)

HEK293-BRS-3 l

Quantitative protein analysis

Target functional EVs proteins

Find pathways related to EVs secretion

Confirmation in HEK293-BRS-3

com) of identified proteins were used to discover “Canoni-
cal Pathways”.

The experimental results were represented as the
mean + SEM (standard error of measurement). The compari-
sons of quantitative data between two groups were assessed
using the ¢ test, and p <0.05 was considered as statistical
significance. All statistical analyses were performed by the
GraphPad Prism 9 (San Diego, CA, USA).

Results

Induction of EVs secretion by the activation of BRS-3
in HEK293-BRS-3 cells

The workflow of this study is shown in Fig. 1a. We used
ultracentrifugation to isolate EVs, which were then char-
acterized by TEM, NTA, and western blotting. Figure 1b
shows the TEM of isolated EVs from HEK293-BRS-3 cells
after activation. The size distribution of the cup-shaped EVs
ranged from 30 to 600 nm (Fig. 1c). TSG101 and CD63,
representative markers of EVs, were well detected in these
isolated EVs, while negative marker like Calnexin was neg-
ligible (Fig. 1d). These results demonstrated that EVs were
successfully obtained from cell cultural media.
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Fig. 1 Activation of HEK293-BRS-3 cells increases EVs secretion.
a Workflow of this work. b-d Characterization of EVs isolated from
HEK?293-BRS-3 cells with or without activation by TEM (b), NTA
(¢), and immunoblotting (d). Western blots of EVs and cell lysates
for typical markers TSG101, CD63, and the cellular marker Cal-
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nexin. e-f Mean size(e) and fold change (f) of EVs from HEK293-
BRS-3 cells with different treatments (DMSO, Pep #1, Bantag-1 or
BT1+Pep #1) by NTA (n=10). *, p<0.05 versus control; #, p <0.05
versus BT1+Pep #1 by 7 test
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Then, we used NanoSight to measure the concentration
and mean size of EVs. As shown in Fig. le, the mean size of
EVs secreted by HEK293-BRS-3 cells was around 200 nm.
Activation and inhibition of BRS-3 had minor effect on the
size of EVs. However, we found that the amount of EVs
secreted by HEK293-BRS-3 cells increased approximately
50% (Fig. 1f), once the BRS-3 was activated by its syn-
thetic agonist Pep #1 (10 uM) for 30 min. Interestingly, the
increase of EVs secretion induced by Pep #1 was dramati-
cally reversed by the addition of 1 nM Bantag-1, a specific
antagonist against BRS-3 (Fig. 1f) [28]. Meanwhile, the
addition of Bantag-1 alone had only minor effect on EVs
secretion. These data demonstrated that activation of BRS-3
in HEK293-BRS-3 cells could increase their secretion of
EVs.

Packaging of BRS-3 into EVs

To confirm the presence of BRS-3 in cells, we used a plas-
mid, BRS-3-eGFP, to track its green fluorescent labeling.
The sequence of BRS-3-eGFP plasmid is shown in Fig.
S1. BRS-3-eGFP was observed in cells, which verified that
BRS-3 had been successfully transfected into HEK-293T
cells (Fig. 2a—c). Then we tested whether the transfected

BRS-3-eGFP was functional in the cells by detecting their
ability to phosphorylate ERK [29]. In HEK-293T cells trans-
fected with BRS-3-eGFP, we found that the phosphoryla-
tion of ERK was significantly increased when the cells were
stimulated with Pep #1 (Fig. 2d, e). More importantly, this
phenomenon was reversed by Bantag-1 (Fig. 2d, e). Mean-
while, we transfected BRS-3-eGFP and BRS-3 plasmids
into HEK-293T cells, respectively. By detecting the phos-
phorylation of ERK, we found that the tag of GFP did not
affect BRS-3 signaling (Fig. S2). Using confocal fluorescent
microscope, we discovered that GFP fusion with the BRS-3
did not affect the receptor’s cell localization and cycling
(Fig. S3). Therefore, we confirmed that BRS-3 was func-
tional in these transfected HEK-293T cells.

To demonstrate the presence of BRS-3 in cell secreted
EVs, we used Pep #1 to stimulate cells with transfected
BRS-3-eGFP and isolate their derived EVs. DMSO treat-
ment was used as a control. The size distribution and
concentration of all EVs in each group were analyzed by
ZetaView. As shown in Fig. 2f, for the cells transfected
with BRS-3-eGFP, the amount of their secreted EVs was
increased after Pep #1 stimulation when compared with the
DMSO treatment group. Majority of their size was less than
300 nm. This result was consistent with that in Fig. 1f. Then
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Fig.2 EVs derived from HEK293-BRS-3 cells after activation con-
tain BRS-3. a—c, HEK-293T cells were transfected with BRS-3-eGFP
plasmid. Cells were photographed using fluorescence microscope (a)
and light microscope (b). These two pictures were merged (c). The
scale bar in the panel is 130 pm. d—e Effect of Pep #1 and Bantag-1
induced phosphorylation of ERK in HEK-293T cells transfected with
BRS-3-eGFP plasmid. Cells were stimulated by Pep #1 (10 uM) for
1 min, or Bantag-1 (1 pM) for 10 min and Pep #1 (10 pM) for 1 min.

Quantification of the p-ERK (e) (n=3). **, p<0.01 versus control;
##, p<0.05 versus BT1+Pep #1 by ¢ test. f Total EVs derived from
HEK-293T cells that transfected with BRS-3-eGFP plasmid with
(black line) or without (red line) stimulation of Pep #1. g Fluorescent
EVs derived from HEK-293T cells that transfected with BRS-3-eGFP
plasmid with (green line) or without (orange line) stimulation of Pep
#1 (10 pM)

@ Springer



72 Page6of 14

Z.Wang et al.

we measured the fluorescence intensity of BRS-3-eGFP in
these isolated EVs. For the cells treated with DMSO, no
fluorescence could be observed from their derived EVs
(Fig. 2g). However, after the cells were stimulated by Pep
#1, abundant fluorescent signals could be detected in their
secreted EVs. The size distribution of the EVs ranged from
150 to 500 nm. These data suggested that EVs secreted by
HEK-293T cells (which transfected with BRS-3-eGFP) con-
tained BRS-3, after the activation of BRS-3 by its agonist.

BRS-3 transferred to recipient cells by EVs are
biochemically functional

Flow cytometry was used to demonstrate whether EVs could
transfer BRS-3 into the recipient cells. For HEK-293T cells
transfected with BRS-3-eGFP, their cultural media were har-
vested for the isolation of EVs, which were further co-cul-
tured with HEK-293T cells for 12 h. When compared with

HEK-293T cells co-cultured with EVs derived from the cells
with DMSO stimulation, increased fluorescence intensity
was observed for the HEK-293T cells co-cultured with EVs
derived from cells with Pep #1 stimulation (Fig. 3a, right
panel). The quantification results are shown in Fig. 3b. The
presence of BRS-3-eGFP in HEK-293T cells demonstrated
that BRS-3 was transferred to the recipient cells by EVs.
To determine whether the BRS-3 transferred by EVs was
functional in the recipient cells, we measured ERK phospho-
rylation in HEK-293T cells after the incubation with EVs
isolated from the cultural media of the HEK293-BRS-3 cells
stimulated with Pep #1. Stimulation of HEK-293T cells
by Pep #1 for 1 min resulted in the significant increase of
ERK1/2 phosphorylation when compared with the DMSO
control. This phenomenon was completely blocked by the
pretreatment with Bantag-1 (Fig. 3c, d). These results illus-
trated that EVs had transferred BRS-3 into HEK-293T cells
which could activate agonist dependent signaling. Therefore,
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Fig.3 BRS-3 transferred by EVs are functional. a Flow cytometry of
HEK-293T cells. HEK-293T cells were co-cultured with EVs, which
came from HEK-293T cells transfected with BRS-3-eGFP plasmid
with or without Pep #1 stimulation (10 pM). Left panel: HEK-293T
cells, middle panel: HEK-293T cells co-cultured with EVs derived
from cells without stimulation, right panel: HEK-293T cells co-cul-
tured with EVs derived from cells with Pep #1 stimulation. b Quan-
tification of the FITC-A (n=5). *, p<0.05 versus HEK-293T by ¢
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test. ¢ Effect of HEK-293T cells on Pep #1 induced phosphorylation
of ERK. HEK-293T cells preincubated with EVs derived from cul-
ture media of HEK293-BRS-3 cells with Pep #1 stimulation. Then
HEK-293T cells were stimulation with Pep #1 (10 pM) for 1 min, or
Bantag-1 (1 pM) for 10 min and Pep #1 (10 pM) for 1 min. d Quanti-
fication of the p-ERK (n=4). **, p<0.01 versus control; ##, p <0.05
versus BT1 + Pep #1 by ¢ test
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the BRS-3 transferred to recipient cells by EVs were bio-
chemically functional.

Proteomics analysis of the EVs derived
from the HEK293-BRS-3 cells after activation
or inhibition

Quantitative proteomics analysis of EVs was performed to
identify potential signal pathways for BRS-3. Proteins of the
EVs isolated from the culture media of the HEK293-BRS-3

cells with different treatments (DMSO, Pep #1, Bantag-1,
BT-1+Pep #1) were analyzed by LC-MS/MS in paral-
lel, and three technical replicates were prepared for each
treatment group. In total, 911 proteins were identified from
these EVs, among which 477 proteins (52.4%) were shared
by four groups (Fig. 4a). More specifically, 48 (5.3%), 78
(8.6%), 32 (3.5%), 41 (4.5%) proteins were uniquely iden-
tified in DMSO, Pep #1, Bantag-1, BT1 + Pep #1 groups,
respectively (Fig. 4a). As the volcano plots shown in
Fig. 4b, 122 proteins were upregulated and 68 proteins were
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Fig.4 Qualitative and quantitative analysis of EVs’ proteome from
different treatments. a Venn diagram of the EVs proteome from
HEK293-BRS-3 cells treated with DMSO (Control), Pep #1, Bang-
tag-1 (BT1), BT1+Pep #1. b Volcano plots of the proteomes in

Pep #1 group compared with DMSO (Control) group (left panel),
BT1+Pep #1 group compared with Bantag-1 group (middle panel),
and Pep #1 group compared with BT1+ Pep #1 group (right panel). ¢
KEGG pathways involved in BRS-3 and EVs
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Table 1 Fold change of 51 systematically dysregulated EVs proteins

No Protein name Protein ID Pep #1/Control BT1+Pep
#1/Pep #1
1 Carboxypeptidase D 075976 >100.00 0.8742
2 Insulin receptor substrate 4 014654 5.2604 0.5475
3 EMILIN-2 QIBXX0 5.0388 0.5328
4 Poly [ADP-ribose] polymerase 1 P09874 3.4065 0.3492
5 Citrate synthase, mitochondrial 075390 3.2820 0.2548
6 Leucine-tRNA ligase, cytoplasmic Q9P2J5 3.0657 0.5613
7 DNA-dependent protein kinase catalytic subunit P78527 2.9286 0.5594
8 T-complex protein 1 subunit zeta P40227 2.8920 0.8462
9 Splicing factor 3A subunit 1 Q15459 2.8686 0.4592
10 LIM and senescent cell antigen-like-containing domain protein 1 P48059 2.8480 0.5521
11 Heterogeneous nuclear ribonucleoprotein M P52272 2.7023 0.2626
12 X-ray repair cross-complementing protein 6 P12956 2.6945 0.6175
13 X-ray repair cross-complementing protein 5 P13010 2.6865 0.6098
14 Coatomer subunit alpha P53621 2.6694 0.5186
15 Proteasome subunit alpha type-2 P25787 2.6223 0.8207
16 Threonine—tRNA ligase 1, cytoplasmic P26639 2.5798 0.3301
17 Serine/threonine-protein phosphatase PP1-beta catalytic subunit P62140 2.5534 0.4644
18 ATP-dependent 6-phosphofructokinase, platelet type Q01813 2.5293 0.4764
19 Protein disulfide-isomerase A3 P30101 2.2842 0.3374
20 Annexin A4 P09525 1.7200 0.7317
21 Unconventional myosin-Ic 000159 22113 0.2582
22 Histone H2A type 1-J POCOS5 2.1811 0.7951
23 Chloride intracellular channel protein 1 000299 2.1799 0.3976
24 Heterogeneous nuclear ribonucleoproteins C1/C2 P07910 2.1757 0.6150
25 Heterogeneous nuclear ribonucleoprotein U Q00839 2.1167 0.4623
26 Glutamine—fructose-6-phosphate aminotransferase [isomerizing] 1 Q06210 2.0343 0.4354
27 Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 043143 2.0206 0.3223
28 CAD protein P27708 2.0017 0.6633
29 40S ribosomal protein S25 P62851 1.9873 0.6190
30 Proteasome subunit beta type-1 P20618 1.9544 0.7694
31 40S ribosomal protein S11 P62280 1.9443 0.7917
32 Fragile X mental retardation syndrome-related protein 2 P51116 1.944 0.5923
33 Splicing factor 3B subunit 3 Q15393 1.9077 0.6512
34 Histone H4 P62805 1.8442 0.7194
35 Alpha-actinin-1 P12814 1.8384 0.3703
36 ADP/ATP translocase 2 P05141 1.7868 0.1213
37 Flotillin-1 075955 1.7794 0.6426
38 Myosin light polypeptide 6 P60660 1.7529 0.4116
39 60S ribosomal protein L9 P32969 1.7270 0.7266
40 Endoplasmin P14625 1.6787 0.3869
41 Profilin-1 P07737 1.6764 0.4943
42 RuvB-like 1 Q9Y265 1.6361 0.7342
43 RNA-binding protein with serine-rich domain 1 Q15287 1.5729 0.4592
44 Transitional endoplasmic reticulum ATPase P55072 1.5659 0.8456
45 Inosine-5'-monophosphate dehydrogenase 2 P12268 1.5315 0.4383
46 Nucleolin P19338 0.4557 0.7096
47 Nucleophosmin P06748 0.3698 0.5086
48 High mobility group protein B2 P26583 0.2475 1.6839
49 High mobility group protein B1 P09429 0.1371 1.6267
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Table 1 (continued)

No Protein name Protein ID Pep #1/Control BT1+Pep
#1/Pep #1

50 Small nuclear ribonucleoprotein Sm D1 P62314 0.1265 2.4964

51 Acidic leucine-rich nuclear phosphoprotein 32 family member A P39687 0.0761 10.3314

downregulated after Pep #1 stimulation (fold change > 1.5, p
value < 0.05, Table S1). Meanwhile, 79 proteins were upreg-
ulated and 41 proteins were downregulated upon the combi-
nation treatment of Pep #1 and Bantag-1 (fold change > 1.5,
p value <0.05, Table S2). In addition, 128 proteins were
upregulated and 36 proteins were downregulated after Ban-
tag-1 inhibition (fold change > 1.5, p value <0.05, Table S3).

In particular, 51 proteins were systematically dysregu-
lated upon different stimulations (Table 1). Among them, 45
proteins were first upregulated in Pep #1 treated group and
further downregulated in BT1 + Pep #1 treated group, such
as insulin receptor substrate 4, alpha-actinin-1, myosin light
polypeptide 6, and profilin-1. On the other hand, another
6 proteins were first upregulated in Pep #1 treated group
and further downregulated in BT1 +Pep #1 treated group,
including nucleolin, small nuclear ribonucleoprotein Sm D1,
and acidic leucine-rich nuclear phosphoprotein 32 family
member A. As shown in Fig. 4c, according to the KEGG
pathway analysis of these 51 proteins, signal pathways
related to BRS-3 and EVs were identified, including insu-
lin signaling pathway, type 2 diabetes mellitus, proteasome,
and regulation of actin cytoskeleton. Therefore, when BRS-3
was activated or inhibited, it caused systematic changes to
the cells and lead to the dysregulation of the proteome of
released EVs.

RhoA signaling is necessary for EVs secretion

IPA was performed for these 51 proteins (Table 1) to reveal
key pathways for EVs secretion. In total, 41 pathways
showed significant difference upon treatment, and the top
fifteen pathways are listed in Table 2. Specifically, integ-
rin-linked kinase (ILK) signaling acted as an adaptor and
mediator signaling linking the extracellular matrix with
downstream signaling pathways [30], and sirtuin signaling
pathway played important roles in cell fate determination
of mesenchymal stem cells [31]. Among these significant
pathways, actin cytoskeleton signaling and RhoA signal-
ing pathways were related to EVs secretion, according to
a previous report [32]. As shown in Fig. 5a, there were
overlapping proteins between actin cytoskeleton signaling
and RhoA signaling pathways. In particular, four proteins
identified in our proteomics analysis were related to these
two pathways. We, therefore, normalized their iBAQ values.

Indeed, they were upregulated after stimulation by Pep #1
and downregulated after inhibition by Bantag-1 (Fig. 5b).
Since RhoA/Rho-associated protein kinase (ROCK) sign-
aling pathway promotes tumor cell-derived microvesicles’
biogenesis [33], we investigated the necessity of RhoA acti-
vation for the release of EVs. We treated HEK293-BRS-3
cells with ROCK I/II inhibitor Y-27632 for RhoA signaling
pathway, and used ZetaView to measure the concentration
and size distribution of their secreted EVs. As shown in
Fig. 5c, after HEK293-BRS-3 cells were stimulated by Pep
#1, the amount of cell secreted EVs increased significantly.
Conversely, after Y-27632 was added to inhibit RhoA sign-
aling pathway, the amount of cell secreted EVs was signifi-
cantly reduced. When Pep #1 and Y-27632 were sequentially
incubated with HEK293-BRS-3 cells, the secretion of EVs
was dramatically inhibited, and the amount of EVs was
decreased by about one-third. Meanwhile, there was no size
change of EVs for these different treatment groups (data
not shown). Therefore, through proteomics analysis of EVs
and bioinformatics analysis, we found that RhoA signaling
pathway was involved in EVs secretion. According to the
verification experiments, we demonstrated that activation of
BRS-3 enhanced the RhoA signaling pathway, which in turn
promoted the secretion of EVs from HEK293-BRS-3 cells.

Discussion

GPCRs are plasma membrane proteins that spend most of
their lifecycle on the cell surface. They can be activated by
plentiful stimuli, such as neurotransmitters, peptides, ions,
lipids, and even light [34]. After being activated, GPCRs
have two classic destinies: recycled to cell membrane, or
degraded. Besides, with the in-depth research of EVs, few
studies have shown that GPCRs could be sorted into EVs
and further delivered to recipient cells. In particular, these
re-used GPCRs are functional in the recipient cells. In this
study, we aim to demonstrate whether this new fate applies
to the orphan GPCR receptor, BRS-3, which plays impor-
tant roles in obesity, diabetes, and lung cancer [35, 36]. Our
results confirmed that BRS-3 could be packed into EVs, and
then released to the microenvironment. These EVs as well
as their carried receptor BRS-3 could be further absorbed
by the recipient cells. Especially, the BRS-3 from the donor
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Table 2 Top 15 enriched pathways from IPA analysis after BRS-3 activation

No Ingenuity Canonical Pathways p value Molecules Protein ID Protein name

1 DNA Double-Strand Break Repair by Non- 2.818E—08 PARP1 P09874 Poly [ADP-ribose] polymerase 1
Homologous End Joining PRKDC  P78527  DNA-dependent protein kinase catalytic subunit

XRCC5 P13010 X-ray repair cross-complementing protein 5
XRCC6 P12956 X-ray repair cross-complementing protein 6

2 Sirtuin signaling pathway 0.0000562 PARP1 P09874 Poly [ADP-ribose] polymerase 1
PRKDC  P78527 DNA-dependent protein kinase catalytic subunit
SF3A1 Q15459  Splicing factor 3A subunit 1
SLC25A5 PO05141 ADP/ATP translocase 2
XRCC5 P13010 X-ray repair cross-complementing protein 5
XRCC6 P12956 X-ray repair cross-complementing protein 6

3 Spliceosomal Cycle 0.0002188 DHX15 043143  Pre-mRNA-splicing factor ATP-dependent RNA heli-
case DHX15

SF3Al1 Q15459  Splicing factor 3A subunit 1
SF3B3 Q15393  Splicing factor 3B subunit 3

4 Telomere Extension by Telomerase 0.0005754 XRCC5 P13010 X-ray repair cross-complementing protein 5
XRCC6 P12956 X-ray repair cross-complementing protein 6
5  Granzyme B Signaling 0.0006607 PARPI1 P09874 Poly [ADP-ribose] polymerase 1
PRKDC  P78527 DNA-dependent protein kinase catalytic subunit
6  Granzyme A Signaling 0.0007413 ANP32A  P39687 Acidic leucine-rich nuclear phosphoprotein 32 family
member A
HMGB2  P26583 High mobility group protein B2
7  ILK Signaling 0.0011482 ACTNI P12814 Alpha-actinin-1
IRS4 014654  Insulin receptor substrate 4
LIMSI1 P48059 LIM and senescent cell antigen-like-containing domain
protein 1
MYL6 P60660 Myosin light polypeptide 6
8 Integrin signaling 0.0014454 ACTNI1 P12814 Alpha-actinin-1
LIMS1 P48059 LIM and senescent cell antigen-like-containing domain
protein 1
PFN1 P07737 Profilin-1
PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic
subunit
9  EIF2 Signaling 0.0016218 PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic

RPL9 P32969 subunit
RPS25 P62851 60S ribosomal protein L9
40S ribosomal protein S25
10 Role of p14/p19ARF in Tumor Suppression 0.0020417 NPM1 P06748 Nucleophosmin
SF3A1 Q15459  Splicing factor 3A subunit 1

11 Regulation of Actin-based Motility by Rho  0.0022908 MYL6 P60660 Myosin light polypeptide 6

PFN1 P07737 Profilin-1
PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic
subunit
12 Estrogen Receptor Signaling 0.0025119 HSP90B1 P14625 Endoplasmin

MYL6 P60660 Myosin light polypeptide 6
PDIA3 P30101 Protein disulfide-isomerase A3
PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic
PRKDC  P78527 subunit
DNA-dependent protein kinase catalytic subunit

13 Actin Cytoskeleton Signaling 0.0025704 ACTNI1 P12814 Alpha-actinin-1
MYL6 P60660 Myosin light polypeptide 6
PFN1 P07737 Profilin-1
PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic
subunit
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Table 2 (continued)

No Ingenuity Canonical Pathways p value Molecules Protein ID Protein name
14 RhoA Signaling 0.0030903 MYL6 P60660 Myosin light polypeptide 6
PEN1 P07737 Profilin-1
PPPICB  P62140 Serine/threonine-protein phosphatase PP1-beta catalytic
subunit
15 tRNA Charging 0.0037154 LARSI1 QI9P2J5  Leucine—tRNA ligase
TARS1 P26639 Threonine—tRNA ligase 1
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Fig.5 Inhibition of the RhoA pathway suppressed the secretion of
EVs. a The major proteins involved in the actin cytoskeleton sign-
aling, regulation of actin-based motility by Rho, and RhoA signal-
ing pathways. The blue circles indicate the proteins that overlapped
between the two pathways. The red circles indicate the identified
proteins. CP: Canonical Pathway. b Changes of four representative

cells secreted EVs was found to be functional in the recipi-
ent cells.

The new fate that GPCRs can be sorted into EVs is
closely related to cancer metastasis [10]. It has been
reported that exosomes from high lymph node metastatic
mouse hepatocarcinoma cells contain CXC chemokine
recepter-4 (CXCR4), which could promote the migration
and invasion of low metastatic potential cells [37]. BRS-3
is generally overexpressed in human tumors, like lung can-
cer [38]. In some lung cancer cell lines, the activation of
BRS-3 stimulates cell growth by EGFR transactivation [36].
BRS-3 activation may also increase the glucose-stimulated
insulin secretion in insulinoma cell lines across multiple
species [39, 40]. Moreover, in skeletal muscle cells from
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proteins related to actin cytoskeleton signaling and RhoA signal-
ing pathways from different treatments. ¢ Fold change of EVs from
HEK293-BRS-3 cells with different treatments by NTA (n=7). *,
p<0.05, ** p<0.01, *** p<0.001 versus control; #, p<0.05, ##,
p<0.01, ###, p<0.001 versus BT1+ Pep #1 by ¢ test

patients with obesity and type 2 diabetes, BRS-3’s agonist
significantly increased the phosphorylation levels of MAPK,
p90RSK1, protein kinase B and p70s6K, as well as glucose
transport [35]. These studies suggest that BRS-3 may serve
as a therapeutic target in lung cancer, obesity, or diabetes.
In addition, EVs-carried BRS-3 is a promising biomarker
for the detection of these diseases. We also revealed that the
BRS-3 transferred by EVs was functional in the recipient
cells. Further research is warranted to investigate whether
the EVs secreted from lung cancer cells or patient tissues
contain BRS-3, and promote the proliferation and metastasis
of recipient cells.

In this study, after stimulation or specific inhibition
of BRS-3, the protein profiles of the EVs secreted by
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HEK?293-BBRS-3 cells were significant changed. In total,
51 EVs proteins were found to be systematically dysregu-
lated. Using KEGG pathway analysis of these proteins,
we found BRS-3 related pathways, such as type 2 diabetes
mellitus [35], insulin signaling pathway [41], and calcium
signaling pathway [36], were significantly altered. EVs
related pathways were also identified, such as proteasome
[42], protein processing in endoplasmic reticulum [43],
and regulation of actin cytoskeleton [32]. A few signifi-
cantly changed proteins were associated with EVs’ genera-
tion, such as profilin-1, alpha-actinin-1, and myosin light
polypeptide 6. In addition, several dysregulated proteins
were also involved in BRS-3, such as protein disulfide-
isomerase A3 which was related to obesity [44], and
serine/threonine-protein phosphatase PP1-beta catalytic
subunit which was related to ERK signaling [45]. Further-
more, IPA analysis was performed to analyze differentially
expressed proteins of EVs from different treatments of
HEK?293-BRS-3 cells. The “Canonical pathway” enrich-
ment analysis showed that these proteins were associated
with actin cytoskeleton signaling, RhoA signaling, sirtuin
signaling pathway, ILK signaling, etc. They were found
to play important roles in cell motility, differentiation,
cell proliferation, as well as in cancers and inflammation
[46—48]. It had also been reported that GPCRs and their
downstream signaling components contributed to EVs bio-
genesis and secretion, which are involved in cAMP and
protein kinase A signaling pathways [49, 50], Rag small
GTPases and mammalian target of rapamycin complex 1
(mTORC1) kinase [51], Rho family GTPases-regulated
F-actin formation [52], and Rho signaling and actomyo-
sin cytoskeleton rearrangements [33, 53]. In our previous
study, activation of BRS-3 was also found to promote the
mTORC1 pathway [25]. In this study, we focused on the
RhoA signaling pathway. After using the RhoA signal-
ing inhibitor-Y27632, the amount of EVs secreted by the
HEK?293-BRS-3 cells were reduced significantly, though
the cells were activated. These results were consistent with
that of the IPA analysis, which indicated that proteomics
combined with bioinformatics analysis could assist us to
find functionally significant pathways. Further research is
warranted to establish the link between these proteins and
EVs biogenesis. It is also necessary to investigate how
EVs are fused into the recipient cells, and how their car-
ried BRS-3 is released in the recipient cells.

Conclusion
Our results demonstrated that the secretion of EVs was

significantly increased after the HEK293-BRS-3 cells were
stimulated by its agonist. However, specific antagonist

@ Springer

significantly inhibited the amount of EVs secreted by the
HEK?293-BRS-3 cells. More importantly, these secreted
EVs contained BRS-3, which could be further transferred
to the recipient cells and function in the recipient cells.
Collectively, our studies revealed a new fate for BRS-3 and
revealed that the secretion of EVs from HEK293-BRS-3
was partially regulated by RhoA signaling pathway.
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