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SUMMARY
Exosomes are membranous nanovesicles of endocytic origin that carry and transfer regulatory bioactive molecules and mediate

intercellular communication between cells and tissues. Although seminal exosomes have been identified in human seminal plasma,

their exact composition and possible physiologic function remain unknown. The objective of this study was to perform a compre-

hensive proteomics analysis of exosomes derived from human seminal plasma. Seminal exosomes were isolated and purified from

12 healthy donors using a 30% sucrose cushion-based exosome-isolation protocol, followed by characterization by western blot,

transmission electron microscopy, and nanoparticle tracking analysis before performing extensive liquid chromatography tandem

mass spectrometry proteomics analysis. The identified proteins were analyzed by bioinformatics analysis, and seminal exosomes-

associated proteins were selectively validated by western blot. A total of 1474 proteins were identified in all seminal exosomes sam-

ples, with Gene Ontology analysis demonstrating that these identified seminal exosomes-associated proteins were mostly linked to

‘exosomes,’ ‘cytoplasm,’ and ‘cytosol.’ Bioinformatics analysis indicated that these proteins were mainly involved in biologic pro-

cesses, including metabolism, energy pathways, protein metabolism, cell growth and maintenance, and transport. Of these identified

proteins, PHGDH, LGALS3BP, SEMG1, ACTB, GAPDH, and the exosomal-marker protein ALIX were validated by western blot. This

study provided a more comprehensive description of the seminal exosomes proteome and could also be a resource for further

screening of biomarkers and comparative proteomics studies, including those associated with male infertility and prostate cancer.

INTRODUCTION
Exosomes were discovered in 1987 and initially thought to rep-

resent non-specific waste during the maturation of reticulocytes

to erythrocytes (Johnstone et al., 1987). In recent years, evidence

demonstrated that exosomes are small membranous vesicles

(30–150 nm) released by a variety of cells into the extracellular

environment and that carry diverse cargo, including proteins,

RNA, and lipids, that can be transported and exchanged between

cells as a means of intercellular communication (Valadi et al.,

2007; Lotvall et al., 2014). Exosomes have been isolated and

identified from many cells, such as dendritic cells (Thery et al.,

1999), B cells (Raposo et al., 1996), and T cells (Blanchard et al.,

2002), with the identified exosomes packaged with diverse cargo

reflective of the host cells (Mathivanan et al., 2010). Similarly,

exosomes are also detected in virtually all bodily fluids, includ-

ing seminal plasma (Poliakov et al., 2009), which contains high

concentrations and heterogeneous populations of subcellular

lipid-bound seminal prostasomes. Extracellular organelles in

seminal fluid were first described in human prostatic fluid in

1977 (Ronquist & Hedstrom, 1977), and the term ‘prostasomes’

was coined in 1982 (Stegmayr & Ronquist, 1982) based on their

organ of origin found to be the prostate gland (Aalberts et al.,

2014). Although being exocytosed, the generality of prostasomes

was unknown at that time. Recently, these seminal prostasomes

from seminal plasma were reportedly morphologically and

molecularly consistent with exosomes and were appropriately

referred to as seminal exosomes (SEs) (Madison et al., 2014; Voj-

tech et al., 2014; Welch et al., 2017). Due to the difficulties in

harvesting sufficient amounts of normal prostatic secretions to

get ‘true prostasomes’ for proteomics analysis in the present

study, we used SEs purified from seminal plasma.

Previous studies reported that SEs isolated from human

seminal plasma carry a distinctive repertoire of small noncod-

ing RNAs with potential regulatory functions (Vojtech et al.,
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2014). SEs not only exhibit potential anti-human immunodefi-

ciency virus (HIV)-1 activity (Madison et al., 2014), but they

also have various bioactive functions associated with sperm

maturation, capacitation, acrosome reaction, and fertilization

(Machtinger et al., 2016). The protein composition of seminal

plasma has been previously investigated using proteomics

tools, and the seminal-plasma proteome offers great potential

for the discovery of biomarkers to improve diagnosis or clas-

sification of a wide range of male reproductive-system disor-

ders (Gilany et al., 2015). Previously, a systematic attempt to

catalogue the SEs proteome was described by Utleg et al.

(2003), who identified 139 proteins from five healthy volun-

teers using microcapillary high-performance liquid chro-

matography (HPLC)-electrospray ionization tandem mass

spectrometry (Utleg et al., 2003). In another study, Poliakov

et al. (2009) reported for the first time the detailed structure

of seminal exosome-like vesicles. In parallel with the struc-

tural analysis, 440 proteins for seminal exosome-like vesicles

were identified from three healthy volunteers using trypsin

in-gel digestion and liquid chromatography tandem mass

spectrometry (LC-MS/MS) (Poliakov et al., 2009). These find-

ings provided great practical value for determining candidate

SEs proteins as biomarkers and understanding their biologic

functions; however, these studies included small sample sizes

and no biologic replicates. Given the relatively high variation

in seminal-plasma protein expression (Yamakawa et al., 2007)

between individuals, it is possible that these studies might

not have detected authentic differences essential for compara-

tive proteomics studies, including those focusing on male

infertility and prostate cancer.

HPLC coupled with LC-MS/MS analysis allows the direct

characterization of SEs associated with the membrane

proteins and is more accurate than two-dimensional

electrophoresis (Goodlett & Yi, 2002). Here, we employed

high-resolution HPLC coupled with LC-MS/MS analysis to

perform an in-depth proteomics analysis of purified human

SEs obtained from 12 individual donors with two biologic

replicates. We identified a total of 1474 proteins in these two

experiments, with Gene Ontology (GO) analysis demonstrat-

ing that these SEs-associated proteins were mostly linked to

“exosomes,” “cytoplasm,” and “cytosol.” Bioinformatics anal-

ysis indicated that the proteins were mainly involved in bio-

logic processes, including metabolism, energy pathways,

protein metabolism, cell growth and maintenance, and trans-

port. This study provided a more comprehensive description

of the SEs proteome and could represent a resource for fur-

ther screening of biomarkers and comparative proteomics

studies, including those focused on male infertility and

prostate cancer.

MATERIALS ANDMETHODS

Ethics statement

This study was approved by the bioethics committees of Nan-

fang Hospital and the Third Affiliated Hospital of Southern Medi-

cal University, Guangzhou, China. Written informed consent was

obtained from each healthy donor, and the experimental protocol

was established according to the associated national guidelines

from the Ministry of Science and Technology of China.

Subjects and semen samples

Semen samples were obtained from 12 healthy donors (mean

age: 32.5 years; range: 26–44). These individual donors were ran-

domly assigned to two groups of six (N1–N6 and N7–N12). To

avoid inter-individual variations, equivalent SEs pools from each

group under study were analyzed. Mass spectrometry was per-

formed on two biologic replicates. Additionally, SEs samples

obtained from three additional healthy individuals (N13–N15)

were used for validation of proteomics data by western blot anal-

ysis of three biologic replicates. These donors did not present

with or have a history of any systemic illnesses, such as cryp-

torchidism, orchitis, epididymitis, urethritis, testicular atrophy,

or sexually transmitted diseases, including HIV. All donors had

undergone screening, were non-smokers, and had a normal

body mass index. None had been previously exposed to environ-

mental stressors, including radiation or chemicals. All donors

recruited to this study were of proven fertility and exhibited nor-

mal semen parameters. Semen samples were obtained from

each donor by masturbation following 3 days of sexual absti-

nence, followed by immediate processing in accordance with

2010 guidelines of the World Health Organization. Routine

semen analysis was conducted on a Sperm Class Analyzer

(Microptic, Barcelona, Spain) and covered factors, such as lique-

faction time, volume, pH, viscosity, agglutination, motility, via-

bility, density, and sperm morphology. Diff-Quik staining

(Microptic) was used to evaluate sperm morphology according

to our previous work (Zhou et al., 2015, 2016). The detailed clini-

cal parameters of donors are shown in Table 1.

Preparation of seminal exosomes

SEs were isolated from seminal plasma as described previously

(Vojtech et al., 2014), with minor modifications according to

Fig. 1A. Briefly, after liquefaction at room temperature for

20 min, semen samples were subjected to sequential centrifuga-

tion steps at 1000 g for 10 min, 2400 g for 30 min, and 12,000 g

for 30 min, with each step at 4 °C, which removed sperm cell

and debris fraction. The supernatant containing the seminal

exosomes was diluted in phosphate-buffered saline (PBS), fol-

lowed by filtration through 0.45-lm and 0.22-lm filters and

ultracentrifugation at 100,000 g for 90 min in an SW 28 swing-

ing-bucker rotor (Beckman Coulter, Brea, CA, USA). Sperm cells

and the upper solution of exosome-depleted seminal plasma

were collected and stored at �80 °C for further analysis. Pellets

were re-suspended in PBS and underlayered with a 30% sucrose

cushion, followed by centrifugation at 100,000 g for 90 min. The

sucrose cushion was washed by re-suspension in PBS, followed

by ultracentrifugation at 100,000 g for 90 min. The pellets were

re-suspended in PBS, and samples were frozen at �80 °C until

use.

Nanoparticle tracking analysis (NTA)

Particle size and concentration distribution of the isolated SEs

were measured using NTA (v2.3; Malvern Instruments, Malvern,

UK) according to manufacturer’s instructions. Briefly, SEs sam-

ples were vortexed and diluted to a final dilution of 1 : 5000 in

filtered molecular-grade H2O. Blank-filtered H2O was run as a

negative control. Each sample analysis was conducted for 60 s

and measured three times using Nanosight automatic analysis

settings.
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Western blot

Sperm-cell lysates, SEs-depleted seminal plasma, and SEs-pro-

tein concentrations were determined using a BCA protein assay

kit (P0010S; Beyotime Biotech, Jiangsu, China) according to

manufacturer instructions. Subsequently, 30 lg of total protein

was heated to 95 °C for 10 min in 1 9 DTT-containing sodium

dodecyl sulfate (SDS) sample buffer and separated by 10% SDS-

polyacrylamide gel electrophoresis, followed by transfer onto

polyvinylidene fluoride membranes (BioTrace; Bio-Rad, Her-

cules, CA, USA). Membranes were blocked with 5% bovine serum

albumin for 1 h, and polyclonal antibodies, including anti-CD81,

anti-HSP-70, anti-ALIX, anti-PHGDH, anti-LGALS3BP, anti-

SEMG1 (Abclonal, Woburn, MA, USA), anti-ACTB, anti-GAPDH

(Ray Antibody, Beijing, China), and anti-Calnexin (Bioworld,

Dublin, OH, USA), were used for immunoblotting at 4 °C over-

night. Each specific horseradish peroxidase-conjugated

secondary antibody (Ray Antibody) was added accordingly after

the membranes were washed in TBS-Tween solution (TBS-T) five

times for 25 min, and signals were detected by enhanced

chemiluminescence (Pierce, Rockford, IL, USA).

Transmission electron microscopy (TEM)

TEM analysis was performed to confirm SEs morphology.

Briefly, SEs samples were diluted with PBS to the appropriate

concentration, and ~20–40 lL of PBS solution containing SEs

was transferred to a copper grid for incubation at room tempera-

ture for 5 min. Filter paper was used for absorbing unevaporated

solution. SEs samples were negatively stained with 4% phospho-

tungstic acid solution at room temperature for 5 min and dried

at 65 °C for 10 min. Images of SEs samples were obtained using

a Hitachi H-7650 transmission electron microscope (Hitachi,

Tokyo, Japan).

Table 1 Clinical parameters of semen samples

Characteristic Age

(year)

Volume (1.50–
5.00 mL)

PH (7.20–
8.00)

Count (≥15.0 9 106/

mL)

Motility (32.0–
100.0%)

Morphology (4.0–
100.0%)

BMI (18.5–
24.9)

N1 37 3.5 7.6 156.1 48.1 11.7 21.9

N2 27 4.0 7.6 78.0 48.8 12.0 22.2

N3 26 5.0 7.5 138.0 40.0 9.0 22.2

N4 30 2.0 7.6 69.6 43.3 10.3 22.8

N5 28 2.0 7.6 130.6 41.1 9.8 21.4

N6 35 3.5 7.6 85.6 42.7 10.2 23.9

N7 34 3.0 7.6 110.6 39.4 9.0 23.3

N8 30 2.5 7.6 222.8 36.5 9.0 23.0

N9 44 5.0 7.6 71.4 42.5 10.1 24.4

N10 32 5.0 7.6 25.8 71.20 20.8 23.1

N11 38 3.0 7.6 125.2 38.5 9.1 22.1

N12 29 2.5 7.6 35.6 64.1 18.1 23.8

N13 46 2.0 7.6 87.6 44.2 11.0 22.7

N14 28 4.0 7.6 116.9 43.9 10.0 22.5

N15 23 2.0 7.6 84.1 46.4 11.0 23.0

Figure 1 (A) The isolation procedure of exosomes derived from seminal plasma and (B) workflow for the processing of SEs for a comprehensive proteomic

analysis.
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Protein extraction

For protein extraction, SEs were transferred to lysis buffer [8M

Urea, 2 mM EDTA, 10 mM DTT, 0.5% NP40, 1% Cocktail b] on ice

for 30 min. Samples were sonicated for 3 min, and centrifuged

at 13,000 g at 4 °C for 10 min to remove debris. Proteins were

precipitated with cold 15% trichloroacetic acid for 2 h at �20 °C.
After centrifugation at 4 °C at 16,000 g for 5 min, the super-

natant was discarded, and the remaining precipitate was washed

with cold acetone three times. The protein was re-suspended in

buffer [8M Urea, 100 mM TEAB, 0.5% NP40, PH8.0], and protein

concentration was determined using the Bradford kit (C503041,

Sangon Biotec, Shanghai, China).

HPLC and LC-MS/MS analysis

In the study, the proteomics workflow was shown in Fig. 1B.

Equal amounts of protein from the individual SEs samples were

pooled (GroupA: N1–N6 and GroupB: N7–N12 respectively), then

were reduced with a final concentration of 10 mM DTT for

45 min at 37 °C and subsequently alkylated with a final concen-

tration of 25 mM IAM for 55 min at 37 °C under dark conditions.

The protein solution was diluted by adding 100 mM TEAB to urea

at a concentration of <2 M. Trypsin was added at a 1 : 50 trypsin-

to-protein mass ratio for the first digestion overnight, followed

by addition at a 1 : 100 trypsin-to-protein mass ratio for the sec-

ond 4-h digestion. The protein digestion was desalted with a

Strata X SPE desalting column (Strata X 33-lm polymeric

reversed-phase column; Phenomenex, Torrance, CA, USA), and

peptides were injected into a Waters HPLC e2695/2998 system

with a high pH C18 RP column (4.6 9 250 mm, 3.5 lm, 130 �A;

Waters Corporation, Milford, MA, USA) at a flow rate of 0.7 mL/

min. Peptides were eluted with a gradient from 5% to 30% sol-

vent B over 55 min (solvent A: 2% CAN [pH 10]; solvent B: 98%

CAN [pH 10]). A total of 48 fractions were collected every minute

from 7 min to 54 min, and the peptides were combined into five

fractions and dried by vacuum centrifugation. Peptide fractions

were desalted using a Ziptip C18 (Ziptip pipette tips, 10 lL;
Merck Millipore, Billerica, MA, USA) according to manufacturer

instructions. Samples were dried under vacuum and stored at

�20 °C until performance of MS analyses.

LC-MS/MS was performed using a NanoLC 1000 LC-MS/MS

on an Easy-nanoLC 1000 (Thermo Scientific, Odense, Denmark)

with an analytical column heater (40 °C) coupled to an LTQ-

Orbitrap Elite. Trypsin-digested fractions were dried, reconsti-

tuted in Solvent A (2% ACN, 0.1% FA) and delivered to a trap

column [Acclaim PepMap 100C18, 3 lm, 100 �A (75 lm 9 2 cm)

at 5 lL/min in 100% solvent A (2% ACN, 0.1% FA)]. Peptides

eluted from the trap column were loaded onto an analytical col-

umn (Acclaim PepMap RSLC C18, 2 lm, 100 �A [50 lm 9 15 cm]

at ~300 nL/min in a 60-min gradient from 0% to 35% solvent B

[98% ACN, 0.1% FA]). The eluent was sprayed via distal coated-

emitter tips butt-connected to the analytical column. The mass

spectrometer was operated in data-dependent mode, automati-

cally switching between MS and MS/MS. Full-scan MS spectra

(from m/z 350–1500) were acquired in the Orbitrap at a resolu-

tion of 60,000 full width at half maximum at 400 m/z using an

automatic gain control setting of 1E6 ions. After the survey

scans, the top 10 most intense precursors were selected for colli-

sion-induced dissociation in the liner ion trap at a normalized-

collision energy of 33%. Dynamic exclusion was set at 60 s.

Data processing

The resulting MS/MS raw data were processed with Proteome

Discoverer (v1.3; Thermo Scientific). Generated peak lists were

searched against the Swiss-Prot database containing human

proteins and common contaminants using SEQUEST. Trypsin

was chosen as the enzyme, and two missed cleavages were

allowed. Carbamidomethylation (C) was set as a fixed modifica-

tion; oxidation (M) and acetylation (N-term) were set as variable

modifications. The searches were performed with the precursor

mass tolerance of 20 ppm and the maximum fragment mass

error 0.8 Da. The criteria for protein identifications were

accepted if a minimum of two peptides were detected or a

unique peptide was detected with a false-discovery rate <1%.

Statistical analysis

Functional-enrichment analysis for GO terms was performed

using FunRich (v3.0; released on December 2016) (Pathan et al.,

2015). GO analysis of annotated proteins was performed for cel-

lular components, molecular functions and biologic processes as

previously described (van Herwijnen et al., 2016). Enriched

terms were ranked by p-value (hypergeometric test) using Fun-

Rich. A p < 0.05 was considered significant. Conversion from

Uniprot identifier to Uniprot accession number was performed

to compare proteins in different proteomic studies by Uniprot

Retrieve/ID mapping (http://www.uniprot.org/uploadlists/).

Comparison of identified proteins with the previously published

data was performed using the Venn Diagrams web tool (http://

bioinformatics.psb.ugent.be/webtools/Venn/).

RESULTS

SEs characterization

To confirm the presence of exosomes, exosome-marker pro-

teins, including HSP70 and CD81, were validated by western blot

(Fig. 2A). In contrast, these exosomal-specific proteins were

absent from collected exosome-depleted fractions, whereas the

endoplasmic reticulum marker calnexin was detected in sperm-

cell lysates. TEM results showed that SEs contained lipid bilayer-

bound membranes, with size distributions peaking at 105 nm

diameter according to NTA (Fig. 2B and C). These data indicated

that the successful isolation and purification of SEs are from

seminal plasma.

Comprehensive proteomics analysis of SEs proteome

To determine SEs protein composition, extensive LC-MS/MS

proteomics analyses were performed, resulting in the identifica-

tion of a total of 1474 proteins in both groups. We determined

the presence of 354 overlapping proteins (24% of the total)

between these two groups (897 proteins and 931 proteins respec-

tively) (Fig. 3A, Tables S1 and S2). Importantly, from the proteins

shared between these two groups, several SEs-marker proteins,

including ALIX and HSP70 and cytosolic proteins (annexins and

Ras-related proteins), were identified, whereas intracellular pro-

teins (Calnexin) not expected to be enriched in SEs were indeed

lacking, which was consistent with western blot results. Further-

more, western blot analysis of these shared proteins was per-

formed to confirm their identities (Fig. 3B), including the

exosomal protein ALIX, HSP70, and the SEs-associated proteins

ACTB, GAPDH, PHGDH, LGALS3BP, and SEMG1. Although
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relatively high individual variation existed, with some proteins

uniquely identified in specific donors, portions of the shared

proteins among all SEs samples suggested the presence of a

common SEs proteome.

To investigate whether non-overlapping proteins were present

in the SEs proteome, but not in the contaminants, we deter-

mined the subcellular origins of these non-overlapping proteins

by functional-enrichment analysis to determine cellular compo-

nents. Our results revealed a high percentage of proteins linked

to GO terms, such as “exosomes,” “lysosome,” and “cytoplasm,”

which was similar to these 354 overlapping proteins (Fig. 3C)

and suggested that the non-overlapping proteins were likely

derived from SEs. Additionally, comparison of the non-overlap-

ping proteins identified in SEs with previously published raw

data obtained from four SEs studies (Utleg et al., 2003; Poliakov

et al., 2009; Ronquist et al., 2013; Dubois et al., 2015) indicated

that 306 proteins accounting for 27.3% of the 1120 non-overlap-

ping proteins had been previously identified in at least one

Figure 2 Characterization of the isolated SEs:

(A) Western blot analysis of the exosomal-mar-

ker proteins CD81, HSP70, and the endoplasmic

reticulum marker calnexin. Sperm cell lysates

(SC) and exosomes-depleted seminal plasma

(ED) were used as control. (B) After SEs samples

with a final dilution of 1 : 5000, size distribution

of SEs were determined by nanoparticle tracking

analysis. The red dot indicated particle size

(105 nm) and concentrations (21.2 E6 parti-

cles/mL) and finally the concentrations of SEs is

1.06 E11 particles/mL. (C) Transmission electron

micrographs of the isolated SEs, representative

image of SEs under different magnifications

from left to right. [Colour figure can be viewed

at wileyonlinelibrary.com].

Figure 3 (A) Venn diagram illustrating overlap-

ping proteins in the two independent MS exper-

iments. (B) Selectively SEs-associated proteins

were validated by western blot. (C) The GO

analysis (cellular component) of the overlapping

proteins and no-overlapping proteins separately.

(D) Comparison of the 1474 proteins identified

in the present study with previously published

data from four studies. [Colour figure can be

viewed at wileyonlinelibrary.com].
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study. Moreover, some of these 306 proteins, including CD81,

LGALS3, and TSG101, were validated by western blot in other

SEs studies (Kovak et al., 2013; Chiasserini et al., 2015). Remark-

ably, 814 proteins identified in this study had not been previ-

ously identified in SEs studies (Fig. 3D), indicating that they

constituted novel SEs proteins. These results indicated that the

non-overlapping proteins identified in this study were most

probably derived from SEs. Therefore, we selected all proteins

(1474 proteins) identified in the SEs samples for further analysis.

To investigate the functional basis of the identified SEs-asso-

ciated proteins, GO analysis was conducted to analyze and clas-

sify their molecular functions. Proteins were sorted into

categories according to their ontology as determined from their

GO annotation terms (Fig. 4). The annotated biologic processes

of the proteins revealed enrichment of SEs-associated proteins

related to “metabolism,” “energy pathways,” “protein metabo-

lism,” “cell growth and maintenance,” and “transport.”

SEs proteins compared with published exosomal databases

and previously seminal-plasma proteomic studies

To get more insight into these SEs proteins identified in

human seminal plasma, we compared the 1474 proteins identi-

fied in the SEs with previously published exosomal studies

included in the ExoCarta (Mathivanan & Simpson, 2009; Mathi-

vanan et al., 2012; Keerthikumar et al., 2016) and Vesiclepedia

(Kalra et al., 2012) databases. Our results indicated overlaps of

83% and 95% of proteins among the top 100 identified exosomal

proteins in the ExoCarta and Vesiclepedia database, respectively,

indicating a highly sensitive and comprehensive profiling of the

SEs proteome (Fig. 5A). Additionally, according to Rolland et al.

(2013), who summarized nine previous proteomic studies and

obtained a list of 2545 unique proteins in human seminal

plasma, 864 proteins (58.6%) were found to be overlapped in the

SEs proteome. Moreover, some of these overlapped proteins

between seminal plasma and the SEs proteome, such as PHGDH

and LGALS3BP, were validated by western blot in the SEs sam-

ples (Fig. 3B). This suggests that the overlapping proteins most

likely are derived from seminal plasma, while the no-overlapping

proteins unique in the SEs are most likely novel seminal-plasma

proteins (Fig. 5B).

DISCUSSION
To determine the composition of SEs as a reference dataset for

comparative proteomics analysis of SEs between physiologic

and pathologic states, including male infertility and prostate

cancer, we performed comprehensive proteomics analysis of

purified SEs isolated from the seminal plasma of 12 healthy

donors using high-resolution HPLC combined with LC-MS/MS.

A total of 1474 proteins were identified in all the SEs samples,

whereas the low number of overlapping 354 proteins identified

in the 2 pools (Tables S1 and S2). In this study, despite equiva-

lent amount of total proteins from each individual in the two

pools (Batruch et al., 2011; Rolland et al., 2013), large variations

were observed in the SEs proteome (39.5% and 38.0% of the total

1474 proteins respectively). Body fluids, such as milk and semi-

nal plasma, exhibit high degrees of variation in their composi-

tion between individuals. A previous study demonstrated

coefficients of variation in protein spots ranging from 24.5% to

129.9%, with a median value of 63.1%, according to an analysis

of the seminal-plasma proteome from 10 fertile men (Yamakawa

et al., 2007). Another study involving proteomics analysis of

human milk-derived extracellular vesicles revealed that 367 pro-

teins were shared among seven donors, which was only 19% of

the 1963 unique proteins in the milk-derived extracellular vesicle

proteome (van Herwijnen et al., 2016). Our results were consis-

tent with the findings of these studies, demonstrating that

SEs-protein expression among different individuals is relatively

variable. Additionally, in this study, proteomics analysis of these

donors showed variations in sperm concentration from

25.8 9 106/mL to 222.8 9 106/mL, with progressive sperm

motility ranging from 36.5% to 71.2%. Moreover, almost all of

the SEs proteins identified were extracellular proteins, with high

variability in proteolysis results (Yamakawa et al., 2007). It

remains unknown whether different conditions dictate changes

in SEs-protein composition; however, the findings of our study

and those of previous studies illustrate several properties of the

SEs proteome, including that these SEs proteins behave over a

broader dynamic range in the normal physiologic state and pro-

vide us with a basic reference to distinguish authentic differ-

ences from individual variations observed following comparison

of the results of different proteomics studies.

SEs proteomes from human seminal plasma have been well

documented. The previous study reported that 139 SEs proteins

could be categorized as enzymes, transport/structural proteins,

GTP proteins, chaperone proteins, and signal-transduction pro-

teins (Utleg et al., 2003). In an another study, Poliakov et al.

(2009) reported that 440 proteins were mainly involved in meta-

bolic processes, transport, protease activity, ion binding, and sig-

nal transduction. The 1474 proteins identified in this study were

subjected to GO analysis, which revealed that these SEs proteins

were involved in biologic processes, including metabolism,

energy pathways, protein metabolism, cell growth and mainte-

nance, and transport. A recent study (Ronquist et al., 2013)

reported that SEs from four different species, including humans,

are able to produce extracellular adenosine triphosphate, which

suggests an energy metabolic function associated with SEs. SEs

play an important role in cell responses and the ability of sperm

cells to fertilize the ovum (Machtinger et al., 2016). Comparison

of the 1474 proteins identified here with previously published

data from four studies (Utleg et al., 2003; Poliakov et al., 2009;

Ronquist et al., 2013; Dubois et al., 2015) indicated that nearly

54% of the proteins had been previously identified, and 56%

were previously identified in our quantitative proteomics data

associated with male infertility (data not shown). These results

indicated the accuracy and reliability of our results and con-

firmed the acquisition of an SEs-specific proteome.

The SEs from seminal plasma are originate from several cell

types in the male genital tract (Madison et al., 2014; Vojtech

et al., 2014; Machtinger et al., 2016) and play vital roles in sperm

maturation and fertilization (Machtinger et al., 2016). However,

SEs are not recognized as a major component of seminal plasma.

To compare and assess the relative contribution of the SEs pro-

teome to proteins previously identified in seminal plasma, we

compared with previous proteomics studies of seminal plasma

that Rolland et al. summarized (Rolland et al., 2013). Our analy-

ses revealed that 864 proteins identified in our study overlapped

with those found in the seminal-plasma proteome, accounting

for 33.9% of the seminal-plasma proteome consisting of 2545

unique proteins. The outcome was expected, given that seminal

plasma contains SEs. Here, SEs samples were isolated from
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seminal plasma for purification and concentration. The con-

centrations of SEs determined by NTA analysis demonstrated

the presence of 1012 SEs/mL of ejaculate, which was consis-

tent with previous studies (Vojtech et al., 2014; Yang et al.,

2016; Welch et al., 2017) and suggested that a substantial

number of SEs proteins are present in the seminal-plasma

proteome. Remarkably, 610 proteins identified in SEs were

not identified in the seminal-plasma proteome, likely because

proteins are more abundant in seminal plasma, including

semenogelins I and II (SEMG1 and SEMG2) represent 80% of

all proteins in seminal plasma, thereby hindering the identi-

fication of less abundant proteins. In contrasted with results

from a previous study (Utleg et al., 2003) showing that these

proteins were contaminants rather than components of SEs,

our results showed that these proteins were also identified in

SEs, with SEMG1 was validated by western blot. A possible

explanation is that the SEs proteins were not derived from

soluble contaminants, but were indeed present in SEs.

Figure 4 The GO analysis of the 1474 proteins

identified in the study. (A) cellular component,

(B) molecular function, and (C) Biologic

process. [Colour figure can be viewed at

wileyonlinelibrary.com].

Figure 5 (A) Venn diagram describing common

proteins in the all identified proteins between

the ExoCarta database and EV database Vesicle-

pedia top 100. (B) Venn diagram representing

shared proteins and non-SEs proteins compared

the published studies that Rolland et al. summa-

rized total of seminal-plasma proteome from

nine studies in 2013. [Colour figure can be

viewed at wileyonlinelibrary.com].

© 2017 The Authors. Andrology published by John Wiley & Sons Ltd on behalf of
American Society of Andrology and European Academy of Andrology.

Andrology, 2017, 5, 1007–1015 1013

THE PROTEOME OF SEMINAL EXOSOMES ANDROLOGY



Seminal plasma is an excellent source of protein biomarkers

because it circulates through and comes in contact with the

male reproductive system (Gilany et al., 2015). Consequently,

seminal plasma as well as the SEs proteomics has great poten-

tial for the discovery of biomarkers for male diseases including

male infertility and prostate cancer (Drake & Kislinger, 2014;

Machtinger et al., 2016). Among the shared proteins identified

in the SEs proteome, the following proteins have been success-

fully used for biomarker discovery of male infertility and male

reproduction disorder in previous studies: semenogelins1

(SEMG1), semenogelins2 (SEMG2), prolactin-inducible protein

(PIP), fibronectin (FN1), prostatic acid phosphatase (ACPP),

kallikrein3 (KLK3) (Wang et al., 2009; Drabovich et al., 2011;

Batruch et al., 2012). Interestingly, the no-overlapping SEs pro-

teins identified in this study were almost not reported in the

seminal-plasma proteomics studies (Intasqui et al., 2015,

2016). This study demonstrated that seminal plasma contains

a more varied population of proteins, but that a substantial

number of these proteins are associated with SEs. These novel

SEs-associated proteins may also serve as potential biomarkers

and provide insight into the possible functions performed by

these proteins in male diseases and cancers.

CONCLUSION
This study involving proteomics analysis of SEs provides a

platform for further studies in comparative proteomics, and it

could also be a resource for further screening of biomarkers for

male diseases including male infertility and prostate cancer.
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