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ABSTRACT: Glycoproteins comprise more than half of current FDA-approved protein
cancer markers, but the development of new glycoproteins as disease biomarkers has
been stagnant. Here we present a pipeline to develop glycoproteins from extracellular
vesicles (EVs) through integrating quantitative glycoproteomics with a novel reverse
phase glycoprotein array and then apply it to identify novel biomarkers for breast cancer.
EV glycoproteomics show promise in circumventing the problems plaguing current
serum/plasma glycoproteomics and allowed us to identify hundreds of glycoproteins
that have not been identiﬁed in blood. We identiﬁed 1,453 unique glycopeptides
representing 556 glycoproteins in EVs, among which 20 were veriﬁed signiﬁcantly
higher in individual breast cancer patients. We further applied a novel glyco-speciﬁc
reverse phase protein array to quantify a subset of the candidates. Together, this study
demonstrates the great potential of this integrated pipeline for biomarker discovery.
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encapsulated packages, they are believed to carry a large
assortment of resident cell-surface glycoproteins.11 In theory,
the glycoproteome of EVs should reﬂect their cellular origins
and functions. Importantly, analyzing the glycoproteome in EVs
instead of plasma or serum could eliminate the interference
from highly abundant plasma components to a large extent,
thus providing a wide dynamic range of detection and enabling
the discovery of low-level glycoproteins at high sensitivity (as
low as nanograms per milliliter).12
We present here an integrated pipeline that proﬁles
glycoproteins from EVs through quantitative glycoproteomics
using pooled and individual samples and then validated several
targets using a novel reverse phase glycoprotein array termed
polymer-based reverse phase glycoprotein array (polyGPA).13
The lack of oligosaccharide-speciﬁc antibodies hinders the
veriﬁcation of the glycosylation changes on glycoproteins as
biomarkers; as a result, developing glycoproteins as biomarkers
in clinical settings has remained a huge challenge. Although
mass spectrometry (MS) has been the driving force in proﬁling
glycans and glycoproteomes for biomarker research,14−16 MS-

he emerging liquid biopsy underscores our unyielding
goal of achieving noninvasive disease diagnosis through
blood tests.1 With most proteins present in the blood being
glycoproteins and aberrant glycosylation occurring in many
diseases,2 it is not surprising that most common FDA-approved
biomarkers for cancer diagnosis and monitoring of malignant
progression are glycoproteins.3 However, plasma or serum
proteomes contain a dynamic range of 12 orders of magnitude
in protein concentration, thus analyzing glycoproteins in bloodderived plasma or serum to search for new biomarkers
continues facing major challenges in terms of analytical
sensitivity and depth.4,5
With increasing evidence about their important roles in cell−
cell communication and relevance in the transmission of
pathogenic and signaling molecules in diseases, extracellular
vesicles (EVs) have been exploited as attractive sources for
biomarker discovery and disease diagnosis.6−8 Currently, most
studies on EVs focus on mRNA and miRNA transfer and the
role of proteins in EVs in particular their post-translational
modiﬁcations (PTMs) has been rarely exploited.9,10 PTMs
increase the functional diversity of the proteome and inﬂuence
almost all aspects of cell biology and pathogenesis. Thus, many
PTMs are routinely tracked as disease markers, in particular
glycoproteins mentioned above. Given that EVs are membrane© XXXX American Chemical Society
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Figure 1. Workﬂow of the pipeline based on plasma EV glycoproteomics for biomarker discovery. See main text for details.

packed C18 column was coupled online with a LTQ-Orbitrap
Velos Pro mass spectrometer (Thermo Fisher Scientiﬁc) for
the LC-MS/MS analysis. All MS proteomics data have been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) with project accession
no. PDX007572 via the PRIDE partner repository.20

based glycoproteomics is typically used for in-depth proﬁling of
glycoproteins during the discovery stage.17,18 We applied
polyGPA to validate several important glycoproteins with
samples from patient and healthy individuals. We demonstrate
here the universal performance of this pipeline and its value in
discovering and validating glycoproteins in EVs as novel disease
markers.

■

■

RESULTS AND DISCUSSION
Identiﬁcation of 1,453 Unique N-Glycopeptides from
Plasma EV. An overview of the EV glycoprotein biomarker
pipeline and its application to the identiﬁcation of potential
breast cancer biomarkers is illustrated in Figure 1. We ﬁrst
applied global quantitative N-glycoproteomic analyses with
EVs, including microvesicles (MVs) and exosomes, using
pooled samples from healthy and patient plasma, to generate
a candidate biomarker list. Plasma samples were collected and
pooled from healthy individuals (n = 6) and from patients
diagnosed with breast cancer (n = 18). MVs and exosomes
were isolated from human plasma through high-speed and
ultrahigh-speed centrifugation, respectively. Characterization of
EV isolation was evaluated using dynamic light scattering
(DLS) (Figure 2A), MS, and immunoassay with multiple EV
marker antibodies (Figure S1). The DLS data indicated that
most MVs isolated after 20K centrifugation are in the range of
100−1000 nm while exosomes isolated by 100K centrifugation
are in the range of 30−100 nm. MS and Western Blotting
analyses identiﬁed several protein markers only in microvesicles
or exosomes, but at the same time a few surface markers were
identiﬁed in both microvesicles and exosomes, indicating there

EXPERIMENTAL SECTION
Experimental details in materials, EV sample preparation,
glycopeptide enrichment, LC-MS/MS analyses, and polyGPA
analyses are included in the Supporting Information.
EV Sample Preparation. The Indiana University Institutional Review Board approved the use of human plasma
samples. The EVs isolation and digestion were performed
according to the reported protocol through high-speed and
ultrahigh-speed centrifugation.10 The digestion was performed
with phase transfer surfactant aided (PTS) digestion,19 and the
resulting peptides were desalted using a 100 mg Sep-pak C18
column (Waters, Milford, MA, USA) for glycopeptides
enrichment.
Glycopeptide Enrichment and LC-MS/MS Analysis.
Peptides were oxidized with sodium periodate and captured by
hydrazide magnetic beads according to a previous protocol.13
After washing away the nonspeciﬁcally adsorbed peptides,
PNGase F (NEB) was added to release the formerly Nglycosylated peptides to then be analyzed by liquid
chromatography−tandem mass spectrometric analysis (LCMS/MS). The Easy-nLC 1000 equipped with an in-house
B
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that it is not critical to diﬀerentiate glycoproteins in MV from
those in exosomes for disease biomarker discovery and
therefore all following data collected in MVs and exosomes in
this study were combined and analyzed as EV N-glycoproteomes.
The current data reported here represent one of the largest
N-glycoproteomic data sets using serum or plasma as the
source. For direct comparison, we carried out a conventional Nglycoproteomic study using the breast cancer plasma samples.
The conventional workﬂow with plasma samples resulted in a
larger portion of high abundant plasma glycoproteins while EV
glycoproteomics identiﬁed more glycoproteins in low abundance (Supporting Information Figure.S2A). We further
examined the identiﬁed EV N-glycoproteins against previous
reported serum/plasma glycoproteins. Strikingly, about onequarter (126) of glycoproteins have not been previously
reported as serum/plasma glycoproteins (Supporting Information Figure S2B). The data support our hypothesis that EVs are
an ideal source to identify novel glycoproteins as potential
disease biomarkers.
Cancer-Speciﬁc Glycoproteins in EV. Label-free quantitation of glycopeptides was performed to identify a list of
glycoproteins changing in breast cancer. Quantitative Nglycoproteomics identiﬁed 77 glycopeptides that showed
signiﬁcant diﬀerence in abundance in breast cancer patients
vs healthy controls (Figure 3A). The diﬀerence represents the
abundance changes in glycoproteins or changes in glycosylation. To distinguish these factors, we also measured the
abundance of the non-glycopeptides before enrichment by MS,
as non-glycopeptides represent the abundance of the total
protein expression. In comparison, there is a larger and wider
diﬀerence in glycopeptides than in non-glycopeptides, indicating that some glycosylation diﬀerences between cancer patients
and healthy individuals are not due to changes in protein
expression, and thus reﬂect true cancer patient-speciﬁc
glycosylation (glycosylation occupancy diﬀerences or total
glycoprotein amount changes) (Figure 3B).
To validate the quantitation data with pooled samples, we
then carried out label-free quantitative EV N-glycoproteomics
with individual plasma samples using another cohort of sample,
including 18 patients with breast cancer and 10 healthy
controls. Glycoproteins with signiﬁcantly increased glycosylation in patient samples were identiﬁed by the p-value from a
two sample t test with a permutation-based FDR cutoﬀ 0.05
with S0 set on 0.2. The imputed data set was further
normalized by z-score for the heat map analysis, and together,
we identiﬁed a total of 20 glycoproteins speciﬁc in patients with
21 unique glycosylation sites (p-value < 0.05) (Figure 3C).
Veriﬁcation of Speciﬁc Glycoprotein Changes in
Cancer Patients via polyGPA. Validation of biomarkers
has typically been carried out using antibody-based sandwich
assays such as ELISA or targeted quantitative MS methods such
as selected reaction monitoring (SRM) and multiple reaction
monitoring (MRM). However, there are virtually no glycospeciﬁc antibodies available commercially. On the other hand,
the development of SRM/MRM assays requires a great deal of
eﬀort including the high cost of synthetic stable isotope labeled
peptides, in particular, formerly N-glycosylated peptides in this
case.
We have recently developed a three-dimensionally functionalized reverse phase protein array, polyGPA, to validate
glycoproteins in high throughput with high speciﬁcity, high
sensitivity, and good quantitative capabilities.13 PolyGPA uses

Figure 2. Characteristic analysis of glycoproteins in plasma-derived
EVs. (A) Size distribution of EVs isolated from two high-speed
centrifugations measured by DLS. Each line corresponds to one
acquired result from a single sample. (B) Venn diagram showing the
glycopeptides and glycoproteins identiﬁcation overlap between
microvesicles and exosome. (C) Classiﬁcation of the identiﬁed
glycoproteins in EVs based on their cellular component.

is no sharply deﬁned deﬁnition of the plasma EV populations
isolated by high- and ultrahigh-speed centrifugation.21,22 After
isolation, EVs were lysed and proteins were extracted and
enzymatically digested with LysC and trypsin, followed by the
hydrazide chemistry to enrich preoxidized glycopeptides.
Formerly N-glycosylated peptides were recovered using
PNGase F and analyzed by nanoﬂow LC-MS/MS. Three
technical replicates were performed on the pooled samples, and
label free quantitation was performed to measure glycopeptides
in EV samples in the plasma of control and breast cancer
patient samples.
We identiﬁed 1,453 unique glycopeptides, including 1,337
from microvesicles and 447 from exosomes, representing 526
and 164 glycoproteins in MV and exosomes, respectively
(Figure 2B). Gene ontology analysis of the glycoproteins
indicated a signiﬁcant portion of the identiﬁed glycoproteins
are from membrane, extracellular region, and organelles (Figure
2C). Overall, similar cellular components were observed for
MV and exosomes. There is also signiﬁcant overlap of identiﬁed
glycopeptides and glycoproteins in MV and exosomes. With
only 30 glycoproteins being unique in exosomes, we reasoned
C

DOI: 10.1021/acs.analchem.8b01090
Anal. Chem. XXXX, XXX, XXX−XXX

Article

Analytical Chemistry

Figure 3. (A) Quantitative analysis of EV N-glycoproteomics between breast cancer and healthy controls. For global glycoproteomics, 18 breast
cancer and 6 healthy controls were pooled to create a preliminary list of statistically increased glycosylated proteins. Volcano plot representing the
quantitative analysis of the glycoproteomes of microvesicles in breast cancer patients vs healthy controls. Signiﬁcant changes in proteins and
glycosites in breast cancer were identiﬁed through a permutation-based FDR test (FDR = 0.05; S0 = 0.2) based on three technical replicates. The
signiﬁcant up-regulated proteins and glycosites are colored in red, and down-regulated are colored in gray on the left part of the volcano plot. (B)
Quantitative analysis of EV proteins between breast cancer samples and healthy controls. (C) Quantitative glycoproteomics were performed on
individuals to verify the preliminary list found in global glycoproteomics, and p-value represents the signiﬁcance of comparing individual patients and
controls. In total, 18 patients and 10 healthy controls were examined in MS-based veriﬁcation experiment; 5 out of 18 patients and 5 out of 10
healthy controls were used in both global ﬁrst individual veriﬁcation glycoproteomics experiment (asterisk marked).
D
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Figure 4. Veriﬁcation of selected targets in plasma EVs by polyGPA. Quantiﬁcation of endogenous (A) LY6G6F, (B) VWF, (C) BSG, (D) C1QA,
(E) ANGPT1, and (F) CDH6 in plasma EVs. For each membrane, the top three rows were printed with 28 breast cancer samples (ﬁrst two rows
with 10 samples and the third row with 8 samples) and the fourth row with 10 healthy control samples, each with 4 prints per individual sample. For
quantitation of signals in polyGPA, the mean intensity of 4 prints per individual was used and the distribution of log 10 (intensity) is depicted in the
left pane.

hydroxyamino-dendrimer-modiﬁed nitrocellulose to covalently
capture preoxidized glycans on glycoproteins, followed by on-

membrane detection using the same validated antibodies as in
typical reverse phase protein arrays. Although no glycosylation
E
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reported an in-depth analysis of N-glycoproteomes in plasma
EVs and demonstrated the feasibility of developing EV
glycoproteins as potential breast cancer biomarkers.
This study also addresses a major issue in the development of
glycoproteins for biomarker discovery, i.e., how to validate
speciﬁc glycoproteins in high throughput. We introduced
polyGPA as an alternative and novel high throughput method
for simple, sensitive quantiﬁcation of glycoproteins in array
format. Using glyco-speciﬁc, 3-dimensional functionalized
membrane to capture glycoproteins followed by detection
using high-quality antibodies, the new platform allowed us to
measure glycoproteins in multiple clinical samples in parallel.
However, the limitation of polyGPA should be taken into
consideration for clinical validation applications. PolyGPA only
measures the overall glycosylation in a protein. For a
glycoprotein with multiple glycosylation sites, polyGPA may
not be sensitive enough to a glycosylation change on a speciﬁc
site.

speciﬁc antibody or lectin is used, any change in polyGPA
signal is attributed to the change in overall glycosylation of
targeted glycoprotein or site diﬀerential glycosylation. In
addition, we demonstrated that polyGPA’s sensitivity is much
higher than RPPA (over 10-fold signal increase) for the same
protein concentration, likely due to improved orientation of
glycoproteins during their glycan binding to the polyGPA
membrane, exposing more epitopes for increased overall signal.
We prioritized the glycoproteins for further veriﬁcation by
polyGPA through their biological relevance to cancer in
previous studies and availability of their antibodies which are
validated by the Human Protein Atlas (HPA) project for high
speciﬁcity. Among the glycoproteins that show signiﬁcant
increase in breast cancer patients (Figure 3C), some are known
plasma/serum glycoproteins while others have never been
detected from blood. Interestingly, 70% of the glycoproteins on
the list have previously been identiﬁed from cancer tissues
(Supporting Information Figure S3),23 highlighting the
important feature of this biomarker strategy which did not
require an invasive biopsy but rather used EVs as the source to
identify biomarkers previously reported in cancer tissue studies.
We selected 6 EV glycoproteins, a membrane protein
lymphocyte antigen 6 complex locus protein G6f (LY6G6F),
a multimeric plasma glycoprotein von willebrand factor (VWF),
CD147/basigin (BSG), complement C1q subcomponent
subunit A (C1QA), angiopoietin-1 (ANGPT1/Ang1), and
cadherin-6 (CDH6) for further veriﬁcation with another cohort
of plasma samples from 28 breast cancer patients and 10
healthy controls. The 5 validated glycoproteins all have been
directly linked to or implicated with cancer according to
previous studies.24−28 EVs were isolated from plasma samples,
lysed, and preoxidized, and each individual sample was printed
onto the polyGPA membranes and unfunctionalized membranes as in regular RPPA. Speciﬁc protein antibodies were
then used to detect and quantify endogenous LY6G6F, VWF,
BSG, C1QA, ANGPT1, and CDH6 signals in individual
samples. As shown in Figure 4, measurements by polyGPA
showed much better sensitivity because of signiﬁcantly reduced
sample complexity after the enrichment of glycoproteins on the
functionalized membrane and better orientation of glycoproteins for epitope detection by the antibodies. This enhanced
sensitivity proved to be critical for the detection of proteins
with much lower abundances, such as BSG, C1QA, ANGPT1,
and CDH6, and their protein signals were barely detectable in
RPPA (Figure 4C−F). Five out of six glycoproteins, except
CDH6, showed statistically signiﬁcant speciﬁcity (p < 0.05) for
breast cancer. The quantitative measurements with polyGPA
and RPPA also allowed us to identify whether glycosylation
elevation is due to changes in protein expression or changes in
glycosylation. There is signiﬁcant elevation in both polyGPA
and RPPA for LY6G6F. The increase in breast cancer patients
was clearly observed in polyGPA for VWF, but the diﬀerence is
small in RPPA (the distinction is largely due to one outlier;
Figure 4B), indicating that the glycosylation elevation in cancer
patients is likely due to changes in patient-speciﬁc glycosylation.
As stated above, due to low abundance, BSG, C1QA, ANGPT1
and CDH6 could only be quantiﬁed by polyGPA, further
highlighting its uniqueness and high sensitivity for clinical
samples.
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