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ABSTRACT: Glycoproteins have vast structural diversity
that plays an important role in many biological processes
and have great potential as disease biomarkers. Here, we
report a novel functionalized reverse phase protein array
(RPPA), termed polymer-based reverse phase glycoprotein
array (polyGPA), to capture and profile glycoproteomes
specifically, and validate glycoproteins. Nitrocellulose
membrane functionalized with globular hydroxyaminoden-
drimers was used to covalently capture preoxidized glycans
on glycoproteins from complex protein samples such as
biofluids. The captured glycoproteins were subsequently
detected using the same validated antibodies as in RPPA.
We demonstrated the outstanding specificity, sensitivity,
and quantitative capabilities of polyGPA by capturing and
detecting purified as well as endogenous α-1-acid
glycoprotein (AGP) in human plasma. We further applied
quantitative N-glycoproteomics and the strategy to validate
a panel of glycoproteins identified as potential biomarkers
for bladder cancer by analyzing urine glycoproteins from
bladder cancer patients or matched healthy individuals.

Protein glycosylation is the most structurally complex form
of post-translational modifications (PTMs) and the

resulting enormous structural diversity of glycoproteins plays
an essential role in a wide variety of biological processes.1,2

Consequently, aberrant glycosylation has been found closely
associated with key pathological steps of cancer development
and progression.3−5 Glycoproteins have great potential as
cancer biomarkers. In fact, more than half of the FDA-approved
cancer biomarkers used in clinical practice are glycoproteins.4

However, only a handful of them are actually detecting protein
glycosylation,6,7 due to the lack of specific and sensitive
methods for quantifying specific glycoproteins. Despite the
challenges, profiling of human glycoproteomes in search of
potential cancer biomarkers has remained a primary interest of
biomedical research.
Reverse phase protein array (RPPA) has emerged as a

powerful high-throughput platform to profile protein expres-
sions in a large number of biological samples simultane-
ously.8−11 With only a minimal amount of starting material at
sub-nL volume, RPPA is an ideal platform for clinical samples
such as needle biopsies, biological fluids, and microdissected
tissues.8−10 RPPA requires only one validated detection

antibody per target compared to sandwich immunoassays,
which need antibody pairs.12−16 Multiple studies such as the
Human Protein Atlas project have validated over 1000
detection antibodies suitable for array analysis.17−19 A wide
range of applications have described the use of RPPA for
clinical sample analysis, including leukemia, breast cancer,
prostate cancer studies, and many others.20−23

Detection of functional proteins, in particular protein PTMs
by RPPA, however, has been extremely limited.8,10,24 This
primarily is due to low availability and quality of PTM-specific
antibodies compared to those for total proteins, and an
overwhelming number of PTM sites present with most not
having any commercial antibodies. This problem is even more
evident in glycoproteomics, where glycosylation-specific anti-
bodies are virtually nonexistent.7 Moreover, the high complex-
ity of thousands of proteins in an unenriched mixture makes it
extremely challenging to detect specific glycoproteins. Other
forward microarray formats, such as glycan or lectin arrays, have
been previously used for profiling of glycosylation.25−27

However, glycan or lectin arrays typically are not applicable
in RPPA format due to relatively weak interactions and that
they cannot work under the denaturing conditions.28,29

In the past decades, mass spectrometry (MS) has been the
driving force in profiling glycoproteomes for biomarker
research.30,31 Prior to MS analysis, it is often necessary to
enrich either glycoproteins or glycopeptides through lectin
affinity chromatography (LAC),32−34 borate chelating,35,36 or
hydrazide chemistry-based capture.37,38 Because it requires a
fair amount of sample, multiple steps for sample preparation,
and the commitment of a high performance instrument, MS-
based glycoproteomics is typically used for in-depth profiling of
glycoproteins during the discovery stage.
Here, we introduce a novel platform, termed polymer-based

reverse phase glycoprotein array (polyGPA), to capture and
profile glycoproteomes. In the first step, the surface of the
globular molecule, polyamidoamine generation 4 (PAMAM
G4) dendrimer, was derivatized with multiple hydroxyamine
groups (Supporting Information). Next, nitrocellulose mem-
brane was coated with the synthesized hydroxyaminoden-
drimers to generate three-dimensionally functionalized RPPA,
polyGPA, to enable the capture of glycoproteome through the
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formation of covalent oxime bonds between hydroxyamine and
aldehyde groups generated after oxidation of glycoproteins
(Figure 1).37,39 The chemical conjugation step has few side

reactions, occurs immediately during sample printing, and can
tolerate denaturing conditions. The captured denatured
glycoproteins can then be detected using the same validated
antibodies with superior specificity as those used in RPPA. Any
changes in polyGPA signal can then be attributed to changes in
overall glycosylation of the target when normalized to protein
level.
Similar to RPPA, polyGPA requires a minimal amount of

starting material, making it ideal for analyzing clinical samples.
Moreover, polyGPA overcomes the limitation of RPPA in
detecting proteins with PTMs. Currently, RPPA cannot analyze
glycoproteins due to the lack of glycosite-specific antibodies.7

By capturing glycoproteins particularly, polyGPA not only
eliminates the need of glycosite-specific antibodies for detection
but also significantly reduces the complexity of the crude
sample to facilitate the detection of low abundance
glycoproteins using validated protein antibodies.
To evaluate initially the specificity, sensitivity, and

quantitative capabilities of polyGPA, we tested the method
using the α-1-acid glycoprotein (AGP) standard. The sub-nL
volume of the AGP standard in oxidized or unoxidized form in
different concentrations ranging from 0.2 to 20 pg/nL was
printed in quadruplicate onto the polyGPA membrane, and the
AGP signal was detected using anti-AGP primary and
fluorophore-linked secondary antibodies. As a control, the
identical printing, incubation, and detection procedure was
carried out with uncoated nitrocellulose membrane (i.e., regular
RPPA). The comparative results at the same detection intensity
are shown in Figure 2A. As can be seen from the image scans,
the polyGPA-coated membrane displayed over 99% specificity
in selecting the oxidized form of AGP (with aldehyde groups)
over the unoxidized control AGP. The results also demon-
strated outstanding quantitative capabilities and high reprodu-
cibility (Figure 2B). Surprisingly, polyGPA’s sensitivity is much
higher than RPPA (over 10-fold signal increase) for the same
protein concentration. We attribute this phenomenon to
improved orientation of the glycoprotein AGP during its
glycan binding to the polyGPA membrane, exposing more
epitopes on the protein and increasing overall signal. This
feature can be particularly important during the analysis of low
abundant clinical samples.

We further tested our hypothesis that polyGPA has high
binding capacity due to its ability to reduce significantly the
sample complexity by enriching glycoproteins on the
membrane. Thus, higher concentrations of starting materials
could be used for polyGPA than ever possible for regular
RPPA. A typical starting sample for standard RPPA is 1 μg/μL
due to the limited binding capacity of unmodified nitro-
cellulose. Specifically targeting glycoproteins with polyGPA, we
expect to be able to start with much higher protein
concentration, thus ensuring improved detection of low-
abundant glycoproteins. For initial testing of polyGPA with
crude samples, we attempted to detect endogenous AGP in one
of the most complex samples, human plasma. We diluted the
plasma sample with the oxidation buffer to final 2 μg/μL to
accommodate the upper limit of binding capacity of RPPA
(Supporting Information). The data demonstrated the
detection of endogenous AGP from complex oxidized plasma
sample with high signal/noise ratio (Figure 2C). As expected,
the unoxidized plasma produced little signal, showcasing
polyGPA’s outstanding specificity. Consistent with the above
experiment, the signal produced by polyGPA for the same
protein concentration was significantly stronger than that from
uncoated nitrocellulose membrane in RPPA.
The true value of polyGPA would be demonstrated during its

applications in discovery or validation of potential disease
biomarkers. Liquid biopsiesanalysis of biofluids such as
plasma, serum, and urinehave recently gained much attention
as a likely useful source of diagnostic biomarkers. Compared to
plasma and serum, the urinary proteome is much less complex.
Nevertheless, urine can contain important biomarkers,
especially for urological diseases such as bladder cancer,
where secreted proteins from the diseased organs are directly
released to the urinary tract.40,41 In this study, we applied
quantitative N-glycoproteomics and polyGPA to profile and
validate potential bladder cancer biomarkers using human urine
samples of bladder cancer patients and healthy control
individuals. Although urinary proteomics experiments have
been previously carried out in search of biomarkers for bladder
cancer,41−44 attempts on urinary glycoproteins have been
limited.45 Yang et al. identified 265 glycoproteins from 54
bladder cancer and 46 control urine samples using lectin affinity
chromatography for enrichment, of which only α-1-antitrypsin
(A1AT) was found significantly increased in bladder cancer
(FDR < 1%) based on the spectral counting method.45

Herein, urine samples from 16 bladder cancer patients and 8
age- and sex-matched healthy volunteers were obtained from

Figure 1. Design and experimental workflow for polyGPA.

Figure 2. (A) Specific capture and detection of standard AGP by
polyGPA. (B) Quantification of fluorescent signals from oxidized AGP
in panel A by polyGPA. (C) Detection of endogenous AGP in human
plasma by polyGPA and RPPA.
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Indiana Biobank, pooled equally into the cancer or control
group, respectively, and concentrated as described in SI. After
digestion, N-linked glycopeptides were enriched using
hydrazide chemistry and N-glycans were cleaved by PNGase
F. After desalting, the released former N-glycopeptides from
each group (enriched from 100 μg of peptides) were analyzed
by LC-MS/MS. From a total of 8 LC-MS/MS runs (4 technical
replicates per group), MaxQuant identified 1072 unique
glycosylation sites with localization probability larger than
0.75 and the consensus motif N-X-S/T/C for N-linked
glycosylation (where X is any amino acid except proline),
representing 553 glycoproteins with 1% FDR. Overall, we were
able to quantify 898 unique glycosites from 493 glycoproteins
(Table S1), among which 41 unique glycosites from 25
glycoproteins were found significantly enriched in bladder
cancer with a ratio of at least 3 and p-value < 0.01 (Figure 3A
and Table S2).

To determine further whether the increase in glycosite
abundance in bladder cancer occurred at the protein expression
level or glycosylation occupancy level, 1 μg of the total peptides
from the bladder cancer or control group was also analyzed by
LC-MS/MS. From a total of 6 LC-MS/MS runs (3 technical
replicates per group), MaxQuant identified 748 unique proteins
with 1% FDR, out of which 518 proteins were quantified
(Table S3). Among them, 38 proteins were found as
significantly enriched in bladder cancer with at least a 2-fold
difference at p-value < 0.05 (Figure 3B and Table S3). As
expected, most glycosites found enriched in bladder cancer also
showed increases in their protein expression levels, including α-
2-macroglobulin (A2M), apolipoprotein B (APOB), comple-
ment C3 (C3), complement factor H (CFH), haptoglobin
(HP), neutrophil collagenase (MMP8), serum paraoxonase
(PON1), and others. However, we were also interested in
identifying glycoproteins whose protein expression remained
unchanged but N-glycosylation increased in cancer samples,
such as complement C4-B (C4B). We also noticed a few
glycosites enriched in bladder cancer from our glycoproteomic
data that were not identified in our proteomic experiments,
likely due to their low abundance preventing them to be
identified without glycopeptide enrichment, such as integrin α-
M (ITGAM).
As a proof-of-principle, we applied polyGPA to validate one

candidate from each category, A2M, C4B, and ITGAM, with
another cohort of urine samples from 8 bladder cancer patients
and 5 healthy controls. Urine samples were concentrated,
preoxidized and each individual sample was printed onto the
polyGPA membranes and noncoated membranes as in regular

RPPA. Specific protein antibodies were then used to detect and
quantify endogenous A2M, C4B, and ITGAM signals in
individual samples. Consistent with the glycoproteomic and
proteomic results, A2M signals were significantly higher in
cancer patients than in controls in both polyGPA and RPPA
experiments (Figure 4A). However, polyGPA showed much

better sensitivity because enrichment of glycoproteins in
polyGPA significantly reduced sample complexity and facili-
tated antibody binding. This enhanced sensitivity proved to be
critical for the detection of proteins with much lower
abundances than A2M, such as C4B and ITGAM, because
their protein signals were barely detectable in RPPA (Figure
4B,C). More importantly, C4B displayed significantly higher
signal in cancer samples in polyGPA. Combined with the
glycoproteomic and proteomic results, the data suggest that
monitoring of urinary C4B glycosylation could potentially serve
as a marker for bladder cancer, although this remains to be
further validated with a larger sample size.
In summary, we present a novel reverse phase glycoprotein

array functionalized with globular hydroxyaminodendrimers to
covalently capture glycoproteomes from complex biological
samples including human plasma and urine, with subsequent
detection using validated antibodies. The platform utilizes a
similar procedure that is widely implemented in RPPA, thus
maintaining extremely high sensitivity, reproducibility, and
adaptability for clinical applications. We demonstrated
polyGPA’s high specificity toward glycoproteins, superior
sensitivity, and quantitative capabilities. Combined with a
quantitative N-glycoproteomic study on urine samples of
bladder cancer patients and healthy individuals, polyGPA was
successfully applied to validate glycoproteins A2M and C4B as
potential markers for bladder cancer. Although polyGPA alone
cannot differentiate changes at the glycosylation level or at the
protein expression level, this strategy could become a powerful
technique for sensitive screening of glycoproteins for biomarker
discovery and validation studies, and is particularly appealing

Figure 3. (A) Glycosylation sites or (B) proteins statistically enriched
in bladder cancer by permutation-based FDR-corrected t test (S0 =
0.5, FDR = 0.01).

Figure 4. Quantification of endogenous (A) A2M, (B) C4B, and (C)
ITGAM in human urine. For each membrane, top two rows were
printed with 8 cancer patient samples and bottom row was printed
with 5 healthy control samples, 4 prints per individual sample. For
quantitation of signals in polyGPA, mean intensity of 4 prints per
individual was used.
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due to severe lack of commercially available glycosite-specific
antibodies.
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