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Abstract: Sialylated glycans are found at elevated levels in
many types of cancer and have been implicated in disease
progression. However, the specific glycoproteins that contrib-
ute to the cancer cell-surface sialylation are not well charac-
terized, specifically in bona fide human disease tissue. Meta-
bolic and bioorthogonal labeling methods have previously
enabled the enrichment and identification of sialoglycoproteins
from cultured cells and model organisms. Herein, we report the
first application of this glycoproteomic platform to human
tissues cultured ex vivo. Both normal and cancerous prostate
tissues were sliced and cultured in the presence of the azide-
functionalized sialic acid biosynthetic precursor Ac4ManNAz.
The compound was metabolized to the azidosialic acid and
incorporated into cell surface and secreted sialoglycoproteins.
Chemical biotinylation followed by enrichment and mass
spectrometry led to the identification of glycoproteins that were
found at elevated levels or uniquely in cancerous prostate
tissue. This work therefore extends the use of bioorthogonal
labeling strategies to problems of clinical relevance.

Metabolic labeling of glycans, proteins, lipids, nucleic acids,
and other metabolites with bioorthogonal functional groups is
now a widely used strategy for studying these biomolecules in
living systems.[1, 2] Once functionalized, the target biomole-
cules are armed for chemical reaction with probes that enable
the capture and subsequent biochemical analysis or direct
visualization. Early work focused on labeling biomolecules in

cultured cells,[3] but for studies that address questions of
biomedical relevance there is motivation to deploy this
chemical platform in systems more closely related to human
disease. Translation to model organisms has been an impor-
tant step in this direction, as reflected in reports of bio-
orthogonal labeling in Caenorhabditis elegans,[4] Drosophila
melanogaster,[5] zebrafish,[6] and mice.[7, 8] However, the appli-
cation of metabolic/chemical labeling methods in the most
authentic model of human disease, that is, live human tissues,
is appealing to conceptualize but difficult to realize in
practice.

Accurate models of human biology are particularly
important for research at the intersection of glycoscience
and human health. There is a substantive body of literature
that correlates changes in glycosylation with cancer progres-
sion;[9] several groups have sought to define these changes at
a level of molecular detail that would enable new diagnostic
or therapeutic interventions.[10] Sialylated glycans and glyco-
proteins have attracted special attention based on observa-
tions that they are upregulated in numerous cancers and, in
circulation, have the potential to serve as biomarkers of
disease.[11]

Motivated by these observations, we[12] and others[13,14]

have applied metabolic and bioorthogonal labeling methods
to profile glycoproteins from prostate cancer cell lines using
mass spectrometry (MS)-based proteomics.[15] To target
sialoglycoproteins specifically, cells are metabolically labeled
with a modified peracetylated N-acetylmannosamine
(Ac4ManNAc) analogue such as peracetylated N-azidoace-
tylmannosamine (Ac4ManNAz, 1)[16] or its alkynyl counter-
part, peracetylated N-pentynoylmannosamine (Ac4ManNAl).
These compounds are converted by the Roseman–Warren
pathway into the corresponding sialic acid derivatives, which
are, in turn, incorporated into sialoglycoproteins.[17] The
functionalized sialoglycoproteins are reacted with a comple-
mentary enrichment probe. One might choose among phos-
phine-, terminal alkyne- or cyclooctyne-functionalized probes
to tag azido sialic acids, or an azide-functionalized probe to
tag alkynyl sialic acids.[18, 19] More recently, Chen et al. have
transitioned such studies to a mouse tumor model.[20]

While metabolic labeling can be performed in model
organisms, in humans it is hindered by the significant barriers
associated with introducing chemically altered sugars into
people. We were therefore intrigued by the prospect of using
live human tumor tissue ex vivo in the form of tissue slice
cultures (TSCs). TSCs can maintain their native in vivo cell–
cell and cell–matrix interactions for many days while remain-
ing viable and, importantly, metabolically active.[21, 22]
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Prostate TSCs retain physiological properties that are lost
in cell cultures and also allow direct comparisons of cancerous
and normal tissue from the same patient source.[23] Herein, we
demonstrate that cultured human prostatic tissue slices can be
metabolically labeled with Ac4ManNAz and subjected to
glycoproteomic analysis. This analysis allowed the identifica-
tion of glycoproteins that were elevated in or unique to
prostate cancer. These data suggest that bioorthogonal label-
ing methods may be applied to human TSCs to reveal disease
biomarkers in a more authentic experimental setting.

Prostate tissue slices were collected as previously reported
and subjected to the workflow depicted in Figure 1. Impor-
tantly, structural and functional fidelity of the TSCs could be
maintained for at least five days.[24] The TSCs were labeled by
incubation with 50 mm Ac4ManNAz, Ac4ManNAl, or
Ac4ManNAc, a control sugar lacking the chemical reporter
functionality for subsequent analysis. For imaging, TSCs were
fixed and reacted with a suitable conjugated fluorescent
probe.[25] For proteomic identification, TSCs were homogen-
ized in lysis buffer and covalently reacted with a biotin probe.
Proteins were captured with avidin resin, digested on-bead
with trypsin and analyzed by LC-MS/MS (Figure 1).

We first sought to confirm that Ac4ManNAz metabolism
would not grossly perturb the integrity of prostatic TSCs.
Histological analysis of TSC by hematoxylin and eosin
(H&E) staining showed that Ac4ManNAz, Ac4ManNAc,
and Ac4ManNAl treatments had no obvious effect on TSC
morphology (Figure 2a and Supporting Information, Fig-
ure S1). To test that the labeling was specific to cell-surface
glycoproteins, TSCs were fixed and reacted with the com-
mercial fluorescent cyclooctyne reagent dibenzoazacyclooc-
tyne (DIBAC) conjugated to AlexaFluor 647 (DIBAC-647, 3,
Figure 1). Fluorescence microscopy of TSCs treated with
either Ac4ManNAz or Ac4ManNAc followed by 25 mm

DIBAC-647 showed robust and azide-specific cell-surface
labeling (Figure 2b–d). We observed co-localization of

Figure 1. Workflow for preparation and bioorthogonal labeling of human prostate tissue slice cultures (TSCs). Radical prostatectomy specimens
were cored and precision sliced for ex vivo culture. TSCs were incubated with a metabolic reporter (for example, Ac4ManNAz, 1) for specific
labeling of sialoglycoproteins. After incubation, slices were either fixed and reacted with a cyclooctyne-functionalized optical probe 3 for imaging
or, alternatively, lysed, reacted with an alkyne affinity probe 2 for enrichment, and analyzed by mass spectrometry-based proteomics.

Figure 2. Labeling and imaging of cell-surface sialoglycoproteins in
human prostate tissue slice cultures (TSCs). a) Prostate TSCs stained
with hematoxylin and eosin (H&E). b–d) Representative fluorescence
microscopy images of TSCs treated either with control sugar
Ac4ManNAc (b, left) or with Ac4ManNAz (c, center). TSCs stained with
DAPI in blue, treated with DIBAC-647 in white, CD47 epithelial cell
surface marker in green and merge. Rightmost panel shows enlarged
region with Ac4ManNAz labeling.
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DIBAC labeling with CD47, a cell-surface marker of prostate
epithelial cells, indicating Ac4ManNAz labeling is cell-sur-
face-specific.

To confirm sialoglycoprotein-specificity, we digested TSC
lysates with sialidase, reacted with DIBAC-biotin, and
performed a western blot analysis. As shown in Figure 3, we
observed a dose-dependent decrease in signal for sialidase-
treated samples, confirming that the azide-specific signal was
indeed due to azide incorporation into sialoglycoprotein
residues.

Prior to the proteomic analysis of sialoglycoproteins, we
confirmed that the Ac4ManNAz-labeled lysate reacted with
the biotin-alkyne probe (2, Figure 1) under copper-catalyzed
azide–alkyne [3+2] cycloaddition (CuAAC) conditions.[26]

TSC lysates were robustly labeled with no observable back-
ground by western blot (Supporting Information, Figure S2)
and the efficiency of capture was assessed by western blot. We
also switched the azide–alkyne partners and observed robust
metabolic labeling with Ac4ManNAl (Figure S2c). However,
Ac4ManNAz with biotin-alkyne 2 gave more probe-depen-
dent protein identifications and was thus employed for
capture of labeled sialoglycoproteins for identification by
MS-based proteomics.

Having developed effective labeling conditions, we ana-
lyzed human prostate TSCs infiltrated with cancer of Gleason
grades 3 and 4 (n = 8) and TSCs from normal, noncancerous
tissue (n = 8), as determined by histological analysis of
adjacent tissue slices. TSCs were incubated for three days
with Ac4ManNAz or Ac4ManNAc, lysed, then reacted with
biotin-alkyne 2, and subjected to MS-based proteomic
analysis. In total, 972 non-redundant proteins were observed
in the normal and cancer samples with 495 common to both
groupings. We found 216 and 261 proteins that were unique to
normal and cancer tissue, respectively (Figure 4a, Table S2).
Although high detergent washes were performed, several
highly abundant housekeeping proteins were still identified in
the Ac4ManNAc control groups, such as actin and tubulin
(Figure 4b). We also enriched sialylated glycoproteins from

conditioned media of Ac4ManNAz-treated TSCs and identi-
fied 146 proteins unique to azide-labeled samples (Supporting
Information, Figure S3).

We next analyzed the predicted subcellular compartment
for each of the enriched proteins observed in tissue lysates.
Over 68 % of the proteins were classified as being membrane-
bound or secreted (Figure 4c) and using the Swiss-Prot
protein sequence databank annotations, over 45% were
known glycoproteins (Figure 4d). This distribution is consis-
tent with a glycosylation-dependent enrichment method.
Based on these results, we compiled a list of proteins that
had a greater than 4-fold increase in cancer versus normal
tissue (Supporting Information, Table S1).

One such protein was voltage-dependent anion-selective
channel 1 (VDAC1). VDAC1 is thought to be a mitochondrial
membrane-bound protein; however, there is evidence of
additional residence in the plasma membrane.[27] Recently,
VDAC1 was proposed as a biomarker for gastric cancer,[28]

and there is evidence of a correlation between VDAC1
expression and breast cancer grade.[29] Shoshan-Barmatz et al.
recently demonstrated that silencing VDAC1 expression in
PC-3 prostate cancer cells inhibited cellular proliferation and
xenograft tumor growth.[30] We observed a 22-fold increase in
VDAC1 in cancer compared to normal TSCs (Table S1). This
increase could be due to higher protein concentration or,
alternatively, to increased glycosylation, which would lead to
greater enrichment efficiency. We confirmed that VDAC1
protein levels were dramatically upregulated in cancer TSC
lysates (Supporting Information, Figure S4), strengthening
the case for VDAC1 as a potential biomarker and demon-
strating the utility of bioorthogonal labeling as a biomarker
discovery platform.

In addition to enrichment of glycoproteins found in cancer
versus normal TSCs, we also found proteins that were unique

Figure 3. Efficient biotinylation of sialoglycoproteins using
Ac4ManNAz. Western blot analysis of sialidase-treated or untreated
(�) TSC lysates administered Ac4ManNAz or control sugar,
Ac4ManNAc. The samples were incubated with active and increasing
concentrations or heat-killed (HK) sialidase from V. cholera (asterisk
denotes background labeling of highly abundant sialidase enzyme,
MW = 98 kDa). Total protein loading was confirmed by GAPDH.

Figure 4. Distribution of identified proteins after enrichment.
a) Unique proteins identified over n = 8 cancer and normal TSCs after
chemical biotinylation followed by enrichment. b) Azide-specific label-
ing was observed. c) Subcellular localization was highly specific to
sialoglycoproteins. d) Both N- and O-linked glycoproteins were
observed as determined by Swiss-Prot databank annotations.
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to cancer TSCs (Table 1). After removing cytosolic proteins,
we identified 21 proteins seen in at least half of the cancer
TSCs and none of the normal TSCs. Some of these proteins
were previously implicated in prostate cancer, while others
had no previous reported association.

We were particularly interested in legumain (encoded by
the gene LGMN), an asparaginyl endopeptidase that is highly
expressed in several types of cancer. In our studies, it was
observed in five out of eight prostate cancer tissue samples
but not in any of the eight patient-derived normal TSCs.
Recently, Ohno et al. reported that increased legumain
expression correlated with prostate cancer invasiveness and
aggression.[31] We did not detect legumain in normal fixed
tissues, whereas in cancer tissue, we observed labeling on
malignant epithelial cells (Figure 5a,b). Western blot analysis
after digestion with deglycosylation enzymes confirmed that
legumain in prostate cancer TSCs is indeed glycosylated
(Figure 5c). This result supports the conclusion that the
proteins in Table 1 are potentially unique to or uniquely
glycosylated in cancer TSCs.

Finally, we determined whether a statistical modeling of
our data could establish a glycoprotein signature that
distinguishes cancer from normal tissue. We employed
supervised principal component analysis (SPCA) using
a method described by Tibshirani et al.[32] SPCA indicated
that cancer TSCs were more heterogeneous than normal
TSCs (Figure 6 a). The quantitative data for each of the
proteins observed is displayed in a volcano plot (Figure 6 b).

One of the biggest challenges in the detection and
management of cancer remains the lack of prognostic and
predictive biomarkers. Of the molecular tissue-based risk
classifiers commercially available to predict aggressive pros-
tate cancer at the time of diagnosis or post-prostatectomy
(Prolaris, Decipher, Oncotype Dx, and ProMark), only the
latter is protein-based while the others measure RNA
expression.[42] It is interesting to note that VDAC1, found in
our study to be enriched in cancer versus normal prostate
TSCs, was one of the 12 prognostic proteins identified by
quantitative proteomics of prostate tissues from which the
current eight-protein ProMark assay was derived.[43, 44] Over-
all, however, few genes or proteins overlap among the current

Table 1: Proteins found in prostate cancer proteomic dataset that were
absent in normal dataset.

Gene name Protein name Previous
report

AGR2 Anterior gradient protein 2 homolog Ref. [33]
SYNGR2 Synaptogyrin-2
ATP6AP1 V-type proton ATPase subunit S1
LGMN Legumain Ref. [31]
GUSB Beta-glucuronidase
FUCA1 Tissue alpha-l-fucosidase

HLA-DRB1 HLA class II histocompatibility antigen Ref. [34]
CYB561 Cytochrome b561

CFB Complement factor B Ref. [35]
HLA-A
HLAA

HLA class I histocompatibility antigen Ref. [36]

APMAP Adipocyte plasma membrane-associated
protein

HLA-H
HLAH

Putative HLA class I histocompatibility
antigen

Ref. [36]

PCYOX1 Prenylcysteine oxidase 1
CALR Calreticulin Ref. [37]
ORM2 Alpha-1-acid glycoprotein 2

LMBRD1 Probable lysosomal cobalamin transporter
PODXL Podocalyxin Ref. [38]
PLXNB2 Plexin-B2
TMED10 Transmembrane emp24 domain-containing

protein 10
FAM174B Membrane protein FAM174B
SCARB1 Scavenger receptor class B member 1 Ref. [39]
LDHA l-lactate dehydrogenase A Ref. [40]
VAS1 V-type proton ATPase subunit S1 Ref. [41]

Figure 5. Legumain is over-expressed and glycosylated in human
prostate cancer tissue. Histological analysis of legumain expression in
a) normal and b) cancer prostate tissue slice cultures. Arrows indicate
epithelial cells with legumain immunoreactivity. c) Western blot of
prostate TSCs lysate probed with a a-legumain mAb. Deglycosylation
denotes presence or absence of commercial deglycosylation enzyme
cocktail. Total protein loading was confirmed by Ponceau stain (not
shown).

Figure 6. Comparative analysis of differentially regulated glycoproteins
between normal and cancer TSCs. a) Supervised principle component
analysis of normal (black) and cancer (red) datasets. b) Volcano plots
illustrate differentially observed proteins from normal and cancer TSC
samples. The x-axis represents the log2 (fold change) whereas y-axis
represents the �log10 (p-value) where “p-value” is the p-value associ-
ated to the statistical Welch test.
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classifiers and clinical value remains to be validated in future
prospective studies.

A contributor to this challenge is a lack of preclinical
models that accurately recapitulate normal human prostate
tissue or primary prostate cancer.[45 Herein, we demonstrate
that human prostate TSCs can be metabolically labeled for
the identification of cell-surface and secreted glycoproteins.
We performed MS-based proteomics and identified glyco-
proteins that may be explored further as disease biomarkers.

This platform could be used to answer other questions
related to cancer. For example, hypersialylation appears to
play a role in tumor cell immune evasion.[46] Merging this
platform with intact glycoproteome analysis techniques such
as IsoTaG[47] may further augment the information obtained
from cancer TSCs. Finally, while in this study we focused on
the sialoglycoproteome, there are other sectors of the
glycome that can be targeted with this method as well as
other post-translational modifications that might change as
a function of disease.
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Bioorthogonal Labeling of Human
Prostate Cancer Tissue Slice Cultures for
Glycoproteomics

Glycoprotein in a haystack : The meta-
bolic labeling of human prostate cancer
tissue slice cultures was employed to
introduce azide-labeled sialic acid into
cell-surface and secreted glycoproteins.

Chemical biotinylation followed by
enrichment and mass spectrometry led to
the identification of glycoproteins that
were found at elevated levels or uniquely
in cancerous prostate tissue.
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