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ABSTRACT This study aimed to investigate the highly-differentiated urothelial apical surface 

glycome.  The functions of the mammalian urothelium, lining the majority of the urinary tract and 

providing a barrier against toxins in urine, are dependent on the correct differentiation of urothelial 

cells, relying on protein expression, modification and complex assembly to regulate the formation 

of multiple differentiated cell layers.  Protein glycosylation, a poorly studied aspect of urothelial 

differentiation, contributes to the apical glycome and is implicated in the development of urothelial 

diseases.  To enable surface glycome characterization, we developed a method to collect tissue 

apical surface N- and O-glycans.  A simple, novel device using basic laboratory supplies was 
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developed for enzymatic shaving of the luminal bladder urothelial surface, with subsequent release 

and mass spectrometric analysis of apical surface O- and N-glycans; the first normal mammalian 

urothelial N-glycome to be defined.  Trypsinization of superficial glycoproteins was tracked using 

immunolabelling of the apically-expressed uroplakin 3a protein to optimize enzymatic release, 

without compromising the integrity of the superficial urothelial layer.  The approach developed 

for releasing apical tissue surface glycans allowed comparison with the N-glycome of total porcine 

bladder urothelial cells, and thus identification of apical surface glycans as candidates implicated 

in urothelial barrier function. Data available in MassIve: MSV000087851. 

KEYWORDS Bladder, glycome, permethylated glycan, mass spectrometry, tryptic shaving, 

urothelium.  

 

INTRODUCTION   Epithelia are polarised tissues that form interfaces between internal and 

external spaces.  As such, they are highly specialised to perform tissue site-specific functions, such 

as mucus production and nutrient absorption by the gut, or as barriers against desiccation (skin) or 

urinary toxicants (urothelium).  Being positioned at the interface also provides evolutionary 

selection for other local features, such as pathogen defence and reception/transduction of external 

signalling cues. The apical glycome is hence predicted to play a unique role in epithelial tissue-

specific interface biology and determining the specific makeup of apical glycan species is 

prerequisite to understanding this role.  Previous studies investigating the polarised glycome have 

used established epithelial-derived cell lines grown in monolayer culture 1-3 and brain tissue slices 

4, but no report has yet characterised an in situ apical epithelial tissue surface.    
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The urinary bladder is lined by urothelium, a transitional epithelium that forms the tightest 

epithelial barrier in the body. Urothelium is stratified into basal, intermediate and highly-

specialised lumen-facing superficial cells which, as a result of the urothelial differentiation-

associated gene expression programme, display unique features that contribute to urinary barrier 

function.  The uroplakins are urothelial differentiation-restricted N-glycoproteins that complex to 

form plaques of asymmetric unit membrane (AUM) in the superficial cell apical membrane that 

limit transcellular permeability 5.  The complex formation by uroplakins into membrane-inserted 

plaques is well-characterised and requires precise changes in glycosylation for correct assembly 

6, 7.  The apical “uroglycome” has been proposed to further contribute to the functional barrier 

that defends the urothelium against penetration of toxic substances from the urine and plays a 

role in defence against adventitious microorganisms in the urine 8-11.  Whilst the apical 

localisation of specific blood group and other lectin-binding antigens indicates a specific 

composition, overall the uroglycome remains relatively undefined.  In addition to N-glycans 10, 

O-glycans in the form of O-sialoglycoprotein endopeptidase-sensitive mucin glycoproteins have 

been localised at the luminal surface 12, 13.  A role for glycosaminoglycans (GAGs) in urothelial 

apical biology has been supported by some 14, 15, but not others 12, 16.   

Literature-described approaches to extracellular glycome isolation typically separate cell 

membranes from whole cell lysates to deliver a preparation enriched in extracellular glycans; 

however, such a membrane fraction is also likely to contain intracellular glycans due to 

incomplete separation of the plasma membrane from intracellular membranes. Collecting 

extracellular glycans from cells with their cell membranes intact avoids this problem and is an 

essential validation step towards determining the cell surface glycome and its functions.   Tryptic 

shaving is an accepted approach for sampling cell and tissue surface peptides (e.g. 16-18), but has 
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found more widespread application in microbes than in mammalian systems, in part due to the 

physiological effects that proteolysis of cell surface proteins can induce.  The team of Blanchard 

applied tryptic shaving approaches to sample the surface glycans from cultured mammalian cells, 

using trypsin to release cell surface-exposed glycopeptides, which were retrieved and their 

glycans released for analysis 1, 3, 19.  Although promising, and acknowledging that the cell 

membrane needs to remain intact for this method to work, these publications provide no 

demonstration that the cells do in fact remain intact during the treatment and thus that the 

glycans released derive only from the plasma membrane as suggested.  Nonetheless, given the 

potential of such an approach, we have scoured the literature for examples where tryptic shaving 

approaches have been applied to sampling tissue surface glycomes; we have not found any 

reports of the use of surface shaving approaches to sample the apical glycome from a polarised 

tissue with specific surface features, such as those of the urothelium. 
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Figure 1. Schematic of tissue surface shaving approach for sampling the urothelial apical glycome 

from abattoir-sourced porcine bladders, alongside whole urothelial cell lysate glycan release and 

analysis. 1. Tryptic conditions were established to shave the intravesical surface of the urinary 

bladder. Uroplakin immunohistology was used to ensure that digestion was limited to the apical 

glycome by monitoring that tryptic digestion removed only the apical glycoprotein layer to release 

surface-exposed glycopeptides. A method was developed and validated for the release and analysis 

of the N- and O-glycome from these glycopeptides and used to produce the first apical uroglycome 

of healthy porcine bladder urothelium.  2. Determination of which N-glycan species were 

differentially expressed in the apical glycome required analysis of the whole urothelial tissue 

glycome, which was developed by harvesting the entire urothelium from the basement membrane 

before lysis and release of total cell N-glycans using the filter-aided N-glycan separation (FANGS) 

approach and permethylation followed by MALDI-MS for semi-quantitative analysis (22).  Type 

IV collagen (Col IV) was used to verify the collection of urothelium without containing the 

underlying tissues. Semi-quantification of each N-glycan species was derived from the normalized 

signal intensities for each glycan species from triplicate MALDI spots, which were averaged and 

the mean used to derive the relative percentages of N-glycans in one technical replica.  The relative 

percentages of N-glycans from three technical replicas were averaged for each biological replica 

and plotted using Excel; the error bars indicate the standard deviation of the mean. Structures 

shown are proposed. 

 

Here, we report the development and validation of a novel protocol for apical tissue-surface 

tryptic shaving to sample and enable description of the urothelial apical glycome.  As shown in 

the schematic (Figure 1), we used abattoir-sourced porcine bladders, as a readily available tissue 
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with demonstrated similarities to the equivalent human tissue, including expression of uroplakins 

20, 21.  To develop a verifiable apical glycome preparation protocol, we established tryptic 

conditions to digest the luminal intravesical surface of the urinary bladder, using 

immunodetection of an extracellular domain uroplakin epitope to monitor the success of tryptic 

shaving and validate that tryptic digestion was limited to the urothelial surface by removing only 

the apical glycoprotein layer.  In this way, we developed optimum conditions for effective 

release of surface glycopeptides, without extending below or otherwise compromising the tissue 

surface.  Once we had established tryptic shaving conditions that were demonstrated to strip only 

the apical surface outer layer, we applied them to release surface-exposed glycopeptides. We 

developed and validated a method for release and analysis of the N- and O-glycome from these 

glycopeptides and have used it in conjunction with glycan profiling approaches that allow 

relative quantification 22 to produce the first apical “uroglycome” of healthy porcine bladder 

urothelium.  Determination of those N-glycan species that were differentially expressed in the 

apical glycome required analysis of the whole urothelial glycome.  For this second arm of the 

study, we selectively isolated and harvested the entire urothelial tissue compartment, before lysis 

and release of total urothelial cell N-glycans using the filter-aided N-glycan separation (FANGS) 

approach and permethylation followed by MALDI-MS for semi-quantitative analysis 23 and 

direct comparison with the results of the only other similar study that we are aware of 24.  We 

further employed immunohistology to the tissue remainder to validate that removal of the 

urothelium was complete leaving the basement membrane intact. 

Here we present our novel approach, validations and results. We discuss the nature and potential 

functions of the glycans we have shown to be surface-specific and consider how the method 

could be applied in the future to more precious human urothelial samples in health and disease.    
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EXPERIMENTAL  

Collection of fresh porcine bladders: Fresh porcine bladders were obtained from a local 

abattoir (A. Traves & Son Ltd, Main Street, Escrick, YO19 6TP, UK) and transported in sealed 

plastic bags or bottles on ice.  Porcine bladders were processed for collecting urothelial cells or 

conducting on-tissue trypsinization immediately upon receipt by the laboratory.  

Tissue fixation and processing for immunohistochemistry: The dissected porcine bladder 

tissues (<1 cm3) were fixed in 10% formalin, before routine dehydration through graded ethanols 

into xylene and embedding into paraffin wax.  The antibody used for immunohistochemistry was 

mouse monoclonal AU1 against UPK3A, a barrier-function-related superficial glycoprotein 

found on urothelium (Progen Cat No. 651108).  

For immunohistochemistry, 5 µm sections were transferred onto glass slides, dewaxed by 

incubation in xylene, followed by 100 % (v/v), then 70 % (v/v), ethanol, to water and incubated 

for 10 minutes in fresh 3% hydrogen peroxide to block endogenous peroxidase activity. Heat-

induced antigen retrieval was performed by microwave boiling for 10 minutes in 10 mM citric 

acid buffer (pH 6.0).  An avidin biotin block was carried out according to the supplier’s 

instructions (Vector Laboratories) and followed by blocking with 1/10 rabbit serum. Each 

section was incubated with diluted primary (or control) antibody at ambient temperature for 1 

hour, before washing and further incubation with 100 μL biotinylated rabbit-anti-mouse 

secondary antibody for 30 minutes, followed by washing to remove unbound secondary 

antibody. Each section was then incubated with 100 μL freshly prepared StrepAB/HRP complex 

for 30 minutes, rinsed in Tris-buffered saline, then incubated with 200 μL 3,3′-diaminobenzidine 

solution (Sigma D4293) for 10 minutes, washed with distilled water, followed by staining in 
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haemotoxylin for 5-10 seconds and washing under the running tap water for one minute. The 

slides were then dehydrated and mounted with coverslips using dibutylphthalate polystyrene 

xylene. 

On-tissue trypsinisation: The luminal surface of the bladder was gently rinsed twice with 2 

mL pre-warmed, sterile Hank's balanced salt solution (HBSS, Gibco Cat# 24020, pH 7.4,  37 

°C).  Five mg/mL trypsin solution used for conducting on-tissue trypsinization was prepared by 

diluting 25 g/L trypsin solution (Sigma, Cat#T4549, in 0.9% w/v NaCl, tissue culture grade) with 

HBSS.   One mL of prepared 5 mg/mL trypsin solution was pre-warmed at 37 °C for 5 minutes 

and added into one of the six reaction vessels, covering the luminal side of the porcine bladder 

tissue.   Trypsinization was carried out for different incubation times at 37 °C.  Supernatants 

were collected and heated to deactivate trypsin at 99 °C for 5 min.  Supernatants were subjected 

to PNGase F digestion and β-elimination sequentially to release N- and O-glycans from the same 

sample solutions.  The released glycan pools were purified using solid phase extraction 19 

cartridges packed with graphitized carbon (Supelco, Cat#57094).  The resulting N- and O-

glycans were permethylated and purified with using C18 SPE cartridges (Supelco, Cat#57064) 

prior to MALDI-MS analysis. 

N-glycan release: All PNGase F digestions releasing N-glycans from samples were carried out 

with addition of 4 μL of 2 U/μL PNGase F solution (stored in 5 mM potassium phosphate, pH 

7.5)(generous gift of Daniel Ungar, University of York, in whose lab this enzyme was produced, 

as described 25.  All samples were incubated at 37 °C for at least 16 hours. 

O-glycan release: β-elimination to release O-glycans from urothelial cell lysates was based 

largely on the published procedure 24.  300 μL NH4OH (28~30%, Sigma-Aldrich) was added into 
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vacuum-dried samples containing glycopeptides and released N-glycans.  The resulting solution 

was sonicated in a sonication bath, temperature controlled at 45 °C, for 5 minutes and then left 

for 10 minutes.  Temperature control of the sonication bath was aided by an external water 

circulating system maintained at 41-42 °C.  The cycle of 5 minutes-sonication/10 minutes-wait 

was repeated four times to give a total 20 minutes’ sonication time and 40 minutes’ 

wait/incubation time. 

Carbon SPE method for desalting released glycans: Underivatised glycans released using 

PNGase F digestion or β-elimination were desalted using carbon SPE cartridges.  The sample 

solution was dissolved in 2 mL HPLC-grade water.  The carbon cartridges were sequentially 

primed with a) 6 mL ACN, b) 6 mL ACN with 0.1% trifluoroacetic acid (TFA), c) 6 mL of 

HPLC-grade water, d) 6 mL of 50% ACN in HPLC-grade water with 0.1% TFA, e) 6 mL of 5% 

ACN in HPLC-grade water with 0.1% TFA and f) 6 mL of HPLC-grade water.  The sample 

solution was loaded onto the cartridge and sequentially washed with 2 mL of HPLC-grade water 

and 1.5 mL of 5% ACN in HPLC-grade water with 0.1% TFA.  The glycan fraction was eluted 

with 3 mL of 50% ACN in HPLC grade water with 0.1% TFA and dried for permethylation. 

C18 SPE method for purification of permethylated glycans: This purification of 

permethylated glycans was only necessary for those glycans produced during on-tissue 

trypsinization, and was carried out largely as described 26, 27.  The permethylated glycans were 

dried and reconstituted in 200 μL of MeOH/HPLC-grade water (volume:volume).  The C18 

cartridges were primed with 6 mL MeOH and followed by 6 mL acetonitrile (ACN).  The C18 

cartridges were conditioned with 6 mL 100% HPLC-grade water prior to loading the sample 

solutions.  The sample solutions were carefully loaded onto the cartridges and sequentially 

washed with 5 mL HPLC-grade water, 2 mL 15% ACN in water, 2 mL of 25% ACN in water.  
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The samples were eluted with 2 mL 50% ACN in water and collected.  The collected eluent 

containing the glycans was dried prior to MALDI-MS analysis. 

Filter-aided N-glycan separation (FANGS): This procedure was carried out to release N-

glycans from urothelial whole cell lysates, and was based directly on the published procedure 

(22) with slight modifications.  To make a cell lysate, one vial of collected porcine urothelial 

cells was heated in SDS lysis buffer (4% w/v sodium dodecyl sulfate, 100 mM dithiothreitol in 

100 mM Tris.HCl at pH 7.6) at 95°C in a water bath or a heating block.  The cell lysate was 

mixed well with exchange buffer (8 M urea in 100 mM Tris.HCl pH 7.6) in a ratio of 1:10 cell 

lysate to exchange buffer by volume.  The cell lysate-exchange buffer mixture was transferred 

into an ultrafiltration device (one filter membrane device with one collection tube; Amicon 

Ultra-0.5, Ultracel-30 membrane, nominal mass cutoff 30 kDa, Millipore) for centrifugation.  

The centrifuge was operated at 14,000 x g for 10 min, until all the mixture had passed through 

the ultrafiltration device.  The sample solution retained above the filter membrane was washed 

twice by the addition of 250 μL of exchange buffer and centrifuged after each.  300 μL of 40 

mM iodoacetamide freshly prepared in exchange buffer was then mixed well with the sample 

solution above the filter membrane and the device left in the dark at ambient temperature for 15 

min then centrifuged at 14,000 x g for 10 min.  250 μL of exchange buffer was added into the 

sample solution above the filter membrane and centrifuged for 10 min.  The sample solution 

above the filter membrane was washed four times with four successive additions of 250 μL of 50 

mM ammonium bicarbonate, each followed by centrifugation at 14,000 x g for 10 min.  The 

filter membrane device holding sample solution was transferred to a new collection tube and the 

sample solution above the membrane mixed with 100 μL of 50 mM ammonium bicarbonate 

solution and 8 U of PNGase F (2 U/μL).  The whole device was sealed with Teflon™ tape and 
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incubated at 37 °C overnight.  After incubation, the digested sample solution was centrifuged 

first, then washed twice by successive addition of 250 μL of water (HPLC grade) and centrifuged 

for 10 min after each.  The released N-glycans were obtained in solution in the collection tube 

following centrifugation.  The released N-glycan solution was dried using a vacuum centrifuge. 

Permethylation: The permethylation method followed that reported by Ciucanu and Kerek 28, 

followed here with slight modifications.  All samples were vacuum dried in glass reaction tubes 

prior to permethylation.  1 mL of DMSO (approximately 40 drops) was added into the reaction 

tube to reconstitute the dried sample.  Finely ground NaOH (~10-20 mg) was added to the 

sample solution, followed by addition of 10 drops of iodomethane (CH3I).  The solution was 

gently shaken and left to stand for 10 minutes.  A further 10 drops of iodomethane were added, 

vortexed and left to stand for 10 minutes.  A final 20 drops of iodomethane were added to the 

sample solution, again gently mixed, and left to stand for 20 minutes.  The reaction was 

quenched with the slow addition of 1 mL 100 mg/mL sodium thiosulfate solution.  1 mL 

dichloromethane (DCM) was added into the sample solution, and vortex mixed, to extract the 

permethylated glycans.  The (upper) aqueous layer was removed and the organic layer was 

washed with 2 mL of HPLC-grade water, repeating four times.  The organic layer containing the 

permethylated glycans was dried using vacuum centrifugation, for subsequent MS analysis. 

Glycan analysis: Positive mode MALDI mass spectrometry was used to identify and semi-

quantify released urothelial cell glycans following permethylation. MALDI spots were prepared 

using 2,5-dihydroxybenzoic acid solution (DHB, 10 mg/mL) that was mixed 1 : 1 (0.5 μL : 0.5 

μL)  with permethylated glycan samples in solution on the MALDI plate and the spot left to air 

dry. For semi-quantification experiments, the permethylated glycan samples containing N- and 

O-glycans were spiked with a solution of permethylated GlcNAc6 (3 ng/μL) (1:1, v:v) as an 
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internal standard at the stage of forming the sample spot on the MALDI plate, semi-quantifying 

the amount of urothelial glycans. 

Mass spectrometers: A solariX XR FT-ICR (Bruker Daltonics) equipped with a 9.4 Tesla 

magnet was the mass spectrometer mainly used for identification of permethylated glycans in 

this study. The mass spectrometer was calibrated externally using a standard peptide mixture. 

MALDI mass spectra were recorded over the m/z range 400-4000 with the acquisition of 12 

scans, with each scan being collected by 500 laser shots. The laser power was adjusted between 

30 and 50 %, to get a good response for permethylated glycans from a MALDI spot.  

Potential N- and O-glycan structures were proposed by GlycoWorkbench 29 searched against 

peak lists generated from the MALDI FT-ICR mass spectrometric data, which provided mass 

accuracies typically of < 2 ppm for signals below m/z 2000. The GlycoWorkbench database is 

populated from the literature and so the structures it searches are published structures. For the list 

of candidate structures generated by GlycoWorkbench (searched using mass accuracy setting of < 

40 ppm to allow all feasible structures to be included in the first pass results list), the accurate 

masses were then manually cross-checked against our experimental data, and only used if two or 

more isotopic signals were observed, to identify the correct composition.  The proposed structures 

were then assessed against the relevant bladder glycoprotein literature, for example the lectin data 

and structures published by Yang et al 30.  

 

Product ion analysis was conducted using the higher energy collision mode (HCD) using a 

Thermo Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific), in which the precursor 

ions were selected in the quadrupole and collided in the ion-routing multipole followed by mass 
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analysis in the Orbitrap.  Permethylated glycan samples were dissolved in 80% methanol / 20% 

water / 0.1% formic acid and loaded into home-pulled emission tips to enable nano-electrospray 

ionisation. The MS/MS data were obtained with an isolation window set to 2 m/z and collision 

energy adjusted between 15-40%, depending on the m/z of the glycans and the signal abundance 

of precursors and fragments. 

Quantification: Semi-quantification of each N-glycan species was carried out using the 

following method: 1) the peak intensities of the different isotopic signals with signal-to-noise 

ratio > 5 from the isotopic envelope of each N-glycan species were summed to generate a total 

signal intensity for each N-glycan species (denoted Σi); 2) the total peak intensities of all those N-

glycan species common to all three biological replicates were summed for each spectrum 

(denoted ΣT); and 3) this sum of peak intensities (ΣT) was used to normalize the intensity of the 

signal for each N-glycan species (Σi) within the same MALDI mass spectrum. The normalized 

signal intensities for each N-glycan species from triplicate MALDI spots were averaged and the 

mean was used to derive the relative percentage of N-glycans in one technical replica. 
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RESULTS AND DISCUSSION   

N- and O-glycan release from the apical urothelial surface: To develop a method for 

urothelial apical glycan release we established tryptic-shaving approaches for releasing 

glycopeptides from the tissue surface.  This involved exposing the urothelial surface of the 

opened bladder to trypsin solution, with the intent of liberating apical surface 

glycopeptides/peptides. Once isolated and recovered, these were subjected to PNGase F 

digestion and β elimination to release their N-and O- glycans respectively.  For this approach to 

succeed, the superficial cell layer needed to retain its integrity under the conditions of 

trypsinization while demonstrating effective tryptic shaving of glycoproteins, to prevent 

compromising the preparation with glycopeptides/peptides from elsewhere in the tissue; to 

achieve this, two methodological development steps were introduced.    

Step 1. Design of a device to maximise the surface area of the superficial urothelium available 

for digestion: A structural feature of the urinary bladder is that the empty bladder has numerous 

infoldings called rugae, which enable the bladder to expand as it fills with urine 31.  Preliminary 

investigations treating the opened, unextended bladder surface with trypsin showed inefficient 

glycopeptide release from the urothelium in regions protected by rugae.  Because bladders are 

able to expand to accommodate filling with urine, it was anticipated that stretching the bladder to 

its natural accommodated state would not damage the tissue and would make the entire surface 

available for digestion.  

A device was developed to enable bladder tissue to be held in a fully-extended state, thereby 

removing the urothelial zones protected by rugae.  By being based on a conventional 6-well cell 

culture plate, the device further provides the advantage of six inbuilt reaction vessels for 
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replicate or serial testing on the same bladder lumenal surface (Figure 2A,, see also Supporting 

Information, and Figure S1, Figure S2). Porcine bladders were dissected and shaped by removing 

the top of the bladder above the ureters and the base to form a cylinder, and then cutting to open 

the bladder into a natural rectangle (Figure 2B, Figure S2).  The rectangular shape aided in 

distributing the strain evenly across the tissue as it was stretched and held on the device (Figure 

2A).  

The bladder tissue examined using H&E staining showed histological structures, including the 

urothelium, remained fully intact after dissection (Figure 2C) and following accommodation 

(Figure 2D).  The accommodated state was accompanied by a loss of rugae and by changes in 

collagen bundles in the bladder wall (stained pink by H&E) from compacted (Figure 2E) to 

aligned (Figure 2F), showing that the bladder was relaxed before stretching and completely 

distended on the reaction device.  
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Figure 2. The reaction device providing 6 reaction chambers (A).  A fresh pig bladder was 

dissected as shown in (B): after trimming to remove adventitious fat and connective tissue, the 

bladder was opened using scissors to remove the neck and apex before a longitudinal cut was made 

from neck to apex to open the bladder into a single-layered rectangular sheet, allowing the bladder 

tissue to lay in a low-stress flat sheet state.   The dissected bladder was stretched on the reaction 
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device as shown in (A). The pig bladder before and after distending was processed for histology 

and examined using H&E staining. The urothelium remained intact before (C) and after (D) 

stretching, but with loss of anatomical folds or rugae. The collagen fibres (stained pink) in the 

relaxed bladder wall (E) showed realignment after stretching (F). 

 

A leak test was conducted to ensure that the trypsin solution was retained within each vessel 

throughout trypsinization by weighing the trypsin solution before and after incubation.  The 

mean recovery was 96.5% (1.90 ± 0.04 mg SD; n=4) which indicated the device sealed the 

trypsin solution with negligible exchange between adjacent vessels. 

Monitoring tissue-surface trypsinization: In order to obtain objective evidence for the 

depletion of cell apical surface (glyco)proteins and inform optimization of the trypsin incubation 

time, UPK3a, an apically-expressed glycoprotein was examined post-digestion by 

immunohistochemistry using antibody AU1.  UPK3a is a highly glycosylated apical surface 

protein and so an appropriate choice to identify conditions for effective digestion by trypsin 

(which can be hampered by glycosylation) while at the same time leaving the tissue surface 

intact.  A complete urothelial surface layer was retained after the bladder was stretched (Figure 

3A). Tissue sections collected from different bladder locations (in each of the six reaction wells) 

all gave identical immunolabelling results indicating an intact UPK3a layer across the urothelial 

apical surface before trypsinisation (Figure 3A). 

Using individual wells in the reaction device made it possible to optimise tryptic digestion 

conditions.  Different trypsin incubation periods (0, 2, 5, 10, 20, 40 minutes) were tested using 

individual wells, with immunolabelling of superficial UPK3a used to monitor the extent of loss 
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of the UPK3a layer from the apical surface with increased trypsin incubation (Figure 3B). 

UPK3a detected on the superficial porcine urothelium before trypsinization was still evident but 

reduced after 20 minutes’ trypsinization and had depleted almost completely after 40 minutes’ 

trypsinization (Figure 3B).   
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Figure 3. Monitoring of tissue-surface trypsinization.  Stretched pig bladder was processed for 

(immuno)histology experiment to monitor the effects on tissue structure of tissue-surface 

trypsinization (panels A, B), while MALDI-MS assessed the outcome of the tryptic shaving 
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optimization for N-glycan release study (panels C, D). (A) Histological section through porcine 

bladder indicating position of reaction vessels labelled in replicate for UPK3A (a, b & c) to show 

reproducibility.  (B) Immunolabelling of porcine urothelium labelled with UPK3A following 

surface trypsinisation for 2, 10, 20 and 40 minutes. Note the reduction of labelling over time. These 

results were ranked by seven independent (blinded) observers and the linearity between the 

average ranking score for each slide and the period of trypsinization was tested by linear regression 

(P ≥ 0.0005), supporting the relationship between immunolabelling for UPK3a and extent of 

trypsinization.  The amount of each N-glycan species (potential structures are depicted) released 

from the luminal surface of porcine bladders 1 (C) and 2 (D), using on-tissue trypsinization for 10, 

20, 30, 40 or 50 minutes.  Error bars indicate the standard deviations of the mean for three technical 

replicates. 

 

 

Optimisation of surface shaving time and N-glycan release for MALDI-MS:  Optimised 

tryptic digestion of urothelium was carried out in Hank’s balanced salt solution (HBSS) which, 

although not ideal for use with samples for mass spectrometric analysis (it contains, among other 

things, calcium and magnesium salts), was demonstrated to be necessary to maintain the tissue 

surface intact (not shown).  To overcome this conflict a scheme for cell surface glycan release 

and analysis was developed to purify glycan mixtures obtained from the sample matrix 

containing inorganic salts (Figure 4). 
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Figure 4. Scheme for cell surface glycan release and analysis, developed to purify glycan mixtures 

obtained from the sample matrix containing inorganic salts.  Collected trypsinized supernatants 

were subjected to PNGase F digestion and β-elimination to release N- and O-glycans that were 

isolated as a single pool using graphitized carbon SPE (e.g. 25) to purify the glycans from the 

HBSS salts, and then permethylated and purified using C18 SPE (e.g. 19,25).  Permethylated 

glycan samples containing N- and O-glycans were spiked with permethylated GlcNAc6 as an 

internal standard at the stage of forming the sample spot on the MALDI plate, for analysis using 

MALDI-MS, semi-quantifying the amount of urothelial glycans.    
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The amounts of N-glycans released from the luminal surface of two porcine bladders 

accommodated onto the stretching device and incubated with trypsin for different time periods 

were analyzed following permethylation and quantification with an internal standard 

(permethylated GlcNAc6) using MALDI-MS.  Ten different N-glycans were identified in the two 

minute incubation sample and were common to the other samples incubated for longer, their 

levels increasing with increased incubation time (Figure 3C, D). The amount of each N-glycan 

species released from the two bladders increased only slowly after 30 minute trypsin treatment 

and extending the length of trypsinization did not release more different N-glycan species 

(Figure 3C, D). Consequently, a 30-minute trypsin incubation period was adopted for all future 

experiments.   

 Porcine urothelial cell apical surface N- and O-glycans:  Having established that the tryptic 

treatment of tissues in the 6-well device specifically and efficiently releases apical surface 

components from accommodated porcine bladders, the approach was used to release the apical 

surface glycopeptides from three replicate porcine bladders collected on the same day and 

processed in parallel.  N- and O- glycans were retrieved in a single pool from the trypsin 

supernatants on sequential PNGase F and subsequent alkaline β-elimination 32 treatments, 

respectively.  The uroglycome was isolated using graphitised carbon solid phase extraction 19, 33 

which proved to be an efficient way to purify the glycans from the HBSS salts in which the 

tissue was enzymatically shaved, and then permethylated and purified using C18 solid phase 

extraction 19, 27, 33, for MALDI mass spectrometric semi-quantitative analysis (carried out as in 

(22)).  Importantly, it was not possible to obtain mass spectrometric signals from the 

permethylated released glycans without isolating them before permethylation using graphitised 

carbon SPE, presumably due to the very complex matrix presented by the HBSS buffer.  Use of 
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C18 SPE to purify glycans after permethylation enhanced signal:noise, signal stability and mass 

spectrometric response, even when glycans had been isolated using graphitised carbon SPE, and 

so this step was routinely incorporated in our protocol. 
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Figure 5. Representative MALDI mass spectrum of porcine urothelial cell apical surface N-glycan 

and O-glycan profiles obtained from the luminal surface of porcine bladder, upper panel displays 

m/z 700 to 1500 (the proposed N- and O-glycan structures of peaks (M+Na+) are depicted).  Lower 

panel displays m/z 1500 to 3200 (the proposed structures of intense peaks (M+Na+) are depicted).  

Asterisks represent intense signals not readily assignable as O- or N-glycans.  The different 

intensity axes on the two panels have been used to display the glycan signals most conveniently, 

and to enable them to be observed against the high background that is due to contaminating Glc 

oligomers in the HBSS buffer, that are incompletely removed during the sample-handling 

procedure. 

 

Representative MALDI mass spectra obtained from the N- and O-glycans from the three 

individual porcine bladders after permethylation were very similar to each other, the main 

difference between the spectra being their relative peak intensities.  A typical MALDI mass 

spectrum is shown (Figure 5). Most of the peaks for apical cell surface N-glycans were much 

more intense than those for apical cell surface O-glycans.  For apical cell surface O-glycans, 

intense peaks were assigned as mucin-type O-glycans at m/z 722.36 (Hex2HexNAc), 879.43 

(NeuAcHexHexNAc), 909.44 (NeuGcHexHexNAc), 1124.56 (NeuAcHexHexNAc2), 1240.60 

(NeuAc2HexHexNAc) and 1485.73 (NeuAc2HexHexNAc2).  For apical cell surface N-glycans, 

the most intense peaks in all the mass spectra can be assigned to complex N-glycans at m/z 

1794.90 (FucHex4HexNAc3), 1835.92 (FucHex3HexNAc4), 2040.03 (FucHex4HexNAc4), 

2081.06 (FucHex3HexNAc5), 2244.13 (FucHex5HexNAc4), 2326.19 (FucHex3HexNAc6), 

2605.32 (NeuAcFucHex5HexNAc4), 2652.35 (FucHex7HexNAc4), 2966.51 

(NeuAc2FucHex5HexNAc4), and 3048.48 (NeuAc2FucHex3HexNAc6).  It should be noted that 
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the peaks at m/z 1141.57 (FucHex2HexNAc2) and 1171.58 (Hex3HexNAc2) can be assigned as 

either N-glycans or O-glycans; see discussion below of Figures S8 and S9. 

In total, 55 different urothelial cell apical surface N-glycans (Supporting Information Figure 

S3) and 12 different O-glycans (Supporting Information Figure S4) were identified over the three 

biological replicates.  Small standard deviations in relative signal intensities (shown on Figures 

S1 and S2 and provided, with CVs, in Tables S2 and S4) were obtained among experimental 

replicates for most of the N- and O-glycan species, demonstrating that the developed protocol 

(Figure 1) for on-tissue trypsinization followed by sequential glycan release using PNGase F 

digestion and β-elimination, is capable of giving high reproducibility of data for apical cell 

surface glycan identification.  Most porcine urothelial cell apical surface glycan structures were 

identified across all three biological replicates (Supporting Information Figure S5); 47 of the 55 

N-glycans (Supporting Information Figure S6) were identified in all three biological replicates 

(Supporting Information Table S1), and all 12 apical cell surface O-glycan structures 

(Supporting Information Figure S7) were identified in all three biological replicates (Supporting 

Information Table S3).  

The results generated using this approach represent the first normal mammalian superficial 

urothelial cell apical surface N- and O-glycome.  The apical cell surface N- and O-glycomes 

obtained using the on-tissue trypsinization approach showed great reproducibility between 

biological replicates in both the relative amount of released glycan (based on the small standard 

deviations) and the number of different glycan species detected (Supporting Information Figure 

S5).  A few apical cell surface N- and O-glycans differed in terms of their proportion of the total 

common glycans between biological replicates, likely due to individual biological variation.  It 

should be noted that information on the breed, age, and sex of the animals from which the 
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bladders derived was not available from the abattoir.  Such background information may help to 

explain individual differences observed in glycan profiles in future studies. 

In order to verify the structural assignments proposed on the basis of composition, knowledge 

of biosynthesis, the specific literature, and well established N- and O-glycan structures, product 

ion analyses were conducted to investigate some representative apical cell surface glycans, 

released together in a mixture from porcine urothelium.  The candidate glycans for product ion 

analysis included 1) two groups of potentially N- and O-glycans identified at m/z 1141.57 

(Supporting Information Figure S8) and 1171.58 (Supporting Information Figure S9), 2) basic 

oligomannose N-glycan at m/z 1579.69 (Supporting Information Figure S10), 3) basic hybrid N-

glycan at m/z 1824.91 (Supporting Information Figure S11) and 4) basic complex N-glycan at 

m/z 1835.93 (Supporting Information Figure S12). Product ion analysis was conducted using the 

higher energy collision mode (HCD) on a Thermo Orbitrap Fusion Tribrid.   

In summary, the product ion spectrum of FucHex2HexNAc2 at m/z 1141.57 (Supporting 

Information Figure S8) suggests a single linear N-glycan species; no fragment ions were 

consistent with the presence of a typical isobaric O-glycan.  The product ion spectrum of 

Hex3HexNAc2 at m/z 1171.58 (Supporting Information Figure S9) shows two sets of fragments 

in a chimeric spectrum, which can derive from the N- and O-glycan isomeric forms of 

Hex3HexNAc2. The product ion spectrum of Hex5HexNAc2 at m/z 1579.67 (Supporting 

Information Figure S10) is consistent with the expected Hex5 oligomannose glycan structure.  

The product ion spectra of m/z 1824.91 (Hex5HexNAc3, Supporting Information Figure S11) and 

1835.93 (FucHex3HexNAc4, Supporting Information Figure S12) both show two sets of 

fragments consistent with the presence of two isomeric hybrid N-glycan isomers. 
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Step 2. Collection and analysis of N-glycans from whole urothelium isolated from bladder 

tissue:  For comparison with the apical uroglycome, the whole epithelial glycome was 

investigated by analyzing N-glycans released from porcine urothelium which was harvested by 

scraping the luminal surface of the bladder with a scalpel to release the urothelium from the 

tougher underlying stromal tissue at the natural junction of the collagen IV-rich basement 

membrane, which was monitored by immunohistochemistry (Supporting Information Figure 

S13).   

Three different fresh porcine bladders (Uro1, Uro2 and Uro3) were used as the source of 

normal porcine urothelial cells, representing three biological replicates from which whole 

porcine urothelial cell N-glycan profiles were obtained.  For technical replicates, three aliquots of 

urothelial cells from each of the three bladders were used side by side for N-glycan release using 

whole cell lysis and the FANGS protocol 23. Representative MALDI mass spectra obtained from 

three individual porcine bladders revealed 46 different urothelial N-glycans taking the three 

biological replicates together; the proposed structures for the glycans represented by the most 

intense peaks are depicted in Supporting Information Figure S14.  The most intense peaks in all 

the mass spectra of porcine urothelial N-glycans can be assigned as oligomannose N-glycans at 

m/z 1579.79 (Hex5HexNAc2), 1783.89 (Hex6HexNAc2), 1987.99 (Hex7HexNAc2), 2192.09 

(Hex8HexNAc2) and 2396.20 (Hex9HexNAc2).  Mono- and di-sialylated complex N-glycans 

were observed above m/z 2000, including m/z 2431.21 (NeuAcHex5HexNAc4), 2605.30 

(NeuAcFucHex5HexNAc4), 2635.31 (NeuGcFucHex5HexNAc4), 2966.45 

(NeuAc2FucHex5HexNAc4) and 2996.45 (NeuAcNeuGcFucHex5HexNAc4).  The relative 
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percentages of those porcine urothelial total cell lysate N-glycans common to all three biological 

replicates are shown in Supporting Information Figure S15.  

The most abundant N-glycan classes in each biological replica were the complex N-glycans 

that represented 55.0%, 61.6% and 56.9% of the common N-glycome in the three biological 

replicates, respectively,while the respective proportion of oligomannose N-glycans was 37.7%, 

30.0% and 38.3%.  The proportion of hybrid N-glycans was less than 5% in all samples.  The ~3-

5 % of N-glycan structures smaller than Hex2HexNAc5 were presumed to be degraded N-glycans 

and not categorized into any group. Small standard deviations in relative signal intensities (n=3) 

were obtained among technical replicates for each N-glycan structure, consistent with the 

FANGS approach being capable of giving highly reproducible MALDI mass spectra, which is in 

line with the results of the studies by Abdul Rahman et al. 23 and Skeene et al. 24. 

Most N-glycan structures were identified at similar proportions in all three biological replicates 

(Supporting information Figure S16).  Of these 46 N-glycans, 29 were present in all biological 

replicates (Supporting Information Table S5, Supporting Information Figure S15).  The 17 N-

glycans identified in one or two biological replicates represented generally less than 1% of the 

averaged total intensities of all N-glycans in each biological replicate and had low absolute signal 

intensities (<106 counts), and so represent a very small proportion of the total urothelial N-

glycans in the total cell lysate N-glycans. 

One particular monosialylated monoantennary N-glycan identified in the three biological 

replicates, NeuAcHex3HexNAc3 was not reported in previous urothelial N-glycan studies 24 but 

was identified on human neutrophil cathepsin G (nCG) 34 and human bone marrow-derived 

mesenchymal stem cells (MSC) 35 using LC-MS/MS and MALDI-MS of underivatized glycan 
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preparations, respectively.  Sample Uro2 data contained particularly low percentages of 

Hex5HexNAc2 and NeuAc2FucHex5HexNAc4 and had more different complex N-glycan species 

(FucHex5HexNAc3, NeuGcHex4HexNAc3, Fuc2Hex4HexNAc4, Hex6HexNAc4, 

FucHex3HexNAc6, NeuAcFuc Hex5HexNAc4, NeuAcHex5HexNAc4, NeuGcFucHex5HexNAc4 

and NeuAcFucHex6HexNAc5) than Uro1 and Uro3.  Since the three porcine bladders were 

collected and processed at the same time, this difference is likely to be caused by individual 

biological differences and not by variation in sample handling, since there is a small standard 

deviation across the technical triplicates. 

DISCUSSION 

Here, we present a novel validated approach that defines the polarised urothelial tissue surface 

glycome.  We have used it to generate the first description of a normal apical tissue surface 

glycome, and so are in a position, for the first time, to consider the purpose of the glycans in 

urothelial biology.  Whilst obtaining human bladder tissue in sufficient quantities to carry out 

such experiments on normal human urothelium may be challenging, our approach could in future 

be applied to in vitro-generated barrier-forming human urothelium 36, enabling us in further 

studies to determine the effect on the surface glycome of treating the bladder lumen with drugs 

or devices. Given the widespread but not un-controversial use of intravesicular 

glycosaminoglycan therapies 14, 37-41, our approach may also open opportunities for evidence-

based investigations of the effects of such glycome therapies. It is worth noting that our method 

could be expanded to include the study of GAGs, if these did indeed prove to be relevant to the 

bladder urothelial barrier function. While our method was designed to examine the bladder 

glycome, our approach could be adapted (including identifying surface markers to monitor 

digestion) and optimized for application to other epithelial surfaces lining tracts and organs, 
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including skin and different regions of respiratory, alimentary and reproductive tracts.  It could 

also be used to study other surface tissues such as cartilage.         

Comparison of the apical surface glycome with the whole urothelial tissue glycome (see Figure 

6 and its discussion, below) has enabled identification of glycans found only in the apical surface 

preparations.  With the identification here for the first time of apical-specific glycan structures, 

there is now the prospect in future studies of ascribing functional roles to these surface glycans.   

The comparison between the urothelial total cell lysate N-glycome and the urothelial apical 

surface N-glycome revealed distinct differences in the number and proportions of N-glycan 

species identified.  This observation is in line with the results of studies by other research groups 

where the identification of cell surface N-glycomes released either from enriched cell membrane 

fractions 2, 3, 42 or from cell surface tryptic shavings 1 were compared to total cell lysate N-

glycomes. In addition, the high proportion of urothelial complex N-glycans released from either 

the total cell lysate or on apical cell surface shaving may present a signature of highly specialised 

cells.  This is supported by the results of the study by Montacir and colleagues 19 in which the 

authors used cell surface trypsinization to collect the cell surface N-glycans from cultured human 

embryonic stem cells (hESCs) and cultured hepatocyte-like cells (HLCs), directly differentiated 

from the hESCs.  Montacir et al. classified the complex N-glycans into several groups with 

sialylation or fucosylation and only reported the number of biantennary and oligomannose.  The 

proportion of biantennary complex N-glycans released from the hESC-differentiated HLCs 

increased to 49% from 11% in the hESCs.  By contrast, the proportion of oligomannose N-

glycans released from the hESC-differentiated HLCs reduced to 18% from 39%. 
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Prior to the present study, there is only a single report 24 of urothelial O-glycan structural 

studies that we are aware of, and most reports of urothelial N-glycans relate to the species-

dependent uroplakin N-glycoforms 6, 7, 9, 10, 43-45.  A summary of those urothelial N-glycan 

structures identified in previous studies includes oligomannose (Hex5-9HexNAc2), hybrid, and bi, 

tri-, and tetra-antennary complex glycans bearing one to four fucose and sialic acid residues in 

bovine and mouse uroplakins 6, 10, 24, 30, 43, 46, 47.  Human urothelial N-glycans have been reported 

to contain the structures listed above, as well as a proposed intersecting GlcNAc glycoform 30.   

The recent study of Skeene et al. 24 used lysates of whole porcine urothelial cells prepared by 

scraping, as in this study, to develop a one-pot method using FANGS to sequentially release N- 

and O-glycans from urothelial cell lysates; that study reported 16 N-glycans containing five 

oligomannose N-glycans (Hex5-9HexNAc2), six complex N-glycans (Hex3HexNAc4, 

FucHex3HexNAc4, Hex4HexNAc4, NeuAcFucHex5HexNAc4, NeuAc2Hex5HexNAc4, 

NeuAc2FucHex5HexNAc4) and others (Hex2HexNAc2, FucHex2HexNAc2, Hex3HexNAc2, 

FucHex4HexNAc2, Hex4HexNAc2).  All 16 N-glycans identified in that study were also 

identified in the urothelial whole cell lysates reported here.  High abundance of oligomannose N-

glycans and a relatively low abundance of complex N-glycans were reported by Skeene et al 24.  

By contrast, in the present study, along with the detection of the same oligomannose N-glycans, 

many complex N-glycans were identified that were at low abundance or not detected by Skeene 

et al.  It is not clear what caused the difference in the relative abundances of total cell lysate N-

glycans between the two different studies using the same method, and similarly prepared 

urothelial cells from the same species.  A likely explanation is that the amount of urothelial cells 

used to release the total cell lysate N-glycans in this study could have been higher 

(approximately 2 ~ 3 × 106 cells) than the amount of urothelial cells used in the study by Skeene 
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et al. (where the amount was not reported), enhancing the detection of many low abundance 

complex N-glycans in the high m/z range. 

 

 

A 
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B 

Figure 6 A. The relative percentages of porcine urothelial total cell lysate N-glycan proposed 

structures compared to those of porcine urothelial cell apical surface structures.  B. The 

percentages of oligomannose, hybrid, complex and other N-glycans in the porcine urothelial cell 

apical surface N-glycome of three biological replicates using the on-tissue trypsinization approach.  

The red dotted lines indicate the percentages of the different types of N-glycan, representing the 

means of the three biological replicates, in the porcine urothelial total cell lysate N-glycome. 
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The relative percentages of the 47 N-glycans in the porcine urothelial cell apical surface N-

glycome released using on-tissue trypsinization (Figure 6A) were compared with the relative 

percentages of the 29 N-glycans in the porcine urothelial total cell lysate N-glycome identified 

using the FANGS approach.   It is noteworthy that 22 N-glycan structures were identified only in 

the apical cell surface N-glycome, of which 20 were complex and hybrid N-glycans, and two 

were smaller than Hex5HexNAc2.  By contrast, four N-glycan structures were identified only in 

the total cell lysate N-glycome, of which two were complex N-glycans and two were smaller than 

Hex5HexNAc2.  The apical surface N-glycan structures can be divided into four structural groups 

(Figure 6B).  The proportion of complex N-glycans released from the porcine urothelial cell 

apical surface increased to 77.5% from 54.8% from total cell lysates.  By contrast, the proportion 

of oligomannose N-glycans released from the apical cell surface reduced to 8.6% from 38.3% in 

the total cell lysates.  In addition, 20 more complex N-glycans were identified only in the apical 

cell surface N-glycome.   

To date, biological functions of glycans on urothelium have not been studied, with the sole 

exception of the demonstration of the function of the oligomannose glycans of UPK1a 10, 11, 48.  

Urothelial N-glycans have been mainly investigated in studies of N-glycosylation of uroplakins, 

or in cell lysate glycomes from established bladder cancer cell lines.  In the present study, 

providing the first normal mammalian urothelial N-glycome, low abundance oligomannose N-

glycans and high abundance complex N-glycans were observed in both apical cell surface N-

glycomes and the total cell lysate N-glycome of scraped porcine urothelium.  The high 

abundance of complex N-glycans observed here in urothelium, and suggested by Montacir et al 

19 (in hESCs) to be a feature of differentiation, raises intriguing prospects for polarised epithelial 

surface biology. Urothelial O-glycans have been mainly identified as mucin-type structures in 
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previous studies, using lectin labelling of O-glycans in animal tissues or cell lysates 13, 49-51.  

Some studies have suggested that the urothelium is a type of secretory epithelium, because most 

glycan structures labelled by lectins were mucin-type O-glycans (T and Tn antigens) that are 

commonly identified in mucus secreted at mucosal epithelial surfaces 49, 51.  However, 

urothelium is not classified as a mucosal epithelium 52.  Based on the observation that the O-

glycans identified in the present study required trypsinization to shave the apical cell surface 

prior to β-elimination to release O-glycans, it is proposed that the inferred urothelial mucin-type 

O-glycans are unlikely to be from secreted proteins but from the membrane-bound glycoproteins 

present on superficial urothelium.  A control on-tissue treatment was conducted in the present 

study using buffer without trypsin; no detectable mass spectrometric signals for O- and N-

glycans were obtained on MALDI-MS.  This result suggests that the porcine urothelium does not 

have secreted glycoproteins and is unlikely to be a secretory epithelium, which is in line with the 

results of N’Dow et al. 52 in which the quantities of bladder surface-associated glycoproteins 

were shown to remain constant, although the amounts of urinary glycoprotein were very 

variable; this perhaps indicates derivation from elsewhere in the urinary tract.  

It is possible that there are parallels between the apical surface glycan structures we report 

here, and the role of N- and O-glycan structures that have been associated with apical targeting in 

other polarised epithelial cells.  In one such study, fucosylation of N-glycans was described as a 

signal for apical targeting of biliary glycoproteins 53.  In a study by Kinlough et al., the O-

glycans on MUC1 were demonstrated to be the signal required for sorting to the apical surface of 

polarised MDCK cells 54. Specifically, the latter study demonstrated that overexpression of α2,6-

sialyltransferase-1 resulted in depletion of core 1 mucin-type O-glycans and the relocalisation of 

MUC1 to the basolateral rather than apical surface of MDCK cells.  Our observations of 
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fucosylated N-glycans and mucin-type O-glycans on the urothelial apical surface of the 

urothelium are thus consistent with a role for such glycans in defining the polarised apical 

surface of differentiated epithelial cells and tissues.  

To summarise, total cell lysate urothelial N-glycans and apical cell surface N- and O-glycans 

from the luminal surface of fresh polarized porcine superficial urothelium have been successfully 

investigated using FANGS and on-tissue trypsinization, respectively. The use of an in-house 

built device with six reaction wells enabled tissue-surface trypsinization and allowed multiple 

experimental replicates of the uniform luminal surface of stretched porcine bladders to be studied 

for the first time.  The value of separating (apical) surface glycans from total cell lysate glycans 

is to offer a glycan profile of the polarized cell surface to explore those glycans that are 

potentially responsible for various tissue apical surface features.  Moreover, this six-well device 

also allowed post-processing of porcine bladder samples by formalin fixation immediately after 

trypsinization, chemically preserving the appearance of the trypsinized cell surface for 

immunohistochemical monitoring and validation of the extent of trypsinisation.  This has made it 

possible to visualize the site of shaving of the tissue and to demonstrate that the tissue handling 

treatments did not compromise the tissues and thus the samples produced. It enables the specific 

study of the apical cell surface glycome from fresh animal tissues, presenting a method to 

examine, in real time, the expression of glycans/peptides/proteins on differentiated tissue 

surfaces with structural information generated by MS analysis.  It should be noted that our 

shaving approach yields glycopeptides. These glycopeptides can be processed and analysed 

using the full range of different glycopeptide and glycan analysis approaches available (for 

reviews of such analytical approaches, see 55-57), and so our method is flexible for 
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implementation with other analytical approaches beyond those we used here to release and 

profile the apical N- and O-glycomes. 

This study represents the first study of a mammalian uroglycome. The porcine bladder 

urothelium is anticipated from other studies to be similar to that of human bladder.  

Consequently, porcine urothelial glycan profiles can be considered a preview of human 

urothelial glycan profiles, with a processing pipeline available for subsequent studies using 

barrier-forming in vitro propagated and differentiated human urothelial cells in lieu of hard-to-

source primary human bladder tissue.  The transition to an in vitro approach will also enable 

molecular tools to be incorporated to study glycan functions – for example by following the 

approach of Kinlough 54 by overexpressing CMP-Neu5Ac:GalNAc-R2,6-sialyltransferase-1 to 

block core O-glycan synthesis and assess the impact on barrier function and surface protein 

expression. 

Our two approaches have been demonstrated to be capable of determining qualitative and semi-

quantitative urothelial glycan profiles, enabling comparative studies that will allow 

determination of the potential functional contributions of individual glycans to urothelial 

function, development of urothelial diseases, and study of the mechanisms of action on the 

urothelial glycome of treatments and devices. 
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SUPPORTING INFORMATION: 

The following supporting information is available free of charge at ACS website 

http://pubs.acs.org 

Device for on-tissue trypsinization for release of apical cell surface glycopeptides. Text 

describing the device for on-tissue sampling and how it is used. 

 

Figure S1. Schematic depicting design and use of device for on-tissue trypsinisation   

Figure S2. Photographs showing dissection of porcine bladder and stretching onto device base 

plate. 

Figure S3. The collection of 55 porcine urothelial cell apical N-glycans from three biological 

replicates (semi-quantification of proposed N-glycans from the apical surface of three different 

pig bladders) 

Figure S4. The collection of 12 permethylated porcine urothelial cell apical O-glycans from three 

biological replicates (semi-quantification of proposed O-glycans from the apical surface of three 

different pig bladders) 

Figure S5. Venn diagram showing the distribution of the 55 different porcine urothelial cell 

apical surface N-glycans over the three biological replicates 

Figure S6. Relative percentages of the 47 porcine urothelial cell apical surface N-glycans that 

were common to the three biological replicates (relative amounts of the 47 common N-glycans 

observed in the apical glycome of three replicate pig bladders) 

http://pubs.acs.org/
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Figure S7.  Relative percentages of the 12 porcine urothelial cell apical surface O-glycans that 

were common to the three biological replicates (relative amounts of the 12 common O-glycans 

observed in the apical glycome of three replicate pig bladders) 

Figure S8. Product ion spectrum of [M+Na]+ at m/z 1141.57, in permethylated glycans collected 

from porcine urothelium using on-tissue trypsinization (MSMS data demonstrate a linear 

structure consistent with a truncated N-glycan, rather than a branched O-glycan isomer) 

Figure S9. Product ion spectrum of [M+Na]+ at m/z 1171.58, in permethylated glycans collected 

from porcine urothelium using on-tissue trypsinization (MSMS data allow the presence of both 

N- and O-glycan isomers of Hex3HexNAc2 to be identified) 

Figure S10. Product ion spectrum of [M+Na]+ at m/z 1579.79, in permethylated glycans collected 

from porcine urothelium using on-tissue trypsinization (MSMS data are consistent with a 

standard Man5GlcNAc2 oligomannose glycan) 

Figure S11. Product ion spectrum of [M+Na]+ at m/z 1824.91, in permethylated glycans collected 

from porcine urothelium using on-tissue trypsinization (MSMS data are consistent with  the 

presence of two isomeric hybrid N-glycan isomers) 

Figure S12. Product ion spectrum of [M+Na]+ at m/z 1835.93, in permethylated glycans collected 

from porcine urothelium using on-tissue trypsinization (MSMS data are consistent with the 

presence of two isomeric N-glycan structures) 

Figure S13. H&E and immunolabeling images of porcine bladders (histological evidence of 

urothelial removal without damage to the underlying tissue) 
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Figure S14. MALDI mass spectra of N-glycan profiles obtained from whole cell lysates of 

urothelia from three individual porcine bladders, (A) Uro1, (B) Uro2 and (C) Uro3 (mass spectra 

of analyses of whole urothelial cell lysates from three different animal bladders) 

Figure S15. The relative percentages of N-glycans from whole cell lysates of urothelia from three 

independent porcine bladders, Uro1, Uro2, and Uro3 (average relative percentages and proposed 

glycan structures are presented)  

Figure S16 Venn diagram showing the distribution of the 46 N-glycans from whole cell lysates 

of urothelia over three different porcine bladders 

Table S1. 47 porcine urothelial cell apical surface N-glycans common to the three biological 

replicates  (table summarizing mass spectrometric data for the 47 apical N-glycans common to 

the three replicate bladders)  

Table S2. Table giving standard deviations and CVs for the 47 porcine urothelial cell apical 

surface N-glycans common to the three biological replicates 

Table S3. 12 porcine urothelial cell apical surface O-glycans common to the three biological 

replicates (table summarizing the mass spectrometric data for the 12 apical O-glycans common 

to the three replicate bladders)  

Table S4. Table giving standard deviations and CVs for the 12 porcine urothelial cell apical 

surface O-glycans common to the three biological replicates 

Table S5. List of 29 urothelial total cell lysate N-glycans released by FANGS that were common 

to the three porcine bladders (table summarizing the mass spectrometric data from the 29 
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urothelial total cell lysate N-glycans common to the three individual bladders from which the 

urothelial cells were obtained) 
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