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Abstract 

While aberrant protein glycosylation is a recognised characteristic of human cancers, advances in 

glycoanalytics continue to discover new associations between glycoproteins and tumourigenesis. 

This glycomics-centric study investigates a possible link between protein paucimannosylation, an 

under-studied class of human N-glycosylation [Man1-3GlcNAc2Fuc0-1], and human cancers. The 

paucimannosidic glycans (PMGs) of 34 cancer cell lines and 133 tissue samples spanning 11 cancer 

types and matching non-cancerous specimens were profiled from 467 published and unpublished 

PGC-LC-MS/MS N-glycome datasets collected over a decade within our laboratories. PMGs, 

particularly Man2-3GlcNAc2Fuc1, were prominent features of 29 cancer cell lines, but the PMG level 

varied dramatically across and within the investigated cancer types (1.0%-50.2%). Analyses of paired 

(tumour/non-tumour) and stage-stratified tissues demonstrated that PMGs are significantly 



www.proteomics-journal.com Page 3 Proteomics 

 

 
This article is protected by copyright. All rights reserved. 

3 
 

enriched in tumour tissues from several cancer types including liver cancer (p=0.0033) and colorectal 

cancer (p=0.0017) and is elevated as a result of prostate cancer and chronic lymphocytic leukaemia 

progression (p<0.05). Surface expression of paucimannosidic epitopes was demonstrated on human 

glioblastoma cells using immunofluorescence while biosynthetic involvement of N-acetyl-β-

hexosaminidase was indicated by quantitative proteomics. This intriguing association between 

protein paucimannosylation and human cancers warrants further exploration to detail the 

biosynthesis, cellular location(s), protein carriers and functions of paucimannosylation in 

tumourigenesis and metastasis. 

 

Statement of Significance of Study 

This is the first study to systematically investigate and document an association between protein 

paucimannosylation, a less studied human N-glycosylation type, and human cancers. The study 

provides evidence of an over-representation of paucimannosylation in diverse cancer types, and 

further points to a stage-specific expression, catalytic involvement of N-acetyl-β-hexosaminidase and 

cancer cell surface expression of paucimannosidic proteins. Our findings expand our knowledge of 

the glyco-phenotypes associated with human cancer, and, at the same time, open many enticing 

questions concerning the biogenesis, protein carrier(s), subcellular localisation(s) and function(s) of 

paucimannosylation in the heterogeneous tumour micro-environment. Thus, this work contributes 

fundamental knowledge required to improve the diagnosis, treatment, and, eventually, prevention 

of human cancers. 
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1. Introduction  

Protein glycosylation, the addition of complex carbohydrates (glycans) to polypeptides, plays 

important roles in diverse intra- and intercellular processes [1]. Unsurprisingly, the glycosylation 

process of proteins is impacted by the onset and progression of cancer. Aberrant glycosylation in 

human cancers was reported already several decades ago by the observation of a skewed ABO blood 

type glycosylation in patients suffering from stomach carcinoma [2] and by an antibody-based 

detection of aberrant carbohydrates in breast and colorectal carcinoma [3]. 

Many glycoepitopes serving as tumour antigens have since been structurally elucidated using 

modern analytical methods for glycan structure determination, for example, by fluorescence HPLC 

detection of 2-aminobenzoic acid labelled colorectal cancer (CRC) glycans [4], MALDI-TOF-MS 

detection of permethylated prostate cancer (PCa) glycans [5], and porous graphitised carbon (PGC)-

LC-MS/MS detection of underivatised breast cancer glycans [6]. The aberrant protein glycosylation 

features associated with human cancers have been recently summarised [7]. While it remains difficult 

to unravel if aberrant protein glycosylation is causative or a consequence of cancer, building 

evidence demonstrates that altered glycosylation can dramatically impact cancer-related molecular 

and cellular processes, for example, by modulating the recognition of glycoproteins by cancer-

associated glycan-binding proteins [8]. 

Asparagine (N)-linked glycoproteins comprise relatively few monosaccharide building blocks 

including, but not limited to, α/β-D-mannose (Man), α-L-fucose (Fuc), N-acetyl-β-D-glucosamine 

(GlcNAc) and all share a common trimannosylchitobiose core. In spite of such structural constraints, 

N-glycoproteins often display considerable heterogeneity due to structural variations in the glycan 

antenna region [9]. Three prominent classes, the oligomannosidic, hybrid and complex type N-

glycoproteins, dominate the human glycobiological literature [10] and are often studied in cancer 

research [11-16]. 
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A less studied type of human N-glycosylation, known as protein paucimannosylation, is receiving 

growing attention in human glycobiology [17-19]. Our recent summary of the literature supports that 

humans, similar to most other eukaryotic species, produce proteins modified by paucimannosidic 

glycans (PMGs) comprising simple monosaccharide compositions i.e. Man(M)1-3GlcNAc2 with a 

variable presence of core fucosylation i.e. Fuc(F)0-1 albeit in a more tissue-specific and physiology-

dependent manner than the lower organisms e.g. invertebrates and plants that constitutively 

express paucimannosidic proteins [Tjondro, Loke, Chatterjee, Thaysen-Andersen. Biol Rev Camb 

Philos Soc, accepted 17 July, 2019, DOI: 10.1111/brv.12548]. Our detailed literature survey also 

supports that protein paucimannosylation plays important functions in the human innate immune 

system, in infectious processes and cellular development [20], accurately mirroring the biological 

environments where most human PMG-modified proteins to date have been observed [17, 18, 20-22]. 

Interestingly, several cancer-focused glycomics and glycoproteomics studies published in recent 

years have indicated a presence of paucimannosylation suggesting that this unusual type of N-

glycosylation may be a signature of human cancers [4, 13, 23, 24-26]. While it should be emphasised that 

most cancer-focused glycomics and glycoproteomics studies have not reported on protein 

paucimannosylation, this may in some cases be explained by a low consideration to these non-

conventional glycosylation features or, alternatively, that the employed methodology did not allow 

for the detection of truncated low-mass glycans. Hence, it remains to be systematically investigated 

if protein paucimannosylation is a glyco-signature of human cancers. 

Herein, we have interrogated an extensive collection of previously published and unpublished PGC-

LC-MS/MS glycomics data generated within our laboratories over a decade from tumourigenic and 

non-tumourigenic cell lines and tissues spanning a range of human cancer types with the aim to 

systematically test for an association between protein paucimannosylation and human cancers. 
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2. Materials & Methods 

2.1. Materials  

2.1.1. Chemicals and reagents 

Ultra-high-quality water was from a Milli-Q system (Merck/Millipore). Dulbecco’s Modified Eagle’s 

medium (DMEM), MCDB 105: Medium 199 (1:1, v/v), Minimum Essential Medium (MEM alpha), 

Roswell Park Memorial Institute medium 1640 (RPMI), and fetal bovine serum (FBS) were from 

Sigma Aldrich or Thermo Fisher Scientific (Sydney, Australia). Flavobacterium meningosepticum and 

Elizabethkingia miricola peptide-N-glycosidase F (PNGase F) expressed by recombination in 

Escherichia coli were from Roche Diagnostics (Mannheim, Germany) and Promega (Sydney, 

Australia), respectively. Other chemicals, reagents and/or proteins were from Sigma Aldrich or 

Thermo Scientific unless specified. 

 

2.1.2. Origin of human cell lines and patient tissues 

Human cell lines were obtained from the American Type Culture Collection (ATCC) (Manassas, VA), 

Cell Bank Australia (CBA) (Sydney, Australia), Cell Line Services (CLS) (Eppelheim, Germany), Garvan 

Institute of Medical Research (Sydney, Australia) and from multiple other sources as indicated in 

Table 1 (see also Supporting Table S1 for further details of the investigated cell lines). These cell 

lines were collected and studied over many years by past and present members and collaborators of 

our glycoanalytical laboratories. The cell lines were generally stored at -140°C in 90% (v/v) FBS and 

10% (v/v) dimethyl sulfoxide (DMSO) until use. All cultured cells were confirmed to be mycoplasma-

free prior to the N-glycome profiling. 

Tissue samples were obtained from multiple cancer patient cohorts or from control individuals 

suffering from a range of other non-cancer conditions at various hospitals and clinics as described in 

Table 2 (see also Supporting Table S2 for further details of the investigated tissue samples). Many of 

these tissue samples have been described in recent publications [11, 13-16, 24, 27-30]. In brief, 
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tumourigenic and non-tumourigenic tissues were collected via surgery by trained clinicians after 

written and informed patient consent were obtained, see Table 2 and Extended Experimental 

Methods for details of ethics. 

2.2. Methods 

Details concerning the cell culture conditions, tissue sample handling, and protein extraction, 

isolation and denaturation procedures have been exhaustively described in the Extended 

Experimental Methods. 

2.2.1. N-glycan release and preparation 

The N-glycans were released from the protein extracts from the obtained samples and prepared for 

glycomics as previously described [31]. In brief, 10-20 μg protein extract was immobilised in separate 

spots (technical replicates) on a primed 0.45 μm polyvinylidene fluoride membrane (Merck-

Millipore). The dried spots were stained with Direct Blue, excised, transferred to separate wells in a 

flat bottom polypropylene 96-well plate (Corning Life Sciences), blocked with 1% (w/v) 

polyvinylpyrrolidone in 50% (v/v) aqueous methanol and washed with water. De-N-glycosylation was 

performed using 1-2 U PNGase F per 20 μg protein in 10 μl water/well, 16 h, 37°C. The released N-

glycans were transferred into fresh tubes and hydroxylated by the addition of 100 mM aqueous 

ammonium acetate, pH 5, 1 h, 20°C. The glycans were reduced using 1 M sodium borohydride in 50 

mM aqueous potassium hydroxide, 3 h, 50°C. The reaction was quenched using glacial acetic acid. 

Dual desalting of the reduced N-glycans was performed using first strong cation exchange resin (N-

glycans collected in the flowthrough) and then porous graphitised carbon (PGC) (where the N-

glycans were retained) packed as micro-columns on top of C18 discs in P10 solid-phase extraction 

(SPE) formats. The N-glycans were eluted from the PGC SPE columns using 0.05% trifluoroacetic acid 

(TFA): 40% acetonitrile (ACN): 59.95% water (v/v/v), dried and reconstituted in 10-20 μl water, 

centrifuged at 14,000g for 10 min at 4°C and the supernatant finally transferred into high recovery 
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glass vials (Waters) for LC-MS/MS analysis. Bovine fetuin was included as a sample handling and LC-

MS/MS performance control. 

 

2.2.2. PGC-LC-MS/MS N-glycome profiling 

The entire set of N-glycome profiling data forming the foundation of this study was uniformly 

collected using our PGC-LC-MS/MS analytical platform [31, 32]. However, as explained below, minor 

variations in the acquisition style were used for the individual experiments carried out over a 10-

year period. The N-glycans were separated on a heated (27°C-40°C) HyperCarb KAPPA PGC LC 

column (particle/pore size 3-5 μm/200-250 Å, column length 100-300 mm, inner diameter 0.075-

0.32 mm, Thermo Hypersil Runcorn, UK) over an 85 min gradient of 0-45% (v/v) ACN (solvent B) in 10 

mM aqueous ammonium bicarbonate (solvent A) at a constant flow rate of 0.8-2 µl/min delivered by 

an Agilent 1260 Infinity HPLC (Sydney, Australia) or a Dionex Ultimate-3000 HPLC (Germany/USA) 

system. The glycans were ionised using ESI and detected in negative ion polarity mode using similar 

settings across three different mass spectrometry platforms including a i) 3D ion trap mass 

spectrometer (LC/MSD Trap XCT Plus Series 1100, Agilent Technologies, Australia) operating with a 

full scan acquisition range of m/z 200-2,200. Smart fragmentation (start/end amplitude 30-200%) at 

1.0 V and an isolation window of 4 m/z with a maximum accumulation time of 200 ms were applied. 

Smart ion charge control was enabled with a smart parameter setting target of m/z 900. A total of 

80,000 ions were targeted for all scan events. ESI was performed using a capillary voltage of +3.2 kV, 

a nitrogen drying gas flow of 6 l/min at 325°C, and a nitrogen-based nebuliser pressure of 12 psi, ii) 

LTQ Velos Pro ion trap mass spectrometer (Thermo Scientific, Australia) with a full scan acquisition 

range of m/z 500-2,000, a resolution of m/z 0.25 full width at half maximum and a source voltage of 

+3.2 kV. The automatic gain control for the MS1 scans was set to 5 x 104 with a maximum 

accumulation time of 50 ms. For the MS/MS events, the resolution was set to m/z 0.35 full width at 

half maximum, the automatic gain control was 2 x 104 and the maximum accumulation time was 300 

ms, and iii) AmaZon speed ion trap mass spectrometer (Bruker, Germany) equipped with a 
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CaptiveSpray source was used with an MS1 full scan acquisition range of m/z 380-1,800. The smart 

parameter setting was set to m/z 900 with an ion charge control target of 40,000 and a maximum 

accumulation time of 300 ms. For MS/MS, the fragmentation cut-off was set to 27% with 100% 

amplitude using the “Enhanced SmartFrag” option from 30-120% in 32 ms. The ion charge control 

target was set to 150,000. 

Data-dependent acquisition was enabled for all MS/MS scans; the three most abundant precursors 

in each MS1 full scan spectrum were selected using resonance activation (ion trap) collision-induced 

dissociation (CID) at a normalised collision energy of 33%. All MS and CID-MS/MS data were acquired 

in profile mode, and dynamic exclusion was inactivated. The mass accuracies of the precursor and 

product ions were typically better than 0.2 Da. The LC-MS/MS instruments were tuned and 

calibrated, and their performance benchmarked using bovine fetuin N-glycans prior to data 

acquisition. 

The raw data files of all 467 LC-MS/MS datasets included in this study were browsed, (re-

)interrogated and annotated using the ESI-Compass Data Analysis 4.0 software v1.1 (Bruker 

Daltonics) or Xcalibur v2.2 (Thermo Scientific) using assisting software i.e. GlycoMod 

(http://www.expasy.ch/tools/glycomod) and GlycoWorkBench v2.1 as well as manual de novo glycan 

sequencing as previously described [12]. The relative abundances of the individual N-glycans were 

determined from relative area-under-the-curve measurements based on extracted ion 

chromatograms (EICs) performed exclusively for the monoisotopic precursor ion using RawMeat 

v2.1 (Vast Scientific, www.vastscientific.com), QuantAnalysis v2.1 (Bruker) and Skyline v4.1 [33]. The 

nomenclature and depiction of glycans follow the latest symbol nomenclature for graphical 

representations of glycans[34]. 

All 467 PGC-LC-MS/MS raw data files are available via the MassIVE Consortium (identifier: 

MSV000083727). The files can be freely downloaded from: ftp://MSV000083727@massive.ucsd.edu. 
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See also Supporting Data 1 and Supporting Data 2 for tabulated N-glycome profile data of all 

samples. 

2.2.3. Statistics 

The statistical significance of the individual experiments was assessed using paired and unpaired 

one- or two-tailed Student’s t-tests where p < 0.05 was chosen as the minimum acceptable level of 

confidence to support a rejection of various proposed null hypotheses (e.g. the level of 

paucimannosylation does not differ between tumour and non-tumour tissue). For each test, the 

statistical confidence has been indicated by * (p < 0.05; ** (p < 0.01) and *** (p < 0.001). The 

number of biological samples (n) is given for the individual experiments involving tissue samples. The 

N-glycome profiles of all cell lines were generated from at least three technical (sample handling 

and/or LC-MS/MS) replicates. Data points are generally plotted as the mean and error bars 

represent their standard deviation (SD) if not specified otherwise. 

 

 

2.2.4. Immunofluorescence 

To assess the cancer cell surface expression of paucimannosidic glyco-epitopes, cultured non-

permeabilised human glioblastoma cells (U87MG and U138MG) were fixed on 0.002% (w/v) poly-L-

lysine-coated microscopy glass slides with 4% (v/v) paraformaldehyde for 20 min. To prevent non-

specific antibody recognition, the fixed cells were treated with a blocking solution containing 5% 

(v/v) horse serum in PBS for 20 min, incubated with the PMG-recognising mouse IgM “Mannitou” 

(undiluted supernatant from hybridoma cells, described in [22]) for 30 min at room temperature, and 

then incubated with a goat anti-mouse IgM Cy2-conjugated IgG antibody for 30 min in the dark 

(1:500 dilution, Dianova, Hamburg, Germany) [22]. The immunofluorescence of the cells was 

determined using a Zeiss Axioplan2 Apotome system equipped with a Plan Apochromat 63x/1.40 oil 

immersion objective (Zeiss, Oberkochen, Germany) as recently described [26]. 
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3. Results 

3.1. Quantitative PMG profiling using PGC-LC-MS/MS 

In this study, a total of 467 published and unpublished PGC-LC-MS/MS datasets obtained from an 

array of tumourigenic and non-tumourigenic human cell lines and tissue samples were (re-) 

interrogated for the presence of paucimannosidic glycans (PMGs). All eight combinatorically possible 

PMGs were confidently identified from this wealth of N-glycome data using orthogonal evidence 

including monoisotopic mass, relative PGC-LC retention time, and negative ion resonance activation 

(ion trap) CID-MS/MS, a common strategy for glycan fine structure elucidation [12, 35]. Only six of the 

eight PMGs, i.e. M1, M2F, M2a, M2Fa, M3 and M3F were consistently identified across most 

samples, Figure 1A-F. 

Further support for these six PMGs was obtained by the fact that the CID-MS/MS data matched 

previously published spectra of human PMG standards, i.e. M1F, M2a, M3 and M3F (spectral 

comparisons not shown) [18]. The relative PGC-LC retention times of the reported PMGs also agreed 

with published data [36]. The α1,3-terminating bi-mannosylated PMG isomers (i.e. M2b and M2Fb) 

were absent or negligible in most datasets whereas the corresponding α1,6-terminating M2a and 

M2Fa isomers were identified in most samples. The relative level of paucimannosylation and the 

distribution of the individual PMG species within the N-glycome profiles were determined using EIC-

based quantitation as is common practice in glycomics [32] (see Supporting Data 1 and Supporting 

Data 2 for tabulated N-glycome profile data of all samples). 

 

3.2. Cancer-wide distribution of protein paucimannosylation 

N-glycomics data from a total of 11 types of human cancers, some with several subtypes, were 

investigated for PMG signatures including brain (glioblastoma and neuroblastoma), blood (APL, AML, 

and CLL), skin (melanoma and non-melanoma), breast, lung, liver, gastric, colorectal, prostate, 
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ovarian and bladder cancers. As visually presented in Figure 2A, PMGs were detected in most 

cancerous cell lines and tissues (blue boxes) albeit the levels of paucimannosylation were found to 

vary dramatically across and even within the investigated cancer types. The non-cancerous cells and 

tissues (green boxes) were in general relatively PMG-poor (statistically compared below), but several 

exceptions to this trend were observed. Although not the focus of this study, the more elongated 

oligomannosidic N-glycans were also found to be significant features of most studied cancers in 

accordance with the available literature [37]. 

Further interrogation of the pan-cancer N-glycome data indicated that the α1,6-fucosylated PMGs 

i.e. M2Fa and M3F and to a lesser extent M3 were highly abundant PMG species across the 

investigated cancers, Figure 2B. The afucosylated and highly truncated PMGs i.e. M1, M2a and M1F 

were rarely observed above trace levels. 

 

3.2.1. PMG expression in cancer cell lines 

Focusing firstly on the cancer cell line glycoprofiling data, we compiled and (re-)analysed data from a 

total of 34 human cell lines spanning 10 types of human cancers, Supporting Table S1. The N-

glycome datasets for 23 of these human cell lines have been published previously as indicated in 

Table 1. By mapping the N-glycome of different protein extracts (MF, S, WCL), a total of 55 different 

samples were explored from the 34 cell lines, Table 1. The total level of paucimannosylation within 

the N-glycome varied extensively for the 29 PMG-expressing cell lines (1.0%-50.2%), Figure 3 and 

Supporting Table S3-S4. In total, 15 cell lines, with an over-representation of cells derived from CRC 

as well as from blood and brain cancers were classified as high PMG expressing cells (>10%). The 

whole cell lysate protein fractions generally displayed higher PMG levels than the microsomal and 

secretome protein extracts. 

PMG expression was devoid or trace (<1%) in five of the investigated cell lines; one of these was a 

non-cancer breast cell line (HMEC). Several non-cancerous cell lines i.e. the ovarian HOSE 6.3 and 

HOSE 17.1 cell lines and the bladder UROtsa cell line unexpectedly displayed a low-to-medium PMG-
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expression (1.5%, 2.6%, and 2.3-3.0%, respectively), which either indicates that some non-cancer 

cells are also capable of expressing PMG at significant levels or, alternatively, may be explained by 

the cellular perturbation caused by the human papillomavirus type 16 and the simian vacuolating 

virus 40 large T-antigen used to generate these continuously replicating cell lines [38]. Isolated 

primary adipocytes from healthy adipose tissues displayed <1% paucimannosylation (data not 

shown) providing an example of a non-cancerous and non-infected human cell type with PMG-poor 

characteristics. 

The PMG-rich glioblastoma cell line i.e. U87MG (MF: 7.02% and WCL: 14.34%) was used to assess the 

cellular location of the expressed paucimannosidic proteins. Significant cancer cell surface 

presentation of paucimannosidic epitopes was observed using a PMG-recognising antibody 

(Mannitou) on non-permeabilised cells, Figure 3, insert. Similar cancer cell surface expression of 

PMGs was detected for a related human glioblastoma cell line (U138MG) (data not shown). 

Immunofluorescence experiments conducted with these and other human cancer cell lines using 

membrane permeabilisation prior to Mannitou staining have previously indicated that 

paucimannosidic glycoepitopes are also located intracellularly [22, 26]. 

 

3.2.2 Paucimannosylation of cancerous tissues 

N-glycome profile data was also obtained from 133 tumour and non-tumour tissue samples obtained 

from various patient cohorts spanning seven cancer types, Supporting Table S2. In total, 63 of these 

133 tissues samples (47%) have previously been used for various publications, see Table 2). For all 

133 tissue samples, the protein extracts were obtained from both fresh frozen and FFPE tissues, 

many of which were paired samples obtained from cancerous and matching non-cancerous tissues 

from the same donor including non-melanoma i.e. BCC, n = 34 and SCC, n = 15; gastric cancer, n = 3; 

liver cancer, n = 3 and CRC, n = 11, Table 2. Importantly, all the paired samples, which are 

particularly valuable due to the absence of inter-person variation, displayed higher PMG levels in the 



www.proteomics-journal.com Page 14 Proteomics 

 

 
This article is protected by copyright. All rights reserved. 

14 
 

tumour tissues relative to the matching non-tumour tissues, Figure 4A-E. With the exception of 

gastric cancer that did not reach statistical significance despite an elevated tumour expression of 

PMGs (non-tumour: 1.36% ± 0.56%, tumour: 3.35% ± 0.12%, n = 3, p = 0.1232), the other four cancer 

types displayed significantly higher tumour PMG expression i.e. BCC, p = 0.0145, SCC, p = 0.0062, 

liver cancer, p = 0.0033, and CRC, p = 0.0017 (all paired one-tailed Student’s t-tests). 

Cordant with observations made for the cell line N-glycome data, the PMG level varied dramatically 

between the cancerous tissue types and even within patients suffering from the same type of 

cancer. The average PMG level across the studied cancer tissues was 3-11%, a level also identified in 

advanced ovarian cancer tissues (4.3% ± 0.5%, n = 4) that was, however, not included above due to 

the lack of matching non-tumour tissues or access to well-annotated ovarian cancer stages 

precluding testing via comparative glycoprofiling. 

The CLL (n = 8) and the PCa (n = 50) tissues collected from patients presenting with different disease 

stages allowed for an assessment of a possible stage-specific expression of PMGs. Patients with 

advanced CLL displayed higher PMG expression levels relative to patients with early stage CLL (early 

stage: 2.12% ± 0.56%, late stage: 3.63% ± 0.12%, p = 0.0205, n = 4), Figure 4F. Enhanced PMG 

expression was also observed in the PCa tumour tissues relative to tissues from a BPH control group 

(n = 5). The highest PMG expression in PCa was observed in PCa grade 3 tissues (Gleason score 7), 

Figure 4G. Although trends indicating a PCa grade-specific expression of PMG were observed this 

could not be statistically supported likely due to a gradual rather than an abrupt aberration in the 

protein and/or glycosylation machinery during PCa progression as we have reported on before [30]. 

Finally, the protein levels of subunit α (UniProtKB: P06865) and β (P07686) of the human N-acetyl-β-

hexosaminidase, a homo- (αα or ββ) and hetero- (αβ) dimeric catabolic enzyme that has been 

associated with paucimannosidic protein formation in humans and across species within the 

eukaryotic domain [Tjondro, Loke, Chatterjee, Thaysen-Andersen. Biol Rev Camb Philos Soc, 

accepted 17 July, 2019, DOI: 10.1111/brv.12548], were determined across the PCa grades and in 
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BPH using quantitative TMT-based proteomics, Figure 4H and Supporting Table S5. The stage-

specific expression pattern of the N-acetyl-β-hexosaminidase subunit α and β resembled the grade-

specific PMG expression albeit statistical significance for this relationship could not be obtained from 

the compiled data. 

 

4. Discussion 

Enabled by access to an extensive collection of published and unpublished cancer glycomics data 

collected over the past decade by past and present members and collaborators of our glycoanalytical 

laboratories, we here provide evidence that protein paucimannosylation is a significant, but variably 

expressed, glyco-signature across the investigated human cancer types. Of the 467 PGC-LC-MS/MS 

datasets forming the foundation of this study, 139 datasets (30%) have not previously been used for 

any publication. The other 328 datasets (70%), which were previously reported on, were thoroughly 

re-interrogated with a PMG-centric focus for the purpose of this study. Importantly, all N-glycome 

profile data, which was obtained from a variety of tissue preparations and protein extraction 

methods, were uniformly acquired using a common N-glycomics profiling method and systematically 

compiled and interrogated by the same analyst for analytical rigor and enhanced data confidence. 

Paucimannosylation is a common modification of proteins expressed by lower organisms, but our 

recent reports indicate that higher organisms including humans also express paucimannosidic 

proteins albeit in a more tissue-restricted and physiology-dependent manner [20] [Tjondro, Loke, 

Chatterjee, Thaysen-Andersen. Biol Rev Camb Philos Soc, accepted 17 July, 2019, DOI: 

10.1111/brv.12548]. Paucimannosylation appears particularly central to the human innate immune 

system as supported by our previously published data documenting that PMGs are carried by 

biologically important proteins still displaying bioactivity and structural integrity expressed by resting 

and activated human neutrophils and macrophages [17, 18, 21]. The findings presented herein 

documenting that PMGs also serve as signatures of human cancers add to our knowledge of this 
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understudied N-glycan type, but at the same time prompts several questions, some of which are 

discussed below to encourage and stimulate further activity in this research field. 

 

Are PMGs carried by intact proteins or are they catabolic products of hydrolase-mediated lysosomal 

degradation in cancer cells? 

Glycoproteomics and intact glycoprotein analysis are examples of analytical methods required to 

adequately address this question. However, several lines of evidence indicate that the PMGs 

reported herein are, at least in part, carried by fully processed non-degraded proteins, i.e. 1) the 

presence of paucimannosidic glycoepitopes on the surface of cancer cells, 2) the PMGs were 

identified from the proteinaceous fractions obtained using classical protein extraction methods (MF, 

WCL, S) from biological specimens, 3) the PMGs were detected after PNGase F treatment following 

immobilisation of the proteinaceous fractions on hydrophobic PVDF membranes, and 4) our recent 

detection of PMGs decorating a non-degraded form of the very large (628 kDa) neuroblast 

differentiation-associated protein (UniProtKB: Q09666) from human glioblastoma cells [26]. Further, 

intact glycopeptides carrying PMGs have previously been identified for several cancer cell lines (e.g. 

THP-1 [21]) and tumour tissues (e.g. PCa, unpublished observations) building further support for a 

protein-conjugation of the reported PMGs. 

 

Are the PMGs reported here of cancer and/or immune cell origin? 

Our study of 34 cancer cell lines including some isolated and cultured primary cancer cells provides 

solid evidence to document that protein paucimannosylation is a characteristic of human cancer 

cells. However, it is likely that the PMGs identified from proteins extracted from the tumour tissues 

originate from multiple cell types including directly from the cancer cells as well as from the cancer-

associated stroma, adipocytes, immune cells, and necrotic cells forming the heterogeneous tumour 

micro-environment [39]. In support, M2Fa and to a lesser extent M3Fa, which in this study were 
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found to be key PMGs of the tumour tissues, have repeatedly been reported to be abundant glycans 

carried by proteins expressed by neutrophils and macrophages [17, 18, 21]. Neutrophils and 

macrophages are important innate immune cells that are known to reside in and modulate the 

tumour micro-environment as tumour-associated neutrophils (TANs) and macrophages (TAMs) [40]. 

Experiments employing laser capture microdissection of histologically different regions of the 

surgically-removed tumour or MS imaging of released N-glycans directly on histologically annotated 

tumour tissue slices are examples of modern glyco-analytical approaches that may provide insight 

into the cell-specific expression of PMGs (and other glycan types) in tumour tissues [13, 25]. 

 

 

Can the observed PMGs be artefacts of the employed methodology? 

High confidence in the reported PMG structures including their monosaccharide composition and 

linkage/branching patterns was achieved by thorough de novo characterisation based on PGC-LC-

MS/MS data and via spectral and PGC-LC retention time matching to previously characterised PMGs 

and N-glycan standards [18, 36]. 

In contrast to other glycomics methods including MALDI-MS profiling of underivatised glycans, in 

source glycan fragmentation can be ruled out in this study since PGC-LC-MS/MS separates glycan 

analytes prior to ionisation and detection. Furthermore, the employed PGC-LC-MS/MS method 

detects reduced, but otherwise native (non-derivatised) glycans, which limits the sample handling 

steps and, in turn, reduces the risk of perturbing individual N-glycan analytes and skewing their 

composition in mixtures. In further support, our previous study of an important paucimannosidic 

protein, human neutrophil elastase, showed an agreement between the PGC-LC-MS/MS glycan 

analysis and MS-based intact glycopeptide and glycoprotein level profiling [17]. 

A recognised shortcoming of PGC-LC-MS/MS is that the highly truncated chitobiose core type N-

glycans (e.g. M0 and M0F) are inconsistently detected due to poor PGC-LC retention, non-optimal 
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MS settings to detect low-mass analytes and, likely, a reduced efficiency of PNGase F to release very 

small N-glycan substrates [41]. 

 

What is known of the biosynthetic route(s), (sub)cellular locations and roles of PMGs in the tumour 

microenvironment? 

Much is yet to be learned about the cell-specific formation of paucimannosidic proteins, a fact 

particularly true for human glycobiology [Tjondro, Loke, Chatterjee, Thaysen-Andersen. Biol Rev 

Camb Philos Soc, accepted 17 July, 2019, DOI: 10.1111/brv.12548]. Building empirical evidence and 

inference from simpler eukaryotic model systems support that some human cell types, possibly 

cancer cells included, utilise N-acetyl-β-hexosaminidase and the α1,3-specific lysosomal α-

mannosidase (O00754) to produce the abundantly observed M3F and M2Fa (α1,6-terminating 

isomer), respectively [Tjondro, Loke, Chatterjee, Thaysen-Andersen. Biol Rev Camb Philos Soc, 

accepted 17 July, 2019, DOI: 10.1111/brv.12548]. The prevalent core fucosylation of the observed 

PMGs indicates that the paucimannosidic proteins are formed via an N-acetyl-β-

glucosaminyltransferase I (GnT-I)-dependent pathway since β1,2-GlcNAc-capped glycoprotein 

intermediates are substrates required for the Golgi-resident α1,6-fucosyltransferase responsible for 

catalysing N-glycoprotein core fucosylation [42]. 

The lysosomal residence of the N-acetyl-β-hexosaminidase and lysosomal α-mannosidase, that 

display optimal catalytic activity at acidic pH [43] and the lysosomal annotation of many of the PMG-

containing proteins identified to date including the human lysosomal associated membrane protein-

2, β-glucoronidase, CREG1 and gamma-glutamyl hydrolase [18] indicate a formation and temporal or 

permanent residence of paucimannosidic proteins in lysosomes or lysosome-like compartments. 

Importantly, our knowledge of lysosomes has improved considerably over the past years, and their 

function as biomolecule-degrading organelles has been nuanced by the discovery that lysosomes 

and their protein content can be mobilised via regulated exocytosis, and, hence, serve important 
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functions extracellularly or in other cellular compartments [44]. Human neutrophils hosting many 

PMG-containing proteins i.e. azurocidin, cathepsin G, myeloperoxidase and neutrophil elastase 

packaged in the azurophilic granule, a mobile organelle with lysosome-like character, is a well-

studied example of human cells utilising regulated exocytosis of PMG-rich compartments for a 

functional purpose [45]. 

The functions of PMGs in human glycobiology including in cancer processes are also largely 

unexplored [Tjondro, Loke, Chatterjee, Thaysen-Andersen. Biol Rev Camb Philos Soc, accepted 17 

July, 2019, DOI: 10.1111/brv.12548]. However, a growing body of literature supports an involvement 

of PMGs in innate immunity and in infection processes [20]. Future identification of putative PMG-

reactive receptors expressed by cancer cells and/or by various tumour-supporting cell types would 

represent an important advancement to illuminate their potential roles in cell-cell communication 

possibly driving pro- or anti-tumourigenic processes in the heterogeneous tumour 

microenvironment. 

 

How can the knowledge of elevated PMG expression in cancers advance cancer research? 

The association between protein paucimannosylation and human cancers expand our knowledge of 

the glyco-phenotypes displayed by cancer cells. A better understanding of the fundamental 

glycobiology underpinning cancer development and progression is critical to more rapidly improve 

the diagnosis, treatment and eventually prevention of these prevalent malignancies. Applications 

including the use of PMG as potential diagnostic cancer markers, perhaps even reporting on the 

disease progression stage or differentiating between cancer types, may represent future avenues. 

Further, the cancer cell surface presentation of PMGs, as indicated in this study, may open for 

exciting new therapeutic avenues including chimeric antigen receptor T-cell strategies. 
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In conclusion, this is the first study to provide evidence that protein paucimannosylation is a 

molecular feature of a wide range of human cancers. This new association has sparked many 

questions of relevance to fundamental glycobiology and cancer research alike that we, and hopefully 

colleagues within the community, will explore in the years to come. 

 

 

Supporting Information 

Supporting information of this article can be found on Wiley Online Library. This supporting 

information contains an Extended Experimental Method section and five Supporting Tables 

(Supporting Table S1-S4), which are all provided in a combined SI document (Word). Further, two 

Supporting Data sheets (Supporting Data 1-2) have been provided separately (Excel). All proteomics 

LC-MS/MS data files supporting the conclusions presented herein have been deposited to the 

ProteomeXchange Consortium via the PRIDE [46] partner repository with the dataset identifier 

PXD014271, see also Supporting Table S5 for an overview of these files. All raw PGC-LC-MS/MS data 

files forming the foundation of this glycomics-focused study have been deposited to the MassIVE 

Consortium (identifier: MSV000083727); these data can also be freely downloaded from: 

ftp://MSV000083727@massive.ucsd.edu. 
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Table Legend 

Table 1. Overview of the cultured cell lines investigated in this study. #Initials of the primary 

contributor(s) responsible for acquiring the PGC-LC-MS/MS data. *Indicates non-cancer cell line; S: 

secretome, WCL: whole cell lysate, MF: microsomal fraction, FF: fresh frozen, FFPE: formalin-fixed 

and paraffin-embedded, P: paired tissue sample (tumour/non-tumour reference). 

 

Cancer 

type 

Primary 

contri- 

butor# 

Cell lines 

(origin/ 

identifier) 

Culture 

media and 

properties 

Protein 

fraction 
Ref 

1.Brain cancers 

 

 

 

A. 

Glio-

blastoma 

 

 

 

 

CA 
i. U87MG 

(ATCC HTB-14) 
DMEM, 

adherent 
WCL 

In 

prep 

IL 

i. U87MGa) 

(ATCC HTB-14) 

 

ii. A172a) 

(ATCC CRL-1620) 

 

iii. U118MG 

(CLS 300362) 

 

iv. U138MGa) 

(CLS 300363) 

DMEM, 

adherent 

MF 

 

 

MF, S, WCL 

 

 

MF, WCL 

 

 

MF, WCL 

In 

prep 

B. 

Neuro-

blastoma 

ZSB 
i. SK-N-B(2)b) 

(ATCC CRL-2271) 

DMEM, 

adherent 
MF 

In 

prep 

2. Blood cancers 

A. APL IL 
i. HL-60  

(ATCC CCL-240) 

RPMI 1640, 

suspension 

Differentia-

ted/undif-

ferentiated 

WCL 

- 
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B. AML LYL 
i. THP1 

(ATCC TIB-202) 

RPMI 1640, 

suspension 

Uninfected 

/infected 

MF, WCL 

[21] 

C. ALL MN 

i. CCRF-CEM 

(T-cell) 

(ATCC CCL-119) 

RPMI 1640, 

suspension 
MF 

 
[28] 

3. 

Melanoma  JLA 
i. MM253 

(CBA-1347) 

RPMI 1640, 

adherent 
MF 

[29] 

4. Breast 

cancers 
LYL 

 

i. HMEC* 

(ATCC CRL-3243) 

 

ii. HS578T 

(ATCC HTB-126) 

 

iii. MCF7 

(ATCC HTB-22) 

 

iv. MDA-MB157 

(ATCC HTB-24) 

 

v. MDA-MB231 

(ATCC HTB-26) 

 

vi. MDA-MB468 

(ATCC HTB-132) 

 

vii. SKBR3 

(ATCC HTB-30) 

RPMI 1640, 

adherent 
MF, S 

[24] 

5. Lung 

cancer EM 
i. A549 

(ATCC CCL-185) 

RPMI 1640, 

adherent 
MF, WCL - 

6. Liver 

cancer 
SC 

i. HepG2 

(ATCC HB-8065) 

DMEM, 

adherent 
MF, WCL - 

7. CRC JHLC 

i. SW480 

(ATCC CCL-228) 

 

ii. SW620 

(ATCC CCL-227) 

 

iii. SW837 

(ATCC CCL-235) 

 

iv. SW1116 

DMEM, 

adherent 
MF 

[15] 
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(ATCC CCL-233) 

MKS 

v. LIM1215c) 

 

vi. LIM1899c) 

 

vii. LIM2405c) 

 

 

RPMI 1640, 

adherent 

 

 

MF 

 

[14] 

8. Ovarian 

cancer 
MA 

i. A2780 

(ATCC CRL-2772) 

 

ii. IGROV1 

(ATCC TCP-

1021) 

 

iii. OVCAR3 

(ATCC HTB-161) 

 

iv. SKOV3 

(ATCC HTB-77) 

v. HOSE 6.3*d) 

vi. HOSE 17.1*d) 

 

 

i-iv) RPMI 

1640, 

adherent 

 

v-vi) MCDB 

105: 

medium 

199, 

adherent 

MF 
[11] 

9. Bladder 

cancer 
EM 

i. J82 

(ATCC HTB-1) 

 

ii. RT112 

(ATCC TCP-

1020) 

 

iii. UROtsa*e) 

a) MEM 

alpha 

media 

 

b-c) RPMI 

1640 

adherent 

 

 

 

 

MF, WCL 
- 

a) Gift from Prof Torsten Pietsch, Institute of Neuropathology, Univ. Bonn Medical Center, Bonn, 
Germany 
b) Gift from Prof Maria Kavallaris, Children’s Cancer Institute, Lowy Cancer Research Centre, Univ. 
New South Wales, Sydney, NSW, Australia 
c) Ludwig Institute for Cancer Research, Melbourne, VIC, Australia 
d) Garvan Institute of Medical Research, Sydney, NSW, Australia 
e) Gift from Prof Philip Erben, Department of Urology, Medical Faculty Mannheim, Heidelberg Univ., 
Mannheim, Germany 
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Table 2. Overview of the tissue samples investigated in this study. #Initials of the primary contributor 

responsible for acquiring the PGC-LC-MS/MS data. *Indicates non-cancer cell lines; S: secretome, 

WCL: whole cell lysate, MF: microsomal fraction, FF: fresh frozen, FFPE: formalin-fixed and paraffin-

embedded, P: paired tissue samples (tumour vs non-tumour reference). 

 

Cancer 

type 

Primary 

contri- 

butor# 

Biological 

replicates 

(n) 

Sample 

type 
Ethics approval Ref 

1. Blood cancer 

A. CLL KS i. 8 FF 

Project #8935, Univ. 

Sydney, Sydney, 

Australia 

- 

2. Non-melanoma 

A. BCC 

 

B. SCC 

UM 

i. 14 

 

 

ii. 20 

 

 

i. 15 

FF BCC 

(P) 

 

FFPE BCC 

(P) 

 

FFPE SCC 

(P) 

127-11-18042011 

Univ. Leipzig, Leipzig, 

Germany 

[16] 

3. 

Gastric 

cancer 
VV i. 3 FF (P) 

Comitato Etico 

Regione Toscana  

(Tuscany, Italy) 

- 

4. Liver 

cancer 
HH i. 3 FFPE (P) 

Klinieka Bolnica 

Merkur  

(Zagreb, Croatia) 

[13] 

5. CRC 

JHLC i. 6 
FF 

(P) 

X08-0614                     

Sydney South West 

Area Health Service, 

Australia 

[15] 

MKS ii. 5 
FF 

(P) 

5201100040                  

Yonsei Univ., Seoul, 

South Korea 

[14] 
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6. PCa RKS 

i. 50 

tumour 

5 BPH 

 

FF 

 

nº2695126  

Faculdade de Medicina 

do Estado de São 

Paulo, Brazil  

In 

prep 

7. 

Ovarian 

cancer 

AD i. 4 FFPE 

140101, Royal 

Adelaide Hospital 

Human Ethics 

Committee 

- 

 

 

 

Figure Legends 

Figure 1. Quantitative PMG profiling using PGC-LC-MS/MS. (A-F) PGC-LC-MS/MS-based evidence of 

six PMGs consistently identified across the cell lines and tissue samples investigated in this study i.e. 

M1, M1F, M2a, M2Fa, M3 and M3F. Annotated resonance activation (ion trap) CID-MS/MS (-) 

spectra are shown. Inserts: The elution time, isotopic envelope and charge state of the six precursor 

ions further document the structural details of the reported PMGs. The α1,3-terminating bi-

mannosylated PMGs i.e. M2b and M2Fb were only inconsistently identified at very low levels across 

the investigated samples and hence left out of this and subsequent figures. The nomenclature and 

depiction of glycans follow the latest symbol nomenclature for graphical representations of 

glycans[34]. In short, Blue squares: GlcNAc; green circles: Man; red triangles: Fuc.
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Figure 2. Pan-cancer map of protein paucimannosylation. (A) Total level of paucimannosylation (red 

slices) and (B) the relative distribution of the individual PMG species (various shades of red, 

checked/non-checked patterns) within the N-glycome of the studied cell lines and tissues (blue 

boxes). The N-glycome data obtained from the microsomal fractions have consistently been shown 

for all cell lines except the HL-60 cell line where the protein N-glycans were only profiled from whole 

cell lysates protein extracts. For the tissue samples, the N-glycome profiles are presented using the 

fresh frozen (FF) and formalin-fixed paraffin-embedded (FFPE) tissues. Various non-cancerous cell 

lines and tissues were used as reference samples (green boxes). At least three technical replicates 

were obtained for each of the cell line N-glycome profiles, see Table 1 for experimental details and 

Supporting Table S3-S4 for tabulated data. The number of biological replicates for the tissue N-

glycome profiles have been provided, see Table 2 for experiment details and Figure 4 for data. Blue 

squares: GlcNAc; green circles: Man; red triangles: Fuc.[34]
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Figure 3. Significant, but non-uniform PMG expression in human cancer cell lines. Total level of 

paucimannosylation and distribution of four PMG species (M2a, M2Fa, M3 and M3F) observed 

within the N-glycome of three protein fractions (S, MF, and WCL) of all investigated 34 human cell 

lines comprising nine cancer types. The cell lines, which were glycoprofiled from a minimum of three 

technical replicates, are grouped according to their PMG expression status i.e. devoid/trace (<1%), 

low-to-medium (1-10%) and high (>10%) PMG expression levels (see key for details). Insert: Cancer 

cell surface expression of paucimannosidic epitopes of the PMG-rich U87MG human glioblastoma 

cell line was indicated by the surface reactivity of a PMG-recognising antibody i.e. Mannitou (green) 

on non-permeabilised cells, bar = 10 µm. See Table 1 and Supporting Table S1 for experimental 

details and Supporting Table S3-S4 for tabulated data. Blue squares: GlcNAc; green circles: Man; red 

triangles: Fuc[34].
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Figure 4. PMG expression is enriched in tumour tissues and increases with disease progression. 

Total PMG level within the N-glycome of donor-paired tumour and non-tumour tissues obtained 

from patients suffering from (A) basal cell carcinoma, (B) squamous cell carcinoma, (C) gastric 

cancer, (D) liver cancer, and (E) colorectal cancer. Statistical significance was evaluated based on 

paired one-tailed Student’s t-tests (n = number of patient samples). *p < 0.05, **p < 0.01, ***p < 

0.001, n.s. not significant (p ≥ 0.05). The total PMG level was also determined from disease stage-

classified tumour tissues (unpaired samples) of patients suffering from (F) chronic lymphocytic 

leukaemia and (G) prostate cancer (PCa). Five individuals suffering from benign prostatic hyperplasia 

(BPH) were included as an inflammatory control group enabling comparisons to the PCa data. Box 

and whisker plots indicating the mean and spread of the indicated data points are used to plot these 

data points. Statistical significance was evaluated based on unpaired one-tailed Student’s t-tests (n = 

number of patient samples). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant (p ≥ 0.05). (H) 

The protein level expression of the N-acetyl-β-hexosaminidase subunit α (UniProtKB: P06865) and β 

(P07686), putatively responsible for the formation of paucimannosidic proteins (see text), were 

determined for the same BPH and PCa tissue samples using quantitative TMT-based proteomics 

(BPH, n = 5; PCa grades 1-4, n = 10 per grade, PCa grade 5, n = 9). Statistical analyses were carried 

out as described above. 
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