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A B S T R A C T

Background: The Ca2+-dependent C-type lectin receptor Macrophage Galactose-type Lectin (MGL) is highly
expressed by tolerogenic dendritic cells (DC) and macrophages. MGL exhibits a high binding specificity for
terminal alpha- and beta-linked GalNAc residues found in Tn, sTn and LacdiNAc antigens. These glycan epitopes
are often overexpressed in colorectal cancer (CRC), and, as such, MGL can be used to discriminate tumor from
the corresponding healthy tissues. Moreover, the high expression of MGL ligands is associated with poor disease-
free survival in stage III of CRC tumors. Nonetheless, the glycoproteins expressed by tumor cells that are re-
cognized by MGL have hitherto remained elusive.
Methods: Using a panel of three CRC cell lines (HCT116, HT29 and LS174T), recapitulating CRC diversity, we
performed FACS staining and pull-down assays using a recombinant soluble form of MGL (and a mutant MGL as
control) combined with mass spectrometry-based (glyco)proteomics.
Results: HCT116 and HT29, but not LS174T, are high MGL-binding CRC cell lines. On these cells, the major cell
surface binding proteins are receptors (e.g. MET, PTK7, SORL1, PTPRF) and integrins (ITGB1, ITGA3). From
these proteins, several N- and/or O-glycopeptides were identified, of which some carried either a LacdiNAc or Tn
epitope.
Conclusions: We have identified cell surface MGL-ligands on CRC cell lines.
General significance: Advances in (glyco)proteomics have led to identification of candidate key mediators of
immune-evasion and tumor growth in CRC.

1. Introduction

Many studies have highlighted the importance of glycosylation in
cancer development and progression [1,2] and altered glycosylation on
the cell surface is a prominent hallmark of tumor cells. Among tumor-
associated carbohydrate antigens, the most common alterations occur
in the mucin-type O-glycans, where the abortive elongation results in
Tn (GalNAcα1-Ser/Thr) and sialylated sTn (NeuAcα2,6GalNAcα1-Ser/
Thr) [3]. These glycan structures are associated with poor prognosis
and metastasis in many epithelial cancers [4]. Another glycobiomarker
expressed by a large variety of human cancers, such as lung [5], ovary
[6] and colon [7,8], is LacdiNAc (GalNAcβ1,4GlcNAcβ1-) on both N-
and O-glycans [9]. Elevated levels of LacdiNAc have been found on

glycoproteins during tumor progression [10].
The changes in glycosylation on the cell surface can be recognized

by glycan binding proteins, especially lectins. Lectins are classified into
families based on their carbohydrate–recognition domains (CRDs), and
on their glycan binding specificities that can be determined through the
use of glycan arrays [10]. Within the large variety of lectins, the mac-
rophage galactose-type lectin (MGL) is a calcium-dependent C-type
lectin expressed by human antigen presenting cells, such as tolerogenic
dendritic cells (DCs) and macrophages [11]. MGL has an exclusive
specificity for binding to terminal α- and β-linked GalNAc residues
[12–14], namely Tn, sTn and LacdiNAc. From a functional point of
view, several lines of evidence suggest that the binding of MGL to its
ligands dampen the adaptive immune response [11]. First of all, the
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binding of Tn to MGL expressed on DCs, in conjunction with Toll like
receptor (TLR) triggering, results in a tolerogenic phenotype, with in-
creased secretion of IL-10 and TNF-α [15]. Moreover, MGL binding to
CD45, a known Tn-bearing ligand expressed on effector T cells, com-
bined with T cell receptor activation, suppresses T cell activation, re-
sulting in reduced pro-inflammatory cytokine production and pro-
liferation [11]. Hence, the interaction of MGL with its ligands can have
effects both on the cell expressing the lectin as well as on the cell
carrying the MGL ligands.

It has been previously demonstrated that MGL binding is a powerful
tool to discriminate healthy tissue from that of colorectal cancer (CRC)
[16], which is the third most common cancer and the second most
common cause of cancer mortality worldwide (http://gco.iarc.fr/
today/fact-sheets-cancers). Moreover, high expression of the MGL li-
gands in the tissues of patients with stage III CRC has been associated
with lower disease-free survival [16], thus establishing MGL binding as
an independent prognostic marker. Furthermore, MGL ligands expres-
sion has a positive correlation with the oncogenic BRAFV600E mutation
in CRC [16,17]. More recently, high expression levels of MGL ligands
was correlated with worse prognosis not only in CRC but also in cer-
vical squamous cell carcinoma and adenosquamous carcinoma [18].

Notwithstanding the link between MGL and some cancer types, the
identity of the MGL ligands expressed by tumor cells have hitherto not
been explored in CRC. Therefore, the aim of this study was to char-
acterize the MGL-binding proteins expressed by CRC cell lines
(HCT116, HT29 and LS174T) using a combination of flow cytometry,
pull-down experiments and (glyco)proteomics.

2. Material and methods

2.1. Cell lines culture and lysis

To recapitulate tumor diversity, we selected three colorectal cancer
cell lines with different characteristics: HT29, which contains the
BRAFV600E mutation, is classified as colon-like subtype and grade I
adenocarcinoma [19] and is well known for the high expression of MGL
ligands [16]; LS174T, with same classification as HT29 but lacking the
BRAF mutation; HCT116, belonging to an undifferentiated subtype and
originating from a grade IV carcinoma [20] without the BRAFmutation.

HCT116 and HT29 were provided by the Department of Surgery of
the Leiden University Medical Center (Leiden, The Netherland),
whereas LS174T was obtained from S.J. van Vliet, Amsterdam UMC
(Amsterdam, the Netherlands). Cell line authentication was performed
using short-tandem repeat (STR) profiling at the forensic laboratory for
DNA-research (ISO 17025) and all cell lines matched for 100% with the
known profile [21]. Cells were cultivated in RPMI-1640 (for HCT116
and HT29) or in DMEM (for LS174T) medium containing L-glutamine,
10% fetal bovine serum (FBS) (Invitrogen) and streptomycin/penicillin
(Sigma-Aldrich) at 5% CO2 and 37 °C. Cells were maintained till ap-
proximately 80% confluence under sterile conditions. For harvesting,
cells were washed twice with 1× PBS and incubated for approximately
5 min in 1× trypsin/EDTA solution in 1× PBS, whose activity was
inhibited by the addition of serum containing medium following visual
cell detachment. Cells were subsequently harvested and counted using
the CountessTM Automated Cell Counter (Invitrogen, Paisley, UK)
based on trypan blue staining. Aliquots of 2 × 107 viable cells were
washed with 1× PBS and centrifuged at 1500 rpm to obtain cell pellets.
Cell pellets were stored at −20 °C until use. Before pull-down experi-
ments, cells were lysed as described before [22], for 20 min on ice in
lysis buffer (10 mM triethanolamine pH 8.2, 150 mM NaCl, 1 mM
MgCl2, 1 mM CaCl2 and 1% (volume/volume) Triton X-100, containing
EDTA-free protease inhibitor (Roche Diagnostics)). Protein quantifica-
tion was performed using BCA assay (BCA Protein Assay Kit, Pierce™),
following the manufacturer's instructions.

2.2. Lectins and reagents

Chimeric MGL-Fc and mutant-MGL-Fc (MGLshort H259T-Fc, ob-
tained by site-directed mutagenesis, as described previously [23]) were
provided by S. J. van Vliet (Amsterdam UMC, Amsterdam, the Neth-
erlands).

2.3. Flow cytometry

To determine the expression of MGL ligands, 1 × 105 cells per
condition were first washed with TSM buffer (20 mM Tris-HCl (pH 7.4),
150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2) supplemented with 0.5%
BSA. Subsequently, cells were incubated with 10 μg/ml MGL-Fc (with
or without pre-incubation of MGL-Fc with 100 mM EDTA for 15 min),
or mutant-MGL-Fc, for 30 min at 37 ̊C, followed by staining with FITC-
labelled rabbit anti-human IgG (Agilent) for 30 min at 4 ̊C. Cells were
then fixed with 1% para-formaldehyde and stored at 4 ̊C until analysis
on a BD LSRFortessa™ (BD Bioscience) cell analyser with 6000 events
per condition. Data analysis was performed with the FlowJo V10 soft-
ware.

2.4. Pull-down assay

MGL ligands were pulled down from 1 mg of protein extracts using
either 2 μg of chimeric MGL-Fc or mutant-MGL-Fc, coupled to 50 μl
Dynabeads protein G (Invitrogen) as previously described [22]. Fol-
lowing washing, the elution of specific ligands was performed using
100 mM EDTA.

2.5. SDS-PAGE and NanoLC-MS/MS analysis

For sample clean-up, a short SDS-PAGE run (NuPAGE™ 4–12% Bis-
Tris Protein Gels, Thermo Fisher Scientific) of the samples obtained
from the MGL pull-down was performed. Gels were stained with
SimplyBlue™ SafeStain (Invitrogen) for 3 h and washed with distilled
water. Bands corresponding to the whole lane were cut from the gel,
and the proteins were then subjected to reduction with dithiothreitol
(10 mM), alkylation with iodoacetamide (50 mM) and in-gel trypsin
digestion with Promega™ Sequencing Grade Modified Trypsin (Thermo
Fisher Scientific), manually or using a Proteineer DP digestion robot
(Bruker) [22].

Peptides were analysed by nanoLC-MS/MS using an UltiMate 3000
RSLCnano system (Dionex, Amsterdam, The Netherlands) coupled to a
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, San Jose,
CA). Peptides were resuspended in 17 μl of 5% acetonitrile, 0.05% TFA.
5 μl of each sample were loaded onto a C-18 precolumn (300 μm inner
diameter x 5 mm, Dionex) at 20 μl/min in 5% acetonitrile, 0.05% TFA.
After 5 min of desalting, the precolumn was switched online with the
analytical C-18 column (75 μm inner diameter × 50 cm; in-house
packed with Reprosil C18) equilibrated in 95% solvent A (5% acet-
onitrile, 0.2% formic acid) and 5% solvent B (80% acetonitrile, 0.2%
formic acid). The peptides were eluted using a 5% to 50% gradient of
solvent B at 300 nl/min flow rate for 160 min. The mass spectrometer
was operated in data-dependent acquisition mode with the XCalibur
software. Survey MS scans were acquired in the Orbitrap on the
400–1500 m/z range with a resolution of 120,000 (m/z 400). The most
intense ions per survey scan were selected for higher-energy collisional
dissociation fragmentation (time between Master scans: 3 s), the re-
sulting fragments were analysed at a resolution of 30,000 in the
Orbitrap. Dynamic exclusion was employed within 60 s to prevent re-
petitive selection of the same peptide.

For the characterization of glycopeptides, tryptic peptides were
analysed on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer
(Thermo Fisher Scientific) as described before [22]. MS/MS spectra
were acquired in data-dependent mode (top-10) with collision energy at
32 V and recording the MS/MS spectrum in the Orbitrap. During
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acquisition of MS/MS spectra, the HexNAc oxonium ion at m/z 204.087
was set as Product Ion Trigger in order to execute three additional MS/
MS scans of the same precursor with HCD collision energies 32, 37 and
41 V, respectively, and with CID at 35 V [22].

2.6. Data analysis

For protein identification, raw data was converted to mzXML using
Proteowizard. Peptide and protein identification as well as the after
statistical validation were performed in Trans Proteomics Pipeline
version 5.1.0 using included software pipeline: X! Tandem Jackhammer
TPP (2013.06.15.1-LabKey, Insilicos, ISB) search engine,
PeptideProphet and ProteinProphet. The parameters were set as fol-
lows: parent mass error of 10 ppm, fragment mass error of 0.04 Da,
carbamidomethyl (Cys) and oxidation (Met) as fixed and variable

modifications respectively. All results were filtered for FDR threshold of
1% as well as a minimum of two peptides per protein. Data extraction
and table generation was done using R version 3.4.4.

In order to select for specific MGL-binding proteins, we further fil-
tered for proteins that were identified with peptide at least in one of the
technical replicate LC-MS/MS runs from one MGL pull-down and at
least in two out of the three biological replicate MGL pull-downs.
Moreover, the selection required that the protein was never found in
the corresponding pull-downs with the mutant-MGL (negative con-
trols). From the final list of MGL-binding proteins, we subsequently
selected the cell surface proteins based on Gene Ontology (GO) sub-
cellular location, selecting for “cell surface”, “plasma membrane”,
“integral component” and/or “external side”.

For the identification of glycopeptides, MS/MS spectra containing
the specific HexNAc oxonium ions at m/z 204.087 (HexNAc,

Fig. 1. Expression of MGL ligands on a panel of CRC cell lines. A) Binding of the recombinant soluble MGL-Fc to HT29, HCT116 and LS174T CRC cell lines (blue
histograms) was analysed by flow cytometry. MGL-Fc in the presence of EDTA (green), mutant-MGL-Fc (orange) or no MGL (red, negative CTRL) were used as
controls. The histograms are representative of three independent experiments. Fc: Fragment crystallisable region; MFI: mean fluorescence intensity; CTRL: control. B)
Relative expression of the MGL ligands on HT29, HCT116 and LS174T CRC cells. Shown are mean fluorescent intensities (n = 3,± S.D.) normalized to staining with
the secondary antibody only.
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[C8H14NO5]+) and 186.076 (HexNAc-H2O, [C8H12NO4]+) were se-
lected from the raw data and written to a .mgf file (in house software).
The selected spectra were searched for N- and O-glycopeptides using
Byonic version 2.13.2 (proteinmetrics.com), with default settings.
Carbamidomethyl (Cys) was set as fixed modification, whereas oxida-
tion (Met) as variable one. “N-glycan 309 mammalian no sodium” or
“O-glycans 78 mammalian” databases were used for glycosylation an-
notation. A Byonic score higher than 200 was considered stringent for
further glycopeptides selection. All glycopeptide MS/MS spectra car-
rying potential MGL-binding glycan epitopes were manually validated
using Xcalibur (Thermo) for the spectrum visualization and Protein
Prospector (prospector.ucsf.edu) for the calculation of theoretical pep-
tide fragment masses.

2.7. Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [24] partner repository
with the dataset identifier PXD016726.

3. Results

3.1. MGL binding to CRC cell lines

First, we examined the binding of MGL-Fc to our panel of cell lines
using flow cytometry. As expected [23], HT29 exhibited a high ex-
pression of cell surface ligands recognized by MGL. A comparable in-
tensity was observed for HCT116 cells. In contrast, very low staining
was found for LS174T cells. For all three cell lines, the specific binding
to MGL-Fc could be blocked by pre-incubation of MGL-Fc with EDTA,
confirming the calcium-dependent interaction. In the Carbohydrate
Recognition Domain (CRD) of MGL, there is a secondary binding site,
involving histidine-259, that contributes to the interaction of the lectin
with the glycan as well as the peptide backbone [23]. Importantly,
incubation of cells with MGL in which this histidine was replaced by a
threonine (mutant-MGL-Fc) showed that the binding activity of mutant-
MGL was completely abrogated in the cell lines used (Fig. 1).

3.2. Identification of MGL-binding proteins from CRC cell lines

In order to identify the MGL-binding proteins expressed by the three
CRC cell lines (HT29, HCT116 and LS174T), we performed pull-down
experiments in triplicate with MGL-Fc coupled to magnetic protein G
beads (Fig. 2A). Based on our FACS results (Fig. 1), we additionally
performed triplicate pull-down experiments with the mutant-MGL-Fc
(negative control). Since the binding to the CRD of MGL is calcium-
dependent, captured proteins were eluted using EDTA and then sub-
jected to a short SDS-PAGE run (Fig. S1), in-gel digested with trypsin
and analysed by LC-MS/MS. Overall, these experiments resulted in the
identification of 854 proteins (Fig. 2B, Table S1). In order to select only
for specific MGL-binding proteins, we filtered the data of each cell line
for proteins that were present in at least two of the pull-downs with
MGL-Fc, but never in the negative control (mutant-MGL-Fc). Using this
selection criteria, we identified 281 and 246 MGL-binding proteins
from HCT116 and HT29, respectively (Fig. 2B, Table S1). As expected,
based on the low MGL-Fc staining observed by flow cytometry (Fig. 1),
only 12 MGL-binding proteins were found from the LS174T cells
(Fig. 2B, Table S1).

Since under physiological conditions MGL on DCs and macrophages
binds to cell surface glycoproteins, we further selected only for those
proteins that were annotated as “plasma membrane” and/or “cell sur-
face”, and localized on the “external side” and/or “integral component”
of the membrane, using an automated Gene Ontology (GO) survey.
Ultimately, this resulted in the selection of 45, 56 and 2 cell surface
MGL-binding protein(s) in HCT116, HT29 and LS174T respectively,
(Fig. 2C, Table S2). Next to 18 shared MGL-binding proteins, HCT116

and HT29 showed 27 and 38 unique binding proteins, respectively
(Fig. 2C). The top 25 glycoproteins from HCT116 and HT29 (based on
the peptide counts) are shown in Table 1. Among these major MGL-
binding proteins (Table 1), different classes of proteins were found,
such as cell surface signaling receptors (e.g. MET, PTK7, SORL1,
PTPRF) and integrins (ITGB1, ITGA3) but also proteins whose function
is hitherto less well defined (e.g. IGSF3).

3.3. LacdiNAc and Tn antigens are carried by cell surface MGL ligands in
CRC cell lines

To obtain information on the glycan structures that were present on
the cell surface proteins captured by MGL (Table S2), and whether these
could explain the binding to MGL, we performed additional MGL-Fc
pull-down experiments with HCT116 and HT29 cells. To identify intact
tryptic glycopeptides, we used a glycoproteomics data acquisition and
analysis workflow that we recently optimized for this purpose [22].
Briefly, additional MS/MS experiments were performed once the
characteristic HexNAc oxonium ion at m/z 204.087 was found in an
MS/MS spectrum. For these acquisitions, different HCD collision en-
ergies were used. Moreover, an ion trap CID spectrum was recorded. All
this helped for the confident identification of glycopeptides. The results
revealed that five of the proteins listed in Table 1 (GLG1, SORL1, PTK7,
ITGA3 and GOLM1) carried a LacdiNAc epitope on N-glycans in
HCT116 and/or HT29 cells (Table S3). As examples, Fig. 3 shows the
MS/MS spectra of the corresponding N-glycopeptides for ITGA3 and
PTK7 from HCT116 cells. The glycan on these peptides consists of a
HexNAc5Hex4NeuAc1 structure. In both the HCD (higher panels) and
CID (lower panels) spectra, the presence of the LacdiNAc structure is
indicated by the specific oxonium ion at m/z 407.166. The fragmen-
tation spectra revealed a different position of the sialic acid on the two
glycopeptides. Whereas for ITGA3, sialic acid was located on the ga-
lactose, the MS/MS spectra from the PTK7 glycopeptide revealed a
sialylated LacdiNAc, characterized by the oxonium ions at m/z 495.182
and 698.261, (Fig. 3).

In addition, one plasma membrane MGL-ligand from HCT116,
dystroglycan (DAG1, Table 1), showed glycopeptides carrying either
two (Fig. 4) or three Tn-antigens. Of note, we observed a glycopeptide
belonging to Agrin (AGRN) from HT29 with a Tn-antigen, but Agrin
was not selected as a MGL-binding protein in the overall proteomics
experiments in this cell line, because it was also identified in the
samples using mutant-MGL.

Our glycoproteomic analyses also revealed several other glycopep-
tides from cell surface MGL-binding proteins as shown in Table S2 but
none of these was found to carry a glycan structure that could explain
the binding to MGL (Table S3). For example, MET, with 11 potential N-
glycosylation sites in its extracellular domain (Table S1), was found
with a glycopeptide carrying a sialylated complex N-glycan
(HexNAc4Hex5NeuAc1) at Asn-785 in HCT116 cells. The same N-glycan
structure was also found on glycopeptides from other MGL-binding
proteins such as IGSF3, ITGA3, PTK7 and SORL1. In addition, some
other glycan structures were observed on cell surface binding proteins
(e.g. high mannose glycans and (di-) sialyl-T antigen, Table S3).

4. Discussion

In this study, we characterized three different CRC cell lines
(HCT116, HT29 and LS174T) for their binding to MGL and subse-
quently identified the cell surface MGL ligands using a (glyco)pro-
teomics approach. From the major cell surface MGL-binding proteins
found in our study, around 50% is shared between the two cell lines
that showed high staining for MGL ligands on the cell surface (i.e. HT29
and HCT116). With our glycopeptide analyses, we observed both
LacdiNAc and Tn epitopes on the cell surface MGL-binding proteins,
representing known target ligands of MGL.

Our data show that five of the main cell surface MGL-binding
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proteins carry a LacdiNAc motif. LacdiNAc biosynthesis is catalyzed by
β4-N-acetylgalactosaminyltransferase 3 (β4GalNAc-T3) in stomach and
colon [25], which is often overexpressed in primary colon tumors [8].
Moreover, immunohistochemistry of different stages of CRC tissues
showed a correlation of β4GalNAc-T3 overexpression with advanced
stages (III and IV) and with higher metastatic behaviour [7]. However,
the LacdiNAc modification of several MGL-binding proteins found in
our study is probably not related to overexpression of β4GalNAc-T3,
since its transcriptional levels in HT29 and HCT116 cells are compar-
able to that in the low MGL-binding, LS174T, cell line [19]. Never-
theless, the protein expression or its activity might still be different in
the three cell lines and require further investigations. In our data, we
also observed a sialylated LacdiNAc on the PTK7 glycopeptide. From
glycan array studies it is known that sialylation of the LacdiNAc epitope
is compatible with MGL binding [23]. In fact, since the sialic acid is
most likely added in a α2,6-linked manner [26], 3- and 4-hydroxyl
groups of the GalNAc are unmodified and exposed for the binding to
MGL [23,27].

In this study, we were not able to identify a high number of gly-
copeptides that carry the Tn antigen on the MGL-binding proteins. In a
previous study on Jurkat T cells [22], however, we found the Tn an-
tigen to be the dominant epitope on the cell surface MGL-binding
proteins. In Jurkat cells, the expression of the MGL-glycan epitope is

mediated by the loss of Cosmc, the chaperone needed for O-glycan
elongation. The corresponding Cosmc mutation and altered T-synthase
activity did not appear to be the mechanisms driving Tn expression in
colorectal carcinomas [28,29] and colorectal cancer cell lines [17].
These findings suggest that other pathways might be implicated in Tn
expression, such as the altered localization in the ER [30–32] or Golgi
[33] and/or the up-regulation of initiating enzymes pp-GalNAc-Ts. The
latter mechanism has been recently explored by Sahasrabudhe et al.
[17], who found a correlation between the MGL ligands synthesis in
HT29 cell line and the overexpression of GALNT3.

However, overall, we do not have a complete picture of the relative
contribution of Tn antigen compared to LacdiNAc protein modifications
because for other major MGL-binding proteins, we did not find glyco-
peptides carrying the MGL binding specific epitope. In attempts to in-
crease the number of glycopeptide identifications, and get a more
comprehensive overview of the relative contribution of Tn compared to
LacdiNAc on the MGL-binding proteins, we tested several approaches to
specifically enrich for glycopeptides e.g. MGL pull-down experiments
using tryptic peptides instead of proteins as input, and hydrophilic in-
teraction liquid chromatography (HILIC) of tryptic peptides from MGL-
captured proteins. We also used an alternative protease, i.e. chymo-
trypsin, for digestion. However, none of these approaches was suc-
cessful in increasing the number of identified glycopeptides. Moreover,

Fig. 2. Pull-down workflow and LC-MS/MS analysis for the identification of cell surface MGL-binding proteins in CRC cell lines. A) Three independent total lysates
from the three CRC cell lines (HCT116, HT29 and LS174T) were incubated with either MGL-Fc or mutant-MGL-Fc as a negative control. Captured proteins were
analysed by LC-MS/MS. CRC: colorectal cancer; Fc: Fragment crystallisable region; Prot G: protein G. B) Filtering of identified proteins by mass spectrometry (grey) to
overall MGL-binding proteins and predicted cell surface MGL-binders in HCT116 (blue), HT29 (orange) and LS174T (pink). C) The Venn diagram shows the number
of cell surface MGL-binding proteins unique or shared by the three CRC cell lines, after filtering (see also Table S2).
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since the Tn antigen epitope can also be found on tyrosines, another
known binder of MGL [34], we checked our data for this possibility, but
no tyrosines with a HexNAc were observed. We believe that the low
intensity of the glycopeptides in combination with their MS/MS frag-
mentation characteristics complicates their straightforward identifica-
tion.

Even though we did not find a glycopeptide explaining the binding
of several identified proteins to MGL (e.g. MET, ITGB1, PTGFRN and
IGSF3), we are confident that these proteins are genuine MGL-inter-
actors as they were strongly enriched in three independent pull-down

experiments in both HCT116 and HT29 cells. Moreover, avalaible
transcriptomic data [19] show that the expression of the top 25 can-
didates (Table 1) is similar for all three cell lines. Together, this sug-
gests that the binding of MGL to HCT116 and HT29, but not to LS174T
cells, is actually driven by differences in the glycosylation of MGL-
binding proteins between the three CRC cell lines. Of note, we have not
identified any mucins as MGL-binding proteins in the cell lines even
though mucin 1 (MUC1) was shown to bind to MGL [35] and is highly
overexpressed in CRC tissues [36]. However, the CRC cell lines used in
the current study express low levels of MUC1 [37,38].

Fig. 3. N-glycosylated peptides of ITA3 and PTK7 carrying a LacdiNAc. Left panels: MS/MS spectra of the tryptic glycopeptide of ITA3 observed at m/z 1000.107
[M + 3H]3+. Right panels: MS/MS spectra of tryptic glycopeptide of PTK7, m/z 1261.911 [M + 3H]3+. b and y ions indicate fragments without glycans, unless
otherwise indicated. Upper panels: HCD fragmentation spectra; lower panels: CID fragmentation spectra; Pep: peptide; white square: N-acetylhexosamine; blue
square: N-acetylglucosamine, yellow square: N-acetylgalactosamine; green circle: mannose; yellow circle: galactose; purple diamond: N-acetylneuraminic acid.
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The MGL-binding proteins identified in this study are involved in
many biological processes, and some of them have been identified as
drivers of tumor progression. For example, the hepatocyte grow factor
receptor (MET), a cell surface receptor involved in downstream sig-
naling, is involved in cell proliferation, survival and morphogenesis in
CRC [39], while integrin subunit alpha 3 and beta 1 (ITGA3, ITGB1),
together forming the fibronectin receptor, promote invasion. Moreover,

Golgi apparatus protein 1 (GLG1), sortilin-related receptor (SORL1) and
inactive tyrosine-protein kinase 7 (PTK7) are also implicated in mi-
gration, adhesion, morphogenesis and differentiation (Table S1). Al-
though the downstream effect of the binding of MGL to the identified
proteins is currently unknown, studies focused on other lectins have
demonstrated that intracellular pathways can be activated [40], indu-
cing pro-tumoral effects [41–44].

Table 1
Major cell surface MGL-binding proteins in HCT116 and HT29 cells. The overall list of cell surface MGL-binding proteins in HCT116 and HT29 (Table S2) was sorted
for the total number of peptides that was identified in the twelve LC-MS/MS runs (two cell lines, 3 independent pull-downs per cell line, analysed in duplicate by LC-
MS/MS). The resulting top 25 proteins are shown. See Table S2 for full list of combined 83 MGL-binding proteins. M.W.: molecular weight; Sum of peptides: total of
peptides identified in all replicates from each cell line. aGlycopeptide carrying LacdiNAc or Tn antigen found.

UniProt entry Protein name Gene name M.W. Sum of peptides

HCT116 HT29

Q92896 Golgi apparatus protein 1 GLG1 134 531a 200a

P08581 Hepatocyte growth factor receptor MET 155 217 239
Q92673 Sortilin-related receptor SORL1 248 267a 178
P05556 Integrin beta-1 ITGB1 88 197 152
Q13308 Inactive tyrosine-protein kinase 7 PTK7 118 290a 30a

Q9P2B2 Prostaglandin F2 receptor negative regulator PTGFRN 98 220 87
O75054 Immunoglobulin superfamily member 3 IGSF3 135 158 142
P26006 Integrin alpha-3 ITGA3 116 168a 118
P10586 Receptor-type tyrosine-protein phosphatase F PTPRF 212 197
Q6ZRP7 Sulfhydryl oxidase 2 QSOX2 77 9 154
Q8NBJ4 Golgi membrane protein 1 GOLM1 45 47 84a

P02786 Transferrin receptor protein 1 TFRC 84 40 78
P20023 Complement receptor type 2 CR2 112 105
P05023 Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 112 77 11
P51572 B-cell receptor-associated protein 31 BCAP31 27 87
O75369 Filamin-B FLNB 278 72
Q15262 Receptor-type tyrosine-protein phosphatase kappa PTPRK 162 19 47
P08195 4F2 cell-surface antigen heavy chain SLC3A2 67 65
P15529 Membrane cofactor protein CD46 43 61
P11279 Lysosome-associated membrane glycoprotein 1 LAMP1 44 57
Q14118 Dystroglycan DAG1 97 57a

P16615 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 ATP2A2 114 31 26
Q86SJ2 Amphoterin-induced protein 2 AMIGO2 57 56
Q9ULF5 Zinc transporter ZIP10 SLC39A10 94 55
P23467 Receptor-type tyrosine-protein phosphatase beta PTPRB 224 51

Fig. 4. O-glycosylated peptide of DAG1 carrying Tn antigens. MS/MS spectra of the tryptic glycopeptide of DAG1 at m/z 491.257 [M + 2H]2+. Left panel: HCD MS/
MS spectrum. Right panel: CID MS/MS spectrum. b and y ions indicate fragments without glycans, unless otherwise indicated. Yellow square: N-acetylgalactosamine.
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In conclusion, whereas the signaling and effects on the immune
system in response to MGL binding to its ligands has been widely ex-
plored [11,14,15], the downstream effects of MGL binding to CRC cells
and the role of individual ligands remain still unexplored. We believe
that the identification of glycoproteins binding to MGL elucidated in
this paper represents the first step towards a better understanding of
mechanisms driving MGL-mediated tumor progression.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2020.129513.
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