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Abbreviations page 

α2M: alpha-2-macroglobulin 

ABC: ammonium bicarbonate 

CD: cluster of differentiation 

CNBr: cyanogen bromide 

CRD: carbohydrate recognition domain 

DAPI: 4',6-diamidino-2-phenylindole 

DMEM: Dulbecco’s  modified Eagles medium 

ECM: extracellular matrix 

EGF: epidermal growth factor 

EMT: epithelial-to-mesenchymal transition 

FC: fold change 

FDR: False Discovery Rate 

Gal-1: Galectin-1 

Gal-3: Galectin-3 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GFP: green fluorescent protein 

GO: gene ontology 
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HRP: horseradish peroxidase 

ITGB1: integrin beta 1 

LAMP: lysosomal-membrane-associated glycoprotein 

LRP1: low-density lipoprotein receptor  

MAPK: mitogen-activated protein kinase 

NCAM: neural cell adhesion molecule 

PDGFRB: platelet-derived growth factor receptor beta  

PVR: proliferative vitreoretinopathy 

RBC: red blood cell 

RMG: retinal Müller glial cells  

RPE: retinal pigment epithelial cells 

RT: room temperature 

TGF-β: transforming growth factor beta 

TXR: texas red 

UA: urea 

VEGF: vascular endothelial growth factor 
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Summary  

Identification of interactors is a major goal in cell biology. Not only protein-protein but also 

protein-carbohydrate interactions are of high relevance for signal transduction in biological 

systems. Here we aim to identify novel interacting binding partners for the β-galactoside-binding 

proteins Galectin-1 (Gal-1) and Galectin-3 (Gal-3) relevant in the context of the eye disease 

proliferative vitreoretinopathy (PVR). PVR is one of the most common failures after retinal 

detachment surgeries and is characterized by the migration, adhesion and epithelial-to-

mesenchymal transition (EMT) of retinal pigment epithelial cells (RPE) and the subsequent 

formation of sub- and epiretinal fibrocellular membranes. Gal-1 and Gal-3 bind in a dose- and 

carbohydrate-dependent manner to mesenchymal RPE cells and inhibit cellular processes like 

attachment and spreading. Yet knowledge about glycan-dependent interactors of Gal-1 and 

Gal-3 on RPE cells is very limited, although this is a prerequisite for unravelling the influence of 

galectins on distinct cellular processes in RPE cells. We identify here 131 Gal-3 and 15 Gal-1 

interactors by galectin pull-down experiments combined with quantitative proteomics. They 

mainly play a role in multiple binding processes and are mostly membrane proteins. We focused 

on two novel identified interactors of Gal-1 and Gal-3 in the context of PVR: the low-density 

lipoprotein receptor LRP1 and the platelet-derived growth factor receptor beta PDGFRB. 

Addition of exogenous Gal-1 and Gal-3 induced crosslinking with LRP1/PDGFRB and Integrin-

β1 (ITGB1) on the cell surface of human RPE cells and induced ERK/MAPK and Akt signaling. 

Treatment with Kifunensine, an inhibitor of complex-type-N-glycosylation, weakened the binding 

of Gal-1 and Gal-3 to these interactors and prevented lattice formation. In conclusion, the 

identified specific glycoprotein ligands shed light into the highly specific binding of galectins to 

dedifferentiated RPE cells and the resulting prevention of PVR-associated cellular events. 
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Introduction 

Galectins are widely expressed across different species and organs and share homology in the 

amino acid sequence of their carbohydrate recognition domain (CRD)1-4. They interact with their 

protein ligands by binding to β-galactoside containing moieties on the glycosylated peptide 

backbones1, 5, 6. Thereby they decipher the information stored in the glycan chains and can 

substantially influence many cellular functions including attachment, spreading, migration and 

proliferation7, 8. Galectins can be subdivided into three classes based on their molecular 

structure: proto-, chimera and tandem-repeat type3. Galectin-3 (Gal-3) is the only known 

chimera type galectin of the human lectin family1, 9, 10. It consists of a C-terminal domain to bind 

specific carbohydrate branches and an N-terminal domain, which enables Gal-3 to multimerize1, 

11. Via the C-terminal domain, Gal-3 can cross-link glycoproteins on the plasma membrane and 

thus induce cell surface lattice formation11. Galectin-1 (Gal-1) is assigned to the prototype 

galectins, consisting of one CRD9. By hydrophobic interactions at the N-terminal amino acid 

residues, prototype galectins can self-associate their monomer subunits to form homodimers4, 12, 

13. These dimers can crosslink specific multivalent carbohydrates or glycoconjugates, which 

results in the formation of cross-linked lattices and the activation of several cellular pathways 4, 

14-17. 

Proliferative vitreoretinopathy (PVR) is a blinding disease frequently occurring as a complication 

after rhegmatogenous retinal detachment surgery18-21. It is characterized by the formation of 

sub- and epiretinal fibrocellular membranes, which contract and lead to repetitive tractional 

retinal detachment 20, 22-24. Adhesion, migration and epithelial-to-mesenchymal transition (EMT) 

of retinal pigment epithelial cells (RPE) and retinal Müller Glial cells (RMG) are the key cellular 

events in the onset of PVR20, 23, 25. During EMT RPE cells convert from epithelial into 

mesenchymal cells and lose their epithelial characteristics and acquire migratory mesenchymal 
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properties26. Cultured human RPE cells are a well-accepted in vitro model system for early 

PVR. By cultivating RPE cells on plastic, they begin to dedifferentiate and to transform into a 

fibroblast-like phenotype27. Gal-1 and Gal-3 are endogenously expressed in RPE cells. They are 

present in the cytosol and nucleus, but they are also secreted by a non-classical pathway to the 

cell surface28. Extracellularly, Gal-1 and Gal-3 are involved in cell-matrix and cell-cell 

interactions8. As shown in previous studies, exogenous Gal-1 and Gal-3 bind carbohydrate-

dependent to mesenchymal RPE and inhibit attachment and spreading of these cells 29, 30. We 

also demonstrated that EMT of RPE cells leads to increased β-1,6-N-glycosylation on the cell 

surface resulting in increased binding capacity of Gal-331. Most of the recent experimental 

therapeutic approaches attempted to control PVR development by anti-proliferative or anti-

inflammatory agents or by inhibition of single growth factors and their signaling pathways32-39. 

However, PVR is a multifactorial, mostly cell driven process, which requires a multimodal 

concept24. Identification of a pharmacological agent that is capable to govern several cellular 

processes simultaneously is necessary to treat PVR. Thereby, Gal-1 and Gal-3 bear a high 

potential to counteract PVR-associated cellular events. 

However, while the cell surface proteins on RPE cells targeted by specific galectins are largely 

unknown, this in-depth knowledge is a prerequisite to unravel the possible influence of galectins 

on the signal transduction mechanisms associated with PVR processes. In many other cell 

types several interactors for Gal-1 or Gal-3 have been identified: these include among others 

lysosomal-membrane-associated glycoproteins (LAMPs)-1 and -2, neural cell adhesion 

molecule (NCAM), cell adhesion molecule L1, CD43, CD45, CD71, mucin-1 and receptors for 

distinct growth factors like the epidermal growth factor (EGF), transforming growth factor beta 

(TGF-β) or vascular endothelial growth factor (VEGF)5, 40-50. Extracellular matrix (ECM) proteins 

like laminin, fibronectin or vitronectin as well as members of the β1 integrin family are also 

known Gal-1 and Gal-3 interactors5, 46, 49, 51-53. Integrins play a major role in cell-matrix-
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interactions. As transmembrane proteins they are able to bind to the ECM by their extracellular 

part and induce several signal transduction cascades in the cell, e.g. remodeling of the 

cytoskeleton or proliferation51, 54.  Priglinger et al. 42 showed that Gal-3 induces clustering of 

CD147 and integrin-β1 (ITGB1) transmembrane glycoprotein receptors on the RPE cell surface. 

However, the functional relevance of galectin-binding on these different receptors is not 

explicitly analyzed in context of PVR.  

The purpose of this study was to identify novel specific glycoprotein ligands for Gal-1 and Gal-3 

on the surface of mesenchymal RPE cells by an affinity capture quantitative LC-MSMS based 

approach. From the 131 and 15 specific interactors identified for Gal-3 and Gal-1, respectively, 

we focused on two novel interactors for functional validation of the PVR relevant cellular 

behavior: the low density lipoprotein receptor-related protein (LRP1) and the platelet-derived 

growth factor receptor beta (PDGFRB). Addition of Gal-1 and Gal-3 induced clustering with the 

identified glycoprotein receptors LRP1 and PDGFRB together with ITGB1 on RPE cell surfaces, 

validating their potential to influence cellular effects. Relevance of glycosylation of these 

interactors for the functional galectin binding and the crosslinking activity was also analyzed. 
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Experimental Procedures 

Isolation of Human RPE Cells and Human RPE Cell Culture 

Human cadaver eyes of donors were received by the Eye Bank of the Department of 

Ophthalmology at the Linz General Hospital (Linz, Austria) or at the Ludwig-Maximilians-

University (LMU) (Munich, Germany) and were processed within 24 hours after death as 

described in Priglinger et al. 42 and Priglinger et al. 31. The securing processes of the human 

tissue were humane, complied with the Declaration of Helsinki and were approved by the 

relatives. The ethics committees of the hospital of the LMU Munich and of the Land 

Oberoesterreich authorized the procedure of isolation of RPE cells from human cadaver eyes, 

which were enucleated by an ophthalmologist in accordance with the institutions standard 

operating procedures. After removal of the cornea for cornea-transplantation, the front segment 

of the eye and the vitreous body were removed. The inner part of the rest of the eye was filled 

with phosphate-buffered saline (PBS, Gibco) and the retina was aspirated. To get rid of the 

remaining retina and photoreceptors, the eye was refilled with pre-warmed 1mM EDTA in PBS 

(37°C), pH 7.4, and incubated for 15-20 min at room temperature. PBS/1mM EDTA was 

aspirated and the eyecup was filled with dissociation buffer (3 mM L-Cystein, 1µg/µl BSA in 

PBS/1mM EDTA), containing 45µg papain (Worthington) per 1ml dissociation buffer. After 

incubation for 23 minutes at 37°C, the solution within the eye was gently agitated with a pipette 

to dispense as much RPE cells as possible. The loosened RPE cells were transferred in 

Dulbecco’s modified Eagles medium (DMEM; Gibco) supplemented with 10% fetal calf serum 

(FCS; Gibco) and centrifuged for 5 minutes at 930 rpm at room temperature. The resuspended 

RPE cells were cultivated in DMEM, 10% FCS at 37°C and 5% CO2 with or without 10µM 

Kifunensine for up to 4 weeks (Sigma Aldrich). Primary human RPE cells of passage 4 to 7 

were used for experiments. For some experiments the human ARPE-19 cell line (ATCC® CRL-
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2302™) was used55. ARPE-19 cells were cultivated under the same cell culture conditions like 

primary RPE cells. For preparation of protein lysates, RPE cells were washed with ice-cold 

PBS, collected and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1%(w/v) 

SDS, 0.5% (w/v) Sodium Deoxycholate, 1% (v/v) NP-40, Complete 1X). 

Expression, purification, biotinylation and activity control of human galectin-1 and -3 

Human Gal-1 and Gal-3 were cloned in the bacterial pETM-11 expression vector as previously 

described31, 42. The single modification was that his6-tagged hGalectin-1 was dialyzed against 

PBS containing 5 mM β-mercaptoethanol at the end of the purification process. For biotinylation, 

150mM ß-Lactose was added to 1 mg of purified Gal-1 and Gal-3 and the proteins were 

dialyzed for 2 hours at 4°C against 0.1M sodiumhydrogencarbonate with 50 mM ß-Lactose, pH 

9.2., followed by a 1 hour biotinylation at RT with 100µg biotinamidohexanoic acid N-

hydroxysuccinimide ester according to the manufacturer´s instructions (Sigma Aldrich). The 

biotinylated galectins were dialyzed overnight at 4°C against PBS. Activity of biotinylated 

galectins was determined semi-quantitatively by hemagglutination assays, adapted from Nowak 

et al. 56 and St-Pierre et al. 57. Briefly, for preparation of type 0 red blood cells (RBC), 6 ml whole 

blood samples were collected in EDTA tubes and centrifuged at 3500 rpm for 5 min. After 

removal of the transparent layer, RBCs were washed 3 times in PBS, diluted 1:10 in PBS-3% 

glutaraldehyde and rotated for 1h at room temperature. RBCs were washed 5 times in PBS-

0.0025% NaN3 and resuspended at 4% in PBS-0.0025 NaN3 to preserve it for 3 months. For 

hemagglutination assay, serial dilutions of galectins were put in U-shaped 96 well plates and 

10µl RBCs were added per well. After incubation at 37°C for 30 min, the minimum active 

concentration of each galectin, that prevented sedimentation of the RBCs, was evaluated 

visually. For further experiments Gal-1 and Gal-3 were used in sufficiently active concentrations, 

as specified respectively.  
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Galectin pull-down experiments 

For galectin pull down experiments, 1mg Gal-1 or 1mg Gal-3 were coupled on 300mg cyanogen 

bromide-activated Sepharose 4B (GE Healthcare). First the Sepharose beads were activated by 

washing 15 times with 1mM HCl, followed by a single washing step in coupling buffer (0.1M 

NaHCO3, 0.5M NaCl, pH 8.3). All washing steps included a centrifugation at 3000 rpm for 1 

minute. Galectins were mixed 1:1 with coupling solution and were incubated on a rotating wheel 

with the activated beads at 4°C overnight. After washing with a 5 fold volume of coupling buffer, 

unreacted binding sites were blocked with 1M ethanolamine (pH8) for 2 hours at room 

temperature. Several subsequent washing steps followed at different pH values (3x coupling 

solution, 3x acetate buffer (0.1M NaAc, 0.5M NaCl, pH 3-4), 3x coupling buffer, 3x acetate 

buffer, 3x PBS). The galectin-beads were stable for several months, when stored in 20% 

ethanol. To test, whether the respective galectin, coupled to the beads, was still active, 100µl 

beads-slurry (50% beads) was incubated with 200µg asialofetuin (Sigma) for 1h at RT in 

absence and presence of 0.1M ß- lactose. After washing with PBS, bound proteins were eluted 

by incubation with 3x Laemmli buffer at 95°C for 5 min. Eluates were separated by SDS-PAGE 

(10% gels) and asialofetuin was detected by Coomassie staining (supplemental figure 1). For 

galectin pull-downs 250µg total proteins from human mesenchymal RPE cell lysates were 

incubated with 20µl galectin-beads-slurry or ProteinG control beads-slurry (GE Healthcare) in 

PBS for 1h at 37°C, with gentle mixing every 10 min. After centrifugation, beads were washed 4 

times with PBS followed by elution of bound proteins with 0.5M β-lactose (sigma). Eluates were 

analysed by label-free quantitative LC-MS/MS. Five independent Gal-3 and five independent 

Gal-1 as well as the corresponding control ProteinG pull-down experiments with 3 or 4 technical 

replicates each were performed using RPE cell lysates derived from nine different human 

donors. 
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Sample preparation for mass spectrometry 

ß-lactose eluates of the Gal-1, Gal-3 and ProteinG pull-down experiments were proteolysed with 

Lys-C and trypsin (Promega, Mannheim, Germany) using a modified filter aided sample 

preparation protocol 58. Briefly, protein eluates were diluted with ammonium bicarbonate buffer 

(ABC, Sigma) to a final volume of 100µl, followed by reduction using 1µl 1M dithiothreitol (DTT) 

for 30 min at 60°C. After cooling down to RT, 100µl 8M Urea Buffer (UA, Sigma), pH 8.5, was 

added and proteins were alkylated with 10µl 300 mM iodoacetamide (Merck) for 30 min at RT in 

the dark. 2µl 1M DTT was added to quench unreacted iodacetamide and protein eluates were 

transferred to 30 kDa cut-off centrifuge filter (Pall Corporation, NY). After washing 3 times with 

400µl UA buffer and twice with 100µl 50mM ABC, the proteins were subjected to a 2h digest at 

RT with 1µg Lys-C followed by tryptic digest (2µg trypsin) overnight at 37°C. Peptides were 

collected by centrifugation through the filter and acidified with trifluoroacetic acid (TFA) (pH2). 

Mass Spectrometry 

LC-MS/MS analysis was performed as described previously on a LTQ OrbitrapXL (Thermo 

Fisher Scientific Inc.) 59-62. Briefly, every sample was automatically loaded onto an Ultimate3000 

nano HPLC system (Dionex) with a nano trap column (300 μm inner diameter × 5 mm, packed 

with Acclaim PepMap100 C18, 5 μm, 100 Å; LC Packings, Sunnyvale, CA) at a flow rate of 

30µl/min in HPLC buffer containing 0.1% trifluoroacetic acid (TFA) for 5 minutes. Peptides were 

separated on a reversed phase chromatography (PepMap, 25 cm, 75µm ID, 1µm/100 Å pore 

size, LC Packings) over 80 or 140 minutes at a flow rate of 300 nl/min using increasing ACN 

concentrations in 0.1% formic acid. Maximal injection time for MS spectra was 100ms, for 

MSMS spectra 500ms. MS data were acquired using from the high resolution MS prescan the 

10 most abundant peptide ions for fragmentation in the linear ion trap, if they were at least 

doubly charged and have an intensity of at least 200 counts, with a dynamic exclusion of 45 
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seconds and an isolation width of 2 amu. MS spectra were recorded within a mass range from 

300 to 1500 m/z at a resolution of 60,000 full widths at half-maximum. The mass spectrometry 

data have been deposited to the ProteomeXchange Consortium via the PRIDE63 partner 

repository with the dataset identifier PXD005461 and 10.6019/PXD005461. 

Protein Identification and label-free Quantification 

The acquired spectra of the different samples were analyzed using Progenesis QI software for 

proteomics (Version 2.0, Nonlinear Dynamics, Waters, Newcastle upon Tyne, U.K.) for 

precursor intensity-based label-free quantification, as previously described 59-62. Peak lists with 

respective m/z values, intensities, abundances and m/z width were generated out of the profile 

data of the MS scans. MS/MS spectra were also transformed and stored in peak lists 

incorporating m/z and abundance. The retention times of all samples were aligned to the most 

complex sample as reference. Alignment to a maximal overlay of all 2D features was done both 

automatically and manually. Only features with charges of at least 2 and not more than seven 

were included in further analyses. After alignment and feature exclusion, samples were divided 

into their respective experimental groups (Gal1, Gal3, ProtG lactose eluates), and raw 

abundances of all features were normalized. Peptide identification was done with Mascot 

(MatrixScience, London, UK; version 2.5.1) using the Ensembl human protein database (homo 

sapiens, release: 75, 105287 sequences; release: 80, 100208 sequences). The parameters for 

the search were cleavage with trypsin, 0.6 Da fragment mass tolerance and 10 ppm peptide 

mass tolerance. Carbamidomethylation was set as fixed modification, and methionine oxidation 

and deamidation of asparagine and glutamine as variable modifications. One missed cleavage 

was allowed. A Mascot-integrated decoy database search calculated an average false discovery 

(FDR) of <1.25% when searches were performed with a mascot percolator score cut-off of 15 

and an appropriate significance threshold p. Peptide assignments were reimported into 
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Progenesis QI and all normalized abundances of unique peptides of an identified protein were 

summed to calculate the total cumulative normalized abundance of the respective protein. 

These abundances were used to calculate the enrichment factors of the quantified proteins in 

the lactose eluates of the galectin pull-downs compared to ProteinG pull-downs. No minimal 

thresholds were set neither for the method of peak picking nor selection of data to use for 

quantification.  

Experimental Design and Statistical Rationale  

Five independent Galectin-1 and Galectin-3 as well as the corresponding control ProteinG pull-

down experiments with nine different biological samples were performed, each including 3 or 4 

technical replicates. Statistical analysis was done using normalized abundances of all identified 

proteins using only unique peptides. For calculation of the enrichment factors of proteins in the 

lactose eluates of galectin pull-downs compared to unspecific controls, the mean of all technical 

replicates within one experiment was used. Normal distribution was assumed and significance 

was determined by Student’s t-test. Proteins with p-values <0.05, enrichment of ≥ two-fold in 

galectin pull-down eluates (FC ≥ 2) which were identified in two or more independent 

experiments were regarded as potential Gal-1 or Gal-3 interactors.  

Volcano Plots, Cellular Component and Network Analysis 

Volcano plot representations of Gal-1 and Gal-3 pull-down experiments were done with Excel. 

The x-axis shows the log2 transformed ratio between normalized abundances of proteins 

identified in lactose eluates of galectin pull-down compared to unspecific control (ProtG pull-

down). The y-axis gives the negative log10 transformed p-value from the t-test of the same two 

comparisons. P-values <0.05 and FC ≥ 2 were regarded as significant. Infinite fold changes 

were set to the highest measured ratio plus 1, fold changes with a value of 0 were equalized 
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with the lowest measured ratio. Cellular component analysis of the 15 identified Gal-1 

interactors and the 131 Gal-3 interactors was performed based on the gene ontology (GO) 

annotation “cellular component” in FunRich64. For protein network generation, the corresponding 

gene names of the Gal-1 and Gal-3 interactors were uploaded in the Cytsocape App ClueGO-

CluePedia65 and clustered by the GO term “molecular function” using homo sapiens as the 

organism for background list. The size of the nodes represents the enrichment significance of 

the respective terms based on the predefined kappa score threshold of 0.4. The ClueGO 

network reflects the relationship between the respective functional groups represented by their 

most significant (leading) term. With the identified Gal-1 and Gal-3 interactors, Phobius analysis 

was done to predict based on the amino acid sequence of a protein, if the respective protein has 

a transmembrane domain and signal peptides66.  

Immunocytochemical staining 

Mesenchymal human RPE cells were cultivated on glass coverslips (VWR) upon 60-70% 

confluence in DMEM+10% FCS with or without 10µM Kifunensine (Sigma Aldrich) up to 

passage 4-7. Before fixation with 4% paraformaldehyde, cells were starved for 2 hours in 

serum-free DMEM and treated with biotinylated Gal-1 and Gal-3 with a final concentration of 

120µg/ml Gal-1 or 60µg/ml Gal-3 for 30 minutes at 37°C. As control no galectin was added. 

After blocking (Tris-buffered saline with 0.1% Tween20 (TBS-T)+1%bovine serum albumin 

(BSA)+0.5% goat serum) for 45 minutes at RT, galectin binding was visualized by incubation 

with Streptavidin-Alexa488 (1:500, ThermoFisher) for 1h at RT. Coverslips were incubated 

overnight at 4°C in rabbit anti-LRP1 (1:50, abcam), rabbit anti-PDGFRB (1:50, abcam) or rat 

anti-ITGB1 (1:60, DSHB) diluted in TBS-T, followed by incubation with goat-anti-rabbit-

AlexaFluor647 or goat anti-rat AlexaFluor568 (1:1000, Dianova) for 1h at RT. Between each 

staining step at least one washing step was executed with TBS-T for 10 min. After 
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counterstaining with Hoechst (1:5000, ThermoFisher) for 8 minutes at RT, coverslips were 

mounted and photographed on a Leica DMi8 microscope with a HCX PL APO 63x/1.20 

objective lens. Filter cubes for GFP, Y5, TXR and DAPI detections were used (JH 

Technologies). All images were captured using a Leica DFC365 FX camera and constant 

settings for gain and exposure time were maintained for all samples within an experimental set-

up. Images were processed by the Leica Application Suite LASX (version 2.0, Leica) and the 

deconvolution software Huygens Essential using the classic maximum likelihood estimation 

(CMLE) algorithm with a signal to noise ratio of 40 and 50 iterations (version 16.05, Scientific 

Volume Imaging B.V., Netherlands, http://svi.nl). As control, cells were stained under equal 

conditions without primary antibodies and only with secondary antibodies. No unspecific labeling 

was observed (data not shown). Immunocytochemical staining of human RPE cells was 

repeated at least three times with cells from three different donors. 

Western Blot analysis 

Eluates of the Gal-1 and Gal-3 pull-down experiments with lysates of mesenchymal RPE cells 

from three different donors, treated or untreated with 10µM Kifunensine for up to 4 weeks, were 

separated by SDS-PAGE (10% gels) and blotted onto PVDF membranes. Ten microgram of the 

whole cell extracts of the respective cell lysates were used as an input control for the pull-down 

experiments. After blocking with 5% non-fat dried milk in TBS-T for 1h at RT, blots were 

incubated with antibodies against rabbit anti-LRP1 (1:20,000, abcam), rabbit anti-PDGFRB 

(1:1,000, abcam) or mouse anti-GAPDH (1:10,000, Millipore) at 4°C overnight. For analysis of 

phosphorylation changes of ERK after galectin treatment, 15µg of whole cell extracts of 

ARPE19 cells untreated or treated with 120µg/ml Gal-1 or 60µg/ml Gal-3 for 1, 15 or 30 minutes 

were separated by SDS-PAGE (10% gels) and blotted onto PVDF membranes. Blocking was 

performed with 3% BSA in TBS-T for 1 hour and blots were incubated with antibodies against 
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rabbit anti-phospho-ERK p44/p42 (1:2,000, cell signaling, #4370) and mouse anti-GAPDH 

(1:10,000, Millipore) at 4°C overnight. After washing three times with TBS-T, blots were 

incubated with the appropriate HRP-coupled secondary antibodies (1:7,500, Jackson 

ImmunoResearch) for 1h at RT and binding was visualized by signal development with ECL 

Plus enhanced chemiluminescence kit (GE Healthcare). Galectin pull-down experiments with 

following Western Blot analysis were repeated at least 3 times on three different RPE lysates.  

Analysis of phosphorylation profiles 

For the simultaneous analysis of relative changes in site-specific phosphorylation profiles of 43 

kinases and 2 related total proteins after galectin treatment, the Human Phospho-Kinase Array 

(R&D Systems, ARY003B) was used. Selected phospho-specific capture antibodies were 

spotted in duplicate on nitrocellulose membranes. According to the manufacturer´s instructions 

(R&D systems), 300µg of whole cell extracts of ARPE19 cells untreated or treated for 15 

minutes with 120µg/ml Gal-1 or 60µg/ml Gal-3 were incubated with the nitrocellulose 

membranes overnight at 4°C. After subsequent incubation with a cocktail of biotinylated 

detection antibodies and Streptavidin-Horseradish Peroxidase, the amount of phosphorylated 

protein bound at the respective capture spot was visualized by signal development with 

chemiluminescent detection reagents. Pixel density of each spot was determined with ImageJ 

considering background subtraction67. Mean pixel density, standard deviation and statistical 

significance (Student’s t-test) were determined. P-values lower than 0.05 were considered as 

significant (*), p-values lower than 0.01 as highly significant (**).  
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Results 

Galectin-3 revealed more interacting binding partners than galectin-1 

To identify Gal-1 and Gal-3 specific binding proteins in dedifferentiated mesenchymal human 

RPE cells, the respective galectin was coupled to CNBr-activated sepharose beads and 

incubated with RPE cell lysates. Interacting proteins were eluted by β-lactose as competitor for 

specific carbohydrate binding. To exclude unspecific binders, the same pull-down experiments 

were performed with ProteinG-coupled sepharose beads. A subsequent proteomic screening of 

these lactose eluates revealed identification of 1429 different proteins in all 5 independent Gal-3 

pull-down experiments (with 3 or 4 technical replicates each, supplemental data S1 and S2) and 

1528 different proteins in 5 independent Gal-1 pull-down experiments (3 or 4 technical 

replicates per experiment, supplemental data S3 and S4) (figure 1A, left) with an overlay of 

1272 proteins. To identify the most promising Gal-1 and Gal-3 interactors, those proteins, that 

were significantly (p<0.05) at least 2-fold (fold-change (FC)≥2) enriched in Gal-1 or Gal-3 

eluates compared to the unspecific control, were selected. 771 proteins in Gal-3 pull-down 

experiments were specifically enriched in the Gal-3 lactose eluates (FC≥2) and 332 of these 

proteins reached significance (FC≥2, p<0.05) (figure 1A, middle). In contrast to that, while 698 

proteins were over 2-fold enriched in Gal-1 eluates (FC≥2), only 60 proteins could be 

determined as significantly bound to Gal-1 (FC≥2, p<0.05) (figure 1A, middle). Consequently, 

Gal-3 revealed more significant interacting binding partners than Gal-1, which is represented in 

the volcano plots of one exemplary Gal-1 (figure 1B) and one exemplary Gal-3 (figure 1C) pull-

down experiment. Those proteins, that could be detected in 2 or more independent experiments 

(FC≥2, p<0.05, n≥2) were determined as the most significant potential interactors of Gal-1 and 

Gal-3 (figure 1A, right). 131 Gal-3 interactors and 15 Gal-1 interactors fulfilling these strict 

criteria were used for further analysis and validation (table 1 and table 2).  
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Galectin-1 and Galectin-3 interactors play a role in multiple binding processes and are 

mainly localized in membranes 

GeneRanker analysis of the 131 Gal-3 and the 15 Gal-1 interacting proteins based on the 

GeneOntology (GO) term “cellular component” (supplemental tableS1) and visualized by 

FunRich classifications64 revealed that both, Gal-1 and Gal-3 interactors, were mainly localized 

in membranes (figure 2A). Gal-3 interactors are represented on the outer ring in figure 2A, Gal-1 

interactors on the inner ring, illustrating that classifications to subcellular localizations of 

interactors of both galectins are equally spread. Phobius analysis assigned 9 of the 15 Gal-1 

interactors and 71 Gal-3 interactors to have at least one transmembrane domain (table 1 and 

table 2). Based on GeneRanker analysis, 7 Gal-1 interactors and 67 of the 131 identified Gal-3 

interactors are localized to the plasma membrane or on the cell surface. Gal-1 and Gal-3 

interactors were also analyzed by the GO term “molecular functions” (supplemental tableS1) 

and clustered based on this term in the Cytoscape ClueGo-CluePedia65 network (figures 2B and 

2C). Figure 2B and 2C show that Gal-1 and Gal-3 interactors play a role in multiple binding 

processes. Whereas Gal-1 interactors are involved in integrin, collagen and fibronectin binding 

processes (figure 2B), Gal-3 interactors comprise functions like glycosaminoglycan and growth 

factor binding among others (figure 2C). With this approach, we could identify known Gal-3 

interactors like for example LAMP1, BSG or different members of the integrin family. Two novel 

identified interactors of great interest are the low density lipoprotein receptor-related protein 1 

(LRP1) and the platelet-derived growth factor receptor beta (PDGFRB). LRP1 is an endocytotic 

receptor involved in processes of cell migration and invasion, as well as in the regulation of 

growth factor homeostasis68-71 and is  overexpressed in RPE and RMG cells in PVR71. In this 

pull-down approach, enrichment factors of LRP1 of 31.1 as Gal-1 interactor and of 41.5 as Gal-

3 interactor could be identified (table 1 and table 2), which lead to the hypothesis, that LRP1 

could be a context-relevant ligand for both galectins. LRP1 also associates with the PDGF 
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receptor in endosomal compartments and modulates its signaling properties affecting the MAPK 

and Akt/phosphatidylinositol 3-kinase pathways72. PDGF and PDGFR are key regulators of cell 

migration and proliferation and play a significant role in PVR development73. PDGFRB could be 

identified as Gal-3 interactor with an enrichment factor of 11.7. In order to validate LRP1 and 

PDGFRB as potential targets for Gal-1 and Gal-3 further functional experiments were 

performed. 

Galectin-1 induces cross-linking of LRP1, Galectin-3 induces cross-linking of LRP1 and 

PDGFRB including ITGB1 on the surface of retinal pigment epithelial cells 

It is known that Gal-1 and Gal-3 can cross-link and cluster transmembrane glycoproteins and 

additionally reduce their mobility11, 14, 15. Dynamic lattices on the cell surface are built and 

several cellular processes can be influenced14, 15. In order to check if Gal-1 and Gal-3 are able 

to cross-link with LRP1 and PDGFRB as well as with the known galectin interactor ITGB1, 

mesenchymal human RPE cells were treated with biotinylated Gal-1 or Gal-3 for 30 minutes 

before fixation. The fixed cells were stained with streptavidin coupled Alexa488 to visualize 

galectin binding and subsequently with the respective antibodies against LRP1, PDGFRB and 

ITGB1. Immunofluorescence analysis revealed large speckle staining patterns of both galectins 

(figures 3B and 3C), LRP1 (figures 3E and 3F) and ITGB1 (figures 3H and 3I) in cells treated 

with Gal-1 and Gal-3 compared to diffuse staining patterns in untreated cells (figures 3A, 3D, 

3G). Visualization of double staining with Gal-1/Gal-3 and LRP1 as well as with Gal-1/Gal-3 and 

ITGB1 indicated a clear overlay of both staining patterns, visible by white (figures 3K and 3L) 

and yellow (figures 3N and 3O) speckles. Additionally, Gal-1 and Gal-3 induced cross-linking of 

LRP1 and ITGB1, verified by clear overlay of the respective galectin, LRP1 and ITGB1 staining 

patterns (white speckles, figures 3Q and 3R). Cross-linking of Gal-3 with PDGFRB and ITGB1 

could also be verified (supplemental figure 2). Whereas exogenous galectin treatment resulted 
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in clear co-localization of LRP1/PDGFRB and ITGB1 on the cell surface of human RPE cells, no 

obvious cluster formation could be seen without addition of exogenous galectin (figures 3J, 3M 

and 3P). 

Binding of Galectin-1 and Galectin-3 on LRP1 and PDGFRB is glycosylation-dependent 

Crucial for galectin-binding and lattice formation are the number of glycoprotein ligands and the 

branching of their N-glycans74. In detail, the amount and the branching of N-acetyllactosamine 

(LacNAc) residues in the glycan pattern are decisive for affinity. In order to find out, whether 

binding and cross-linking of Gal-1 and Gal-3 with LRP1 and PDGFRB are dependent on specific 

glycan structures, human RPE cells were treated for up to 4 weeks with 10µM Kifunensine to 

prevent complex-type N1,6 glycosylation of proteins. Kifunensine is a potent and selective 

inhibitor of Golgi-class I α-mannosidases 75-77. When it is added to cell culture medium at 

concentrations of 4mM or higher, a complete shift of N-glycan patterns from complex structures 

to Man9(GlcNAc)2 is induced76, 77. Galectin-pull down experiments were repeated with RPE cell 

lysates of cells, treated with or without 10µM Kifunensine. Western Blot analysis revealed that 

LRP1 and PDGFRB bound weaker to Gal-1 and Gal-3 when cells were treated with Kifunensine 

(figure 4). This indicates that complex-type N-glycosylation of LRP1 and PDGFRB is necessary 

for galectin-binding. Inhibition of complex-type-N-glycosylation led also to less galectin binding 

on the cell surface (figure 5A and 5C) and no cross-linking of the respective galectins with LRP1 

(figure 5A4 and 5C4), PDGFRB (supplemental figure 3I) and ITGB1 (figure 5A3 and 5A3) was 

induced, in contrast to the untreated cells as described before.  

Enhanced phosphorylation of ERK-1/2 and AKT-1/2/3 by binding of Gal-1 and Gal-3 

To analyze functional and signal modulating effects of galectins on RPE cells, simultaneous 

screening of changes in phosphorylation profiles in response to galectin binding was performed. 
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ARPE-19 cells were untreated or treated with Gal-1 and Gal-3 for 1, 15 or 30 minutes. Both Gal-

1 and Gal-3 treatment significantly enhanced phosphorylation of the extracellular signal 

regulated kinase ERK-1/2 and the serine-threonine protein kinase AKT-1/2/3 (S473) (figure 6A). 

ERK-1 was phosphorylated at the threonine residue T202 and at the tyrosine residue Y204, 

ERK-2 at T185 and Y187. The corresponding Western Blot analysis (figure 6B) showed that 

phosphorylation of ERK1/2 was already enhanced after one minute Gal-1 and Gal-3 treatment 

and was still detectable after 30 minutes. Phosphorylation of glycogen synthase kinase GSK-

3α/β (S21/S9) and proline-rich protein Pras-40 (T246) were also induced by galectin treatment 

(figure 6A).  
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Discussion 

This study was designed to identify specific interactors for Gal-1 and Gal-3 on mesenchymal 

RPE cell surfaces to get deeper insight in the functional effects of galectins on RPE cells in 

context of PVR. For interactome screening we used whole cell extracts of cultured human RPE 

cells that dedifferentiated and transformed into a fibroblast-like phenotype under the used cell 

culture conditions. Cultivation of RPE cells on plastic in the presence of serum is a widely 

accepted in vitro model system for early PVR27 and since we wanted to identify galectin 

interactors on RPE cells mimicking status of early PVR we used primary human RPE cells of 

nine different human donors. Besides, the human ARPE-19 cell line is often used in RPE cell 

research55, 78. In this approach, we used them for the analysis of signal modulating effects of 

galectins on RPE cells due to the required high amount of whole cell extracts. 

Gal-1 and Gal-3 pull-down experiments and subsequent quantitative LC-MSMS analysis with 

strict filtering to avoid unspecific binders resulted in a total of 131 significant Gal-3 interacting 

binding partners while only 15 proteins remained as significant Gal-1 ligands. The unequal 

number of interactors can be explained by structural differences of Gal-1 and Gal-3 in their CRD 

domains. Gal-3 is the only known chimera type galectin and it cross-links glycoproteins by its C-

terminal domain and multimerizes by its N-terminal domain after binding to saccharide ligands9, 

11. In contrast to that, Gal-1 consists of one CRD and can form homodimers by its N-terminal 

domain12, 13, 16, 17. By coupling of galectins to sepharose beads, physiological multimerization is 

presumably hindered and this conformation change might influence the ability of the CRD 

domain to bind glycoproteins. However, the binding activity of Gal-1 and Gal-3 after coupling to 

the beads was confirmed by incubation with asialofetuin, a known interactor via β-galactoside 

moieties (supplemental figure 1). In vivo, ligand binding occurs at the CRD domain while 

multimerization of galectins and formation of cross-linked lattices is triggered by the N-terminal 
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domain (figures 3 and 5)11, 79. Consequently, multimerization is in vivo not important for 

recognition of specific ligands and coupling of galectins to beads should not generally hinder 

identification of galectin interactors. However, we can’t exclude a different behavior of Gal-1 and 

Gal-3 with respect to forced monomerization through bead coupling, but Gal-1 and Gal-3 pull-

down experiments were done in parallel under the same conditions with the same RPE cell 

lysates and multimerization is at least equally important for Gal-3 as compared to Gal-1. Thus, 

we assume that the lower numbers of Gal-1 interactors are not due to technical limitations, but 

rather reflect a reduced spectrum of interactors. In vivo, the pentameric form of Gal-3 may 

facilitate to bind more different glycoprotein receptors on the RPE cell surface. Stillman et al. 40 

showed for instance, that lower concentrations of Gal-3 are required to trigger T cell death than 

of Gal-1, suggesting that Gal-3 is able to bind more ligands simultaneously. Even though all 

members of the galectin family bind to galactose-β1,4-N-acetylglucosamine, it is assumed that 

the structural differences in their CRD domains not only lead to different specificities for distinct 

glycoproteins, but also to distinct biological activities40, 80, 81. Whereas Gal-3 for example is 

associated with antiapoptotic effects, Gal-1 induces apoptosis in several cell types 82, 83. On the 

other hand, binding to different interactors does not necessarily mean that different downstream 

mechanisms are influenced. In the literature it is shown that Gal-1 and Gal-3 can bind to distinct 

receptors but converge on similar downstream signaling in several analyses for induction of T 

cell death40 or of neutrophil respiratory burst84, 85. This assumption is further underscored by the 

finding that Gal-1 and Gal-3 don’t show synergistic effects with respect to inhibition of RPE cell 

attachment and spreading when added simultaneously30.  

Nevertheless, the identified Gal-1 and Gal-3 interactors have many common features. They are 

distributed in the same cellular components, mainly in membranes, and play a role in multiple 

binding processes (figure 2). Analysis of galectin-interactors in whole RPE cell lysates with 

combined pull-down experiments and quantitative MS screening revealed both intra- and 
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extracellular interactors. It is known, that Gal-1 and Gal-3 are present both inside and outside 

the cell, and that Gal-1 and Gal-3 interact also with intracellular proteins. For example, they are 

involved in processes like pre-mRNA splicing86, 87, but these processes are assumed to be 

based on protein-protein interactions rather than carbohydrate-lectin interactions on the cell 

surface or extracellular matrix (ECM)88. In this approach, interacting proteins were eluted with ß-

lactose to verify carbohydrate-dependent binding on Galectins. Thus, we are focusing on the 

Gal-1 and Gal-3 interactors on cell-surface and ECM. Seven Gal-1 interactors and 67 of the 131 

identified Gal-3 interactors are localized in plasma membrane or on the cell surface, based on 

GeneRanker analysis. Figure 2A shows the distribution of the identified interactors on cellular 

components. Most of the interactors are localized in membranes, the extracellular space or 

intraluminal, validating that this approach mainly pulled down the carbohydrate-dependent 

interacting ligands. GeneRanker analysis also showed that both Gal-1 and Gal-3 interactors are 

involved in cell adhesion processes (supplemental table 2). Gal-3 interactors also play a role in 

ECM organization and cell migration, while Gal-1 interactors are involved in integrin-mediated 

signaling pathways. With respect to PVR, these biological processes are the key cellular 

processes in disease development, which is characterized by adhesion, migration and EMT of 

RPE and RMG cells20, 23, 25. The data monitored by our gene ranker analysis are of particular 

interest since target proteins of both Gal-1 and Gal-3 may play a role in the pathogenesis of 

PVR and thus be instrumental for influencing the disease process in terms of a therapeutic 

approach. From recent studies it became evident that PVR is a multifactorial cellular process 

that can’t be attenuated by inhibition of single growth factors and their downstream signaling 

pathways or by anti-inflammatory or anti-proliferative approaches alone32-39. As seen from our 

data, Gal-1 and Gal-3 may have the ability to orchestrate several cellular processes involved in 

PVR development simultaneously by interacting with a variety of distinct cell surface interactors, 

and thus provide a multimodal therapeutic concept.  
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Most galectin ligands are branched N-glycans on transmembrane proteins89. Accordingly, we 

found that complex-type-N-glycosylation of the galectin interactors LRP1 and PDGFRB is 

required for galectin-binding and lattice formation on the RPE cell surface (figures 4 and 5). Of 

note, these glycans are upregulated during EMT of human RPE cells and these changes lead to 

increased binding of Gal-3 to mesenchymal RPE cells31. Consequently it can be assumed that 

EMT sensitizes the susceptibility of cell surface receptors to galectins and that complex-type-N-

glycan structures are very important for galectin binding. Analyzing the mechanisms of these 

glycan-galectin interactions will provide evidence whether these glycan structures are a 

prerequisite for galectin binding and how they influence interaction processes.  

Several galectin interactors in different cell types are known so far90. Gal-3 interacts for instance 

with EGFR and TGF-βR in tumor cells45, 91. Both, Gal-1 and Gal-3, bind to β1-integrins42, 92, 93 

and extracellular matrix molecules like fibronectin and laminin52, 94, 95. Besides, Gal-1 and Gal-3 

can also bind to immune cell glycoproteins and to neural recognition molecules40, 43, 82, 96-99. 

ITGB1 and CD147 (BSG), the two previously identified counter-receptors for Gal-3 in RPE cells 

were confirmed with this approach42. Additionally, known interactors of Gal-1 or Gal-3 like 

laminin52, 94, LAMP1 and LAMP2100 and integrins101 among others were confirmed. Most of these 

interactors were identified in distinct cell types, but not in RPE cells. Thus we could on the one 

hand confirm several of the known interactors in RPE cells, and on the other hand identify many 

new so far unknown interactors.  

For validation we focused on two novel identified Gal-1 and Gal-3 interactors: LRP1 and 

PDGFRB. LRP1 (or CD91) is a 600kDa glycoprotein, consisting of an extracellular and a 

transmembrane domain102, 103. LRP1 recognizes at least 30 different ligands, among others 

lipoproteins104, the β-amyloid precursor protein68, and the protease inhibitor α2-macroglobulin 

(α2M), which is responsible for the clearance of several growth factors and cytokines like for 
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example TGF-β105-107. LRP1 recognizes extracellular ligands and induces endocytosis for 

degradation by lysosomes70. Thus, it is assumed that LRP1 also plays a significant role in the 

clearance of α2-M-associated growth factors and could potentially be involved in pathologic 

events during PVR development71. Hollborn et al. 71 found that LRP1 mRNA levels are 

upregulated in human RPE cells, stimulated with TGF-β1, TGF-β2 or VEGF. They hypothesize 

that protease treatment aiming to induce α2M-mediated clearance of growth factors 

accompanied by increased LRP1-mediated endocytosis is a potential treatment strategy for 

PVR71. Yet, in PVR RPE and RMG cells are exposed to high amounts of growth factors and 

cytokines. Though Milenkovic et al. 108 found that α2M inhibited RMG cell proliferation, it 

remains unclear, whether it is possible to clear most of these growth factors by α2M activation 

or by intravitreal addition of α2M. It is also known that several signaling pathways - including 

ERK/MAPK, Akt and NF-κB - are activated by binding of α2M to LRP1 in distinct cell types 

including macrophages and RMG cells. Bonacci et al. 109 found that proliferation and MAPK-

ERK1/2 activation in a macrophage-derived cell-line is induced by binding of α2M to LRP1. 

They could verify that α2M promotes expression and secretion of matrix-metalloproteinase 

MMP-9, which was also mediated by MAPK-ERK1/2 and NF- κB110. α2M activates also GFAP 

expression in RMG cells induced by LRP1, which is assumed to be mediated by the JAK/STAT 

signaling pathway111. Barcelona et al. 112 found that α2M - mediated by LRP1 - induces RMG 

cell migration by regulating MT1-MMP activity. We show here that α2M is a significant Gal-3 

interactor with an enrichment factor over 30.9 and a p-value of 0.002 (table 2). Which effect 

binding of Gal-1 and Gal-3 on LRP1 or α2M has on cellular processes of RPE cells, remains to 

be solved. Interestingly, LRP1 can be tyrosine phosphorylated by the growth factor PDGFR, 

which in turn regulates its activity by endocytosis and intracellular trafficking of LRP1113-115. 

Thus, LRP1 is predicted to interact as a co-receptor that modulates PDGFR initiated signal 

transduction pathways, like for example the control of cell migration113-115. In depth 
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characterization of downstream signals influenced by Gal-1 and Gal-3 interaction with the 

identified glycan-dependent interactors will provide more insight how galectins modify RPE cell 

behavior. By simultaneous screening of changes in phosphorylation profiles of distinct protein 

kinases, we could show that both ERK/MAPK and Akt signaling pathways are affected by 

galectin binding (figure 6). ERK phosphorylation was stable up to 30 minute after galectin 

treatment. Akt, which is also called protein kinase B, is one of the main downstream targets of 

the phosphatidylinositol (PI) 3-kinase pathway116, 117. GSK-3α/β and Pras-40 are substrates of 

Akt116-118 and accordingly, both were also phosphorylated after galectin treatment. Since it is 

known that LRP1 and PDGFRB associate in endosomal compartments and affect MAPK and 

Akt/PI 3-kinase pathways72, we assume that galectin induced cluster formation of LRP1, ITGB1 

and PDGFRB on the cell surface have an influence on those signaling pathways in RPE cells. 

Interestingly, Gal-1 also induced clustering of PDGFRB and ITGB1 (data not shown), even 

though PDGFRB was not identified as Gal-1 interactor by the pull-down experiments, giving a 

hint that Gal-1 not only forms lattices with specific interactors, but larger interacting protein 

complexes might be included. The experimental set-up with the galectin pull-down assays 

results in an initial set of galectin interactors, but does not allow to distinguish between direct 

and indirect galectin interactors, which is a general problem in interactome studies based on 

pull-down approaches. In vivo, Gal-1 and Gal-3 interact due to their multimerization with several 

glycoproteins simultaneously and formation of cross-linked lattices takes place. In many 

biological systems, it is described that clustering of ordered arrays of galectins and their 

glycoprotein ligands on the cell surface is required for cellular signaling and adhesion 

processes. The interplay between the different ligands – direct or indirect – is very important to 

get deeper insights in the functional effects of galectins on RPE cells.  

In conclusion, not only known interactors of Gal-1 and Gal-3 were confirmed, but also many 

novel interactors could be detected in this first proteome-wide comprehensive Gal-1 and Gal-3 
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interactome screening. Two of the identified interactors, namely LRP1 and PDGFRB, could be 

validated as Gal-1 and Gal-3 interactors by showing that exogenously added Gal-1 and Gal-3 

induce cross-linking on the RPE cell surface with LRP1 and PDGFRB together with the 

transmembrane protein ITGB1 in a complex-type N-glycan-binding-dependent manner.  
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Figure Legends 

Figure 1: Galectin-3 revealed more significant interacting binding partners than 

Galectin-1. A: Numbers of protein identifications in all Gal-1 (red) and Gal-3 (blue) pull-down 

experiments (left Venn diagram); numbers of protein identifications of all significantly enriched 

(p<0.05) proteins with an enrichment factor over or equal 2 in the galectin ß-lactose eluates 

compared to negative control (FC≥2) (central Venn diagram) and of all significantly enriched 

proteins (p<0.05, FC≥2 ), that could be detected in 2 or more independent pull-down 

experiments (right Venn diagram). Numbers of overlapping protein identifications are also 

represented (grey). B+C: Volcano plot representation of one exemplary Galectin-1 (A) and one 

exemplary Galectin -3 (B) pull-down experiment (with 3 replicates each). The log2 transformed 

ratios between normalized abundances of all proteins identified in lactose eluates of galectin 

pull-down compared to unspecific control (Protein-G pull-down) is plotted against the respective 

negative log10 transformed p-values of the t-test. P-values of p<0.05 and additional regulation 

of ≥ two fold were regarded as significant (red dots). Infinite fold changes were set to the highest 

measured ratio plus 1 (dots on the right site of the plot), fold changes with a value of 0 were 

equalized with the lowest measured ratio (dots on the left site of the plot).  

Figure 2: Galectin interactors play a role in multiple binding processes and are mainly 

localized in membranes. 15 proteins could be identified as potential Gal-1 interactors, 131 

proteins as potential Gal-3 interactors. A: Comparison of the 15 Galectin-1 interactors (inner 

chart) and the 131 Galectin-3 interactors (outer chart), based on the gene ontology (GO) 

annotation “cellular component” in FunRich64. B+C: Network of Galectin-1 (B) and Galectin-3 (C) 

interactors, clustered by the GO term “molecular function” in the cytoscape app ClueGo-

CluePedia65. The size of the nodes represents the statistical significance of the enrichment of 

the terms. The group heading term is the most significant within a group (default). The color 
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code reflects the functional groups. The edges show the connection of distinct genes to specific 

molecular functions. Identified Gal-1 interactors that were not connected to other proteins in the 

Gal-1 network: LGALS3BP, LAMP2, GBA, LANCL1, MLEC, SSBP1. Identified Gal-3 interactors 

that were not connected to other proteins in the Gal-3 network: PLXDC2, TGM2, BSG, SRM, 

RAB5C, QSOX1, PTGFRN, ACP2, MCAM, LOX, LGALS3BP, SEZ6L2, MXRA5, NCSTN, AFP, 

DCBLD2, ARL6IP5, TMEM179B. 

Figure 3: Exogenous Galectin-1 and Galectin-3 induce cross-linking of LRP1 and ITGB1 

on the cell surface of human mesenchymal RPE cells. Immunocytochemical staining of 

human RPE cells, pretreated before fixation with or without biotinylated Gal-1 or Gal-3 for 30 

min. Galectin-binding was visualized by Streptavidin-Alexa488 (green), LRP1 by Alexa647 

(magenta) and ITGB1 by Alexa568 (red). Gal-1 and Gal-3 (B and C), LRP1 (E and F) and 

ITGB1 (H and I) stainings show a pronounced punctuate staining pattern. Double staining of 

RPE cells with Gal-1/Gal-3 and LRP1 as well as with Gal-1/Gal-3 and ITGB1 indicated a clear 

overlay of both staining patterns, visible by white (K and L) and yellow (N and O) spots. For 

visualization of the clustering of galectin, LRP1 and ITGB1, LRP1 staining was changed in silico 

to blue and the overlay is seen in white (Q and R). Whereas exogenous addition of galectin led 

to clear co-localization of LRP1 and ITGB1 on human RPE cells, no crosslinking could be seen 

without exogenous galectin (J, M and P). Representative images from 4 independent 

experiments are shown. Scale bar: 10µm. 

Figure 4: Complex-type N-glycosylation of Galectin-interactors is required for Galectin-

binding. Gal-1 and Gal-3 pull-down experiments with lysates of human RPE cells, treated or 

untreated with 10µM Kifunensine. The eluates were analyzed by Western Blot with antibodies 

against PDGFRB and LRP1. 10µg of the whole cell extracts of the respective cell types were 
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used as an input control for the pull-down experiments and probed for GAPDH as loading 

control. Representative blots from three independent experiments are shown. 

Figure 5: Complex-type N-glycosylation of Galectin-interactors is necessary for Galectin 

induced cross-linking of LRP1 and ITGB1 on the cell surface of mesenchymal RPE cells. 

Immunocytochemical staining of human RPE cells, pretreated with 10µM Kifunensine. Before 

fixation cells were pretreated with biotinylated Gal-1 or Gal-3 for 30 min. Galectin-binding was 

visualized with Streptavidin-Alexa488 (green) (A-D), LRP1 by Alexa647 (magenta) (A1-D1) and 

ITGB1 by Alexa568 (red) (A2-D2). Overlay of LRP1 and galectin staining patterns is visible in 

white (A4-D4), overlay of ITGB1 and galectin staining patterns in yellow (A3-D3). For 

visualization of the clustering of galectin, LRP1 and ITGB1, LRP1 staining was changed in silico 

to blue and the overlay is seen in white (A5-D5). Whereas addition of exogenous galectin led to 

clear co-localization of LRP1 and ITGB1 on human RPE cells not treated with Kifunensine (B-

B5 and D-D5), no crosslinking could be observed in RPE cells treated with Kifunensine (A-A5 

and C-C5). Representative images from 2 independent experiments are shown. Scale bar: 

10µm. 

Figure 6: Enhanced phosphorylation of ERK-1/2 and AKT-1/2/3 by binding of Gal-1 and 

Gal-3. Analysis of phosphorylation levels induced by Gal-1 or Gal-3 treatment by Western Blot. 

A: 300µg of ARPE19 cell extracts untreated or treated with Gal-1 or Gal-3 for 15 minutes were 

incubated with a nitrocellulose membrane of the Human Phospho-Kinase Array. Profiling of 

phosphorylation levels revealed significant induction of ERK1/2, GSK-3α/β, Pras-40 and Akt-

1/2/3 phosphorylation after treatment with Gal-1 or Gal-3. The amount of phosphorylated protein 

bound at the respective capture spot was visualized by signal development with 

chemiluminescent detection reagents and mean pixel density was determined in duplicates. P-

values lower than 0.05 were considered as significant (*), p-values lower than 0.01 as highly 
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significant (**). B: 15µg of whole cell extracts of ARPE19 cells untreated or treated with Gal-1 or 

Gal-3 for 1, 15 or 30 minutes were separated by SDS-PAGE (10% gels) and blotted onto PVDF 

membranes. Blots were incubated with antibodies against phospho-ERK p44/p42 and GAPDH. 

Representative blots from three independent experiments are shown. 
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Tables 

Table 1: List of RPE cell proteins with high affinity to Galectin-1. 

1st Accession Number Gene name 
Ratio 
Gal1/neg. 
control 

P-value TMD SP Protein name 

ENSP00000333298 LAMP1 1065.8 0.006 1 Y 
lysosomal-associated 
membrane protein 1  

ENSP00000307513 MRC2 136.4 0.049 1 0 mannose receptor, C type 2  

ENSP00000007722 ITGA3 104.6 0.021 1 Y integrin, alpha 3 

ENSP00000261023 ITGAV 59.2 0.016 1 Y integrin, alpha V  

ENSP00000303351 ITGB1 53.9 0.014 1 Y integrin, beta 1 

ENSP00000233714 LANCL1 52.2 0.001 0 0 
LanC l antibiotic synthetase 
component C-like 1 
(bacterial)  

ENSP00000314508 GBA 34.8 0.000 0 Y glucosidase, beta, acid  

ENSP00000331544 FBLN1 34.1 0.018 0 Y fibulin 1  

ENSP00000243077 LRP1 31.1 0.019 1 Y low density lipoprotein 
receptor-related protein 1  

ENSP00000258341 LAMC1 21.3 0.002 0 Y 
laminin, gamma 1 (formerly 
LAMB2)  

ENSP00000262776 LGALS3BP 19.0 0.043 0 Y 
lectin, galactoside-binding, 
soluble, 3 binding protein  

ENSP00000228506 MLEC 18.1 0.037 1 Y malectin  

ENSP00000265304 SSBP1 6.1 0.045 0 0 single-stranded DNA binding 
protein 1, mitochondrial  

ENSP00000200639 LAMP2 5.9 0.001 1 Y 
lysosomal-associated 
membrane protein 2  

ENSP00000258733 GPNMB 5.3 0.049 1 Y 
glycoprotein 
(transmembrane) nmb  

15 identified Gal-1 interactors in order of their enrichment factors in the ß-lactose eluates of 

galectin pull-downs compared to unspecific controls. For calculation the mean of all technical 

replicates within one experiment was used. Significance was determined by Student’s t-test. 

Proteins with p-values of p<0.05, enrichment of ≥ two-fold in galectin pull-down eluates (FC ≥ 2) 

and additional identification in two or more independent pull-down experiments (n ≥ 2), were 

regarded as significant. The ratios represent the maximum fold changes of all experiments and 

the corresponding p-values. TMD: transmembrane domain. SP: signal peptide. FC: fold change. 
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Table 2: List of RPE cell proteins with high affinity to Galectin-3. 

 
1st Accession 
Number 

gene name 
 

Ratio 
Gal3/neg. 
control 

P-value 
 

TMD 
 

SP 
 

Protein name 
 

ENSP00000273784 AHSG infinity 0.016 0 Y alpha-2-HS-glycoprotein  

ENSP00000222374 CADM4 infinity 0.047 1 Y cell adhesion molecule 4  

ENSP00000312435 DAG1 infinity 0.004 1 Y dystroglycan 1 (dystrophin-associated glycoprotein 1) 

ENSP00000321573 DCBLD2 infinity 0.007 3 Y discoidin, CUB and LCCL domain containing 2  

ENSP00000334145 F3 infinity 0.003 1 0 coagulation factor III (thromboplastin, tissue factor)  

ENSP00000314508 GBA infinity 0.014 0 Y glucosidase, beta, acid  

ENSP00000282588 ITGA1 infinity 0.002 1 Y integrin, alpha 1  

ENSP00000264106 ITGA6 infinity 0.015 1 Y integrin, alpha 6  

ENSP00000266041 ITIH4 infinity 0.014 0 Y 
inter-alpha-trypsin inhibitor heavy chain family, 
member 4  

ENSP00000258341 LAMC1 infinity 0.016 0 Y laminin, gamma 1 (formerly LAMB2)  

ENSP00000231004 LOX infinity 0.046 0 Y lysyl oxidase  

ENSP00000374135 LRP1B infinity 0.029 1 Y low density lipoprotein receptor-related protein 1B  

ENSP00000199940 MAP2 infinity 0.035 0 0 microtubule-associated protein 2  

ENSP00000217939 MXRA5 infinity 0.012 0 Y matrix-remodelling associated 5  

ENSP00000294785 NCSTN infinity 0.009 1 Y nicastrin  

ENSP00000324270 OXTR infinity 0.041 7 0 oxytocin receptor  

ENSP00000319782 PODXL infinity 0.020 1 Y podocalyxin-like  

ENSP00000356572 QSOX1 infinity 0.007 0 Y quiescin Q6 sulfhydryl oxidase 1  

ENSP00000266771 SLC15A4 infinity 0.014 13 0 
solute carrier family 15 (oligopeptide transporter), 
member 4  

ENSP00000444408 SLC1A5 infinity 0.017 9 0 
solute carrier family 1 (neutral amino acid 
transporter), member 5  

ENSP00000004531 SLC7A2 infinity 0.042 14 0 
solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 2  

ENSP00000335300 TPCN1 infinity 0.002 12 0 two pore segment channel 1  

ENSP00000351190 ITIH2 527961.6 0.006 0 Y inter-alpha-trypsin inhibitor heavy chain 2  

ENSP00000418725 ITGB1 20223.9 0.011 0 Y 
integrin, beta 1 (fibronectin receptor, beta 
polypeptide, antigen CD29 includes MDF2, MSK12)  

ENSP00000269141 CDH2 4103.6 0.003 1 Y cadherin 2, type 1, N-cadherin (neuronal)  

ENSP00000257857 CD63 3186.1 0.032 4 0 CD63 molecule  

ENSP00000329797 CADM1 2304.6 0.003 1 Y cell adhesion molecule 1  

ENSP00000333298 LAMP1 1591.0 0.003 1 Y lysosomal-associated membrane protein 1  

ENSP00000231368 LNPEP 1439.2 0.031 1 0 leucyl/cystinyl aminopeptidase  

ENSP00000257879 ITGA7 1433.6 0.000 1 0 integrin, alpha 7  

ENSP00000256689 SLC38A2 910.1 0.015 11 0 solute carrier family 38, member 2  

ENSP00000268613 CDH13 900.6 0.008 0 0 cadherin 13  

ENSP00000368752 PRNP 737.3 0.024 2 Y prion protein  

ENSP00000263398 CD44 581.2 0.017 1 Y CD44 molecule (Indian blood group)  

ENSP00000382340 ABCC1 521.0 0.002 10 0 
ATP-binding cassette, sub-family C (CFTR/MRP), 
member 1  

ENSP00000293379 ITGA5 477.1 0.002 1 Y 
integrin, alpha 5 (fibronectin receptor, alpha 
polypeptide)  
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ENSP00000230418 PTK7 231.3 0.005 1 Y protein tyrosine kinase 7  

ENSP00000261978 LTBP2 219.4 0.002 0 Y 
latent transforming growth factor beta binding protein 
2  

ENSP00000280527 CRIM1 218.6 0.003 1 Y 
cysteine rich transmembrane BMP regulator 1 
(chordin-like)  

ENSP00000308727 SUSD5 218.1 0.001 1 Y sushi domain containing 5  

ENSP00000336888 SLC44A2 208.8 0.006 10 0 
solute carrier family 44 (choline transporter), member 
2  

ENSP00000258733 GPNMB 202.7 0.007 1 Y glycoprotein (transmembrane) nmb  

ENSP00000256997 ACP2 198.2 0.026 1 Y acid phosphatase 2, lysosomal  

ENSP00000357190 PTPRK 197.0 0.040 1 Y protein tyrosine phosphatase, receptor type, K  

ENSP00000356787 ATP1B1 188.5 0.044 1 0 ATPase, Na+/K+ transporting, beta 1 polypeptide  

ENSP00000310206 SEZ6L2 184.0 0.041 1 Y seizure related 6 homolog (mouse)-like 2  

ENSP00000306864 VASN 180.9 0.024 1 Y vasorin  

ENSP00000348307 SIRPA 146.7 0.044 1 Y signal-regulatory protein alpha  

ENSP00000421922 LRPAP1 141.9 0.001 0 Y 
low density lipoprotein receptor-related protein 
associated protein 1  

ENSP00000320084 CD276 121.5 0.010 1 Y CD276 molecule  

ENSP00000305988 ALCAM 121.5 0.007 1 Y activated leukocyte cell adhesion molecule  
ENSG00000125730 C3 119.1 0.042 0 Y complement component 3  

ENSP00000290401 NPTN 115.6 0.002 1 Y neuroplastin  

ENSP00000378392 PSAP 111.3 0.002 0 Y prosaposin  

ENSP00000264036 MCAM 109.0 0.022 1 Y melanoma cell adhesion molecule  

ENSP00000311502 HEG1 101.8 0.003 0 0 heart development protein with EGF-like domains 1  

ENSP00000331544 FBLN1 100.3 0.015 0 Y fibulin 1  

ENSP00000311402 SLC4A2 96.9 0.046 13 0 solute carrier family 4 (anion exchanger), member 2  

ENSP00000228506 MLEC 96.6 0.000 1 Y malectin  

ENSP00000053867 GRN 85.3 0.013 0 Y granulin  

ENSP00000296181 ITGB5 84.8 0.001 1 Y integrin, beta 5  

ENSP00000265077 VCAN 83.4 0.003 0 Y versican  

ENSP00000295633 FSTL1 77.8 0.008 0 Y follistatin-like 1  

ENSP00000413922 ITIH3 76.7 0.024 0 Y inter-alpha-trypsin inhibitor heavy chain 3  

ENSP00000352288 PLXNB2 75.0 0.005 1 Y plexin B2  

ENSP00000318557 SLC12A4 74.5 0.013 14 0 
solute carrier family 12 (potassium/chloride 
transporter), member 4  

ENSP00000324101 CD151 72.1 0.028 4 0 CD151 molecule (Raph blood group)  

ENSP00000266718 LUM 65.3 0.001 0 Y lumican  

ENSP00000273258 ARL6IP5 60.8 0.049 4 0 ADP-ribosylation-like factor 6 interacting protein 5  

ENSP00000269228 NPC1 60.7 0.009 13 Y Niemann-Pick disease, type C1  

ENSP00000347596 EFEMP1 57.1 0.004 0 Y 
EGF containing fibulin-like extracellular matrix protein 
1  

ENSP00000333697 TMEM179B 52.2 0.007 3 Y transmembrane protein 179B  

ENSP00000312506 CSPG4 44.1 0.003 1 Y chondroitin sulfate proteoglycan 4  

ENSP00000188790 FAP 43.6 0.022 0 Y fibroblast activation protein, alpha  

ENSP00000323534 FN1 43.3 0.002 0 Y fibronectin 1  
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ENSP00000262776 LGALS3BP 41.9 0.004 0 Y lectin, galactoside-binding, soluble, 3 binding protein  

ENSP00000243077 LRP1 41.5 0.001 1 Y low density lipoprotein receptor-related protein 1  

ENSP00000315130 CLU 39.7 0.002 0 Y clusterin  

ENSP00000206423 CCDC80 38.8 0.001 0 Y coiled-coil domain containing 80  

ENSP00000318646 RPS15A 37.8 0.003 0 0 ribosomal protein S15a  

ENSP00000200639 LAMP2 37.6 0.004 1 Y lysosomal-associated membrane protein 2  

ENSP00000307513 MRC2 37.5 0.002 1 0 mannose receptor, C type 2  

ENSP00000261023 ITGAV 32.1 0.015 1 Y integrin, alpha V  

ENSP00000341730 RPL10 31.6 0.003 0 0 ribosomal protein L10  

ENSP00000371626 TRA2B 31.4 0.006 0 0 transformer 2 beta homolog (Drosophila)  

ENSP00000323929 A2M 30.9 0.002 0 Y alpha-2-macroglobulin  

ENSP00000333769 BSG 26.8 0.000 1 Y basigin (Ok blood group)  

ENSP00000007722 ITGA3 26.7 0.001 1 Y 
integrin, alpha 3 (antigen CD49C, alpha 3 subunit of 
VLA-3 receptor)  

ENSP00000349437 IGF2R 26.5 0.003 1 Y insulin-like growth factor 2 receptor  

ENSP00000084795 RPL18 25.6 0.000 0 0 ribosomal protein L18  

ENSP00000222399 LAMB1 24.9 0.000 0 Y laminin, beta 1  

ENSP00000226359 AFP 22.1 0.013 0 Y alpha-fetoprotein  

ENSP00000252804 PXDN 21.3 0.006 0 Y peroxidasin  

ENSP00000275730 SLC12A9 20.8 0.003 13 0 solute carrier family 12, member 9  

ENSP00000359602 LMBRD1 19.6 0.013 7 0 LMBR1 domain containing 1  

ENSP00000366460 PLXDC2 19.2 0.007 1 Y plexin domain containing 2  

ENSP00000286371 ATP1B3 18.8 0.035 1 0 ATPase, Na+/K+ transporting, beta 3 polypeptide  

ENSP00000264896 SCARB2 15.7 0.026 1 Y scavenger receptor class B, member 2  

ENSP00000340815 SLC3A2 15.6 0.012 1 0 
solute carrier family 3 (amino acid transporter heavy 
chain), member 2  

ENSP00000327290 ITGA11 15.2 0.016 1 Y integrin, alpha 11  

ENSP00000260356 THBS1 15.2 0.002 0 Y thrombospondin 1  

ENSP00000341861 SERPING1 13.7 0.041 0 Y 
serpin peptidase inhibitor, clade G (C1 inhibitor), 
member 1  

ENSP00000376899 PTGFRN 13.3 0.016 1 Y prostaglandin F2 receptor inhibitor  

ENSP00000377047 PTPRZ1 13.1 0.048 1 Y 
protein tyrosine phosphatase, receptor-type, Z 
polypeptide 1  

ENSP00000296585 ITGA2 12.1 0.003 1 Y 
integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 
receptor)  

ENSP00000261799 PDGFRB 11.7 0.012 1 Y 
platelet-derived growth factor receptor, beta 
polypeptide  

ENSP00000355330 TGM2 11.4 0.001 0 0 transglutaminase 2  

ENSP00000222247 RPL18A 10.2 0.001 0 0 ribosomal protein L18a  

ENSP00000344456 CTNNB1 9.1 0.000 0 0 catenin (cadherin-associated protein), beta 1, 88kDa  

ENSP00000272317 RPS27A 8.8 0.006 0 0 ribosomal protein S27a  

ENSP00000264832 ICAM1 6.7 0.000 1 Y intercellular adhesion molecule 1  

ENSP00000296674 RPS23 6.4 0.016 0 0 ribosomal protein S23  

ENSP00000346015 RPL27A 5.9 0.000 0 0 ribosomal protein L27a  

ENSP00000369743 RPS6 4.8 0.001 0 0 ribosomal protein S6  
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ENSP00000253788 RPL27 4.8 0.003 0 0 ribosomal protein L27  

ENSP00000416293 SLC2A1 4.5 0.010 12 0 
solute carrier family 2 (facilitated glucose 
transporter), member 1  

ENSP00000311430 RPL4 4.3 0.027 0 0 ribosomal protein L4  

ENSP00000277865 GLUD1 4.2 0.036 0 Y glutamate dehydrogenase 1  

ENSP00000345689 RAB5C 4.2 0.026 0 0 RAB5C, member RAS oncogene family  

ENSP00000363018 RPL10A 3.8 0.006 0 0 ribosomal protein L10a  

ENSP00000348849 RPS26 3.8 0.024 0 0 ribosomal protein S26  

ENSP00000225698 C1QBP 3.4 0.027 0 0 
complement component 1, q subcomponent binding 
protein  

ENSP00000346022 RPL9 3.4 0.011 0 0 ribosomal protein L9  

ENSP00000295598 ATP1A1 3.3 0.003 8 0 ATPase, Na+/K+ transporting, alpha 1 polypeptide  

ENSP00000379888 RPS8 3.2 0.026 0 0 ribosomal protein S8  

ENSP00000305920 GLB1 3.1 0.047 0 Y galactosidase, beta 1  

ENSP00000325136 HADHB 3.1 0.030 0 Y 

hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA 
thiolase/enoyl-CoA hydratase (trifunctional protein), 
beta subunit  

ENSP00000346027 RPL21 3.1 0.036 0 0 ribosomal protein L21  

ENSP00000366156 SRM 3.1 0.038 0 0 spermidine synthase  

ENSP00000251453 RPS16 2.5 0.040 0 0 ribosomal protein S16  

ENSP00000342070 CTSB 2.5 0.004 0 Y cathepsin B  

131 identified Gal-3 interactors in order of their enrichment factors in the lactose eluates of 

galectin pull-downs compared to unspecific controls. For calculation the mean of all technical 

replicates within one experiment was used. Significance was determined by Student’s t-test. 

Proteins with p-values of p<0.05, enrichment of ≥ two-fold in galectin pull-down eluates (FC ≥ 2) 

and additional identification in two or more independent pull-down experiments (n ≥ 2), were 

regarded as significant. The ratios represent the maximum fold changes of all experiments and 

the corresponding p-values. TMD: transmembrane domain. SP: signal peptide. FC: fold change. 
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B: Galectin-1 pull-down experiment
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