Galectin-3 promotes epidermal growth factor receptor recycling through Alix in multivesicular bodies
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Epidermal growth factor (EGF)-receptor mediated signaling pathway plays very important roles in cell survival


1 ADDIN EN.CITE , migration2, proliferation


3 ADDIN EN.CITE , as well as oncogenesis4 and wound re-epithelialization


2,3 ADDIN EN.CITE . Intracellular trafficking of EGFR is critical for maintaining EGFR surface expression and proper responses to ligand stimulation


5 ADDIN EN.CITE . Galectin-3, a member of an animal lectin family, has been implicated in a number of physiological and pathological processes6. Although the effects of recombinant galectin-3 on a variety of cell types through their binding to cell surface glycans have been extensively studied7, the role of endogenous galectin-3 remains elusive. Through studies of keratinocytes isolated from galectin-3-deficient mice, we establish that galectin-3 positively regulates keratinocyte migration and skin wound re-epithelialization. We link this pro-migratory function to a crucial role of galectin-3 in controlling intracellular EGFR trafficking and EGFR surface expression after EGF stimulation. In the absence of galectin-3, the surface levels of EGFR are dramatically reduced and the receptor accumulates diffusely in the cytoplasm. This is associated with reduced rates of both endocytosis and recycling. This novel function of galectin-3 is mediated through direct interaction with its binding partner Alix, which is a protein component of the endosomal sorting complex required for transport (ESCRT) machinery. Galectin-3 is localized in multivesicular bodies (MVBs) and regulates the number of MVBs. The expression of another receptor regulated by MVBs, beta-adrenergic receptor, is also controlled by galectin-3. Our results suggest that galectin-3 is a critical regulator of intracellular trafficking of growth factor receptors and potentially controls a large number of important cellular responses through this intracellular mechanism.

Galectin-3 belongs to an animal lectin family defined by consensus sequences as well as β-galactoside-binding activities. It has been implicated in a number of cellular processes, such as cell growth8, cell differentiation


9 ADDIN EN.CITE , and apoptosis10. While a study of corneal wound repair implicated galectin-3 in the healing process and by extension, cell migration11, the mechanism by which galectin-3 affects migration is not clear. Keratinocyte migration is a crucial step during the process of skin wound re-epithelialization process12 and the EGF-EGFR-ERK signaling pathway plays an important role2. Besides controlling cell migration, this pathway has been implicated in numerous cellular processes, such as cell survival, cell proliferation, cell differentiation and cell stress. Dysregulation of the pathway can be oncogenic in some cell types. The cell surface expression of EGFR is critically controlled by intracellular trafficking, in which multivesicular bodies (MVBs) are crucial for receptor down-regulation


13 ADDIN EN.CITE . EGFR can be sorted into different compartments inside the cell through MVBs 


14 ADDIN EN.CITE , recycled back to plasma membrane, or degraded when the MVBs fuse with lysosomes. 
   We observed that the migration speed of isolated gal3-/- mouse keratinocytes was significantly lower than that of gal3+/+ counterparts (Fig. 1a). The decreased motility of gal3-/- keratinocytes was further confirmed by their decreased ability to close an in vitro scratch wound created in a confluent monolayer (Fig. 1b, c). In vivo, skin wounds in gal3-/- mice demonstrated significantly delayed re-epithelialization compared to gal3+/+ mice (Fig. 1d, e). Galectin-3 was found to be translocated to the leading edge of cells at 30 min post scratch, where it colocalized with phosphotyrosine but not with actin (Supplementary Fig.1), suggesting that galectin-3 is involved in signal transduction prior to cell migration. We compared gal3+/+ and gal3-/- keratinocytes for EGF-stimulated EGFR-ERK signaling 


15 ADDIN EN.CITE . At 5 and 10 min after EGF stimulation, gal3+/+ keratinocytes demonstrated increased phosphorylation of both EGFR (at Tyrosine 1068 residue) and ERK as compared to gal3-/- keratinocytes (Fig.1f). The migration speed of gal3+/+ keratinocytes was significantly reduced by an EGFR tyrosine kinase-specific inhibitor PD15035 (Fig. 1g), but that of gal3-/- keratinocyte was not affected by this inhibitor, suggesting that galectin-3 modulates keratinocyte migration through its effects on the EGFR response to EGF.
   The cell surface EGFR expression was compared between gal3+/+ and gal3-/- keratinocytes by flow cytometry (Fig. 2a, b). The mean fluorescence intensity of EGFR in gal3-/- cells was significantly lower than that in gal3+/+ cells (0.8 ± 0.04 vs. 5.5 ± 0.9, P<0.05). In cultured gal3+/+ keratinocytes, EGFR is predominately a plasma membrane protein, as expected. Remarkably, in gal3-/- keratinocytes, EGFR was found to be accumulated in the peri-nuclear area of cytoplasm, but not on the plasma membrane (Fig. 2c). In gal3+/+ mice, EGFR was localized to the basal-lateral domain in the cell-cell contact region of peri-wound epidermis. In significant contrast, in gal3-/- mice, EGFR was accumulated in the cytoplasm of keratinocytes but not on the plasma membrane (Fig. 2d). We then tested the effect of EGF on the surface expression pattern of EGFR between gal3+/+ and gal3-/- mouse keratinocytes. When cells were cultured in the absence of EGF (growth factor deprivation), EGFR was localized on the plasma membrane in both genotypes (Fig. 2e 0h), and its levels were comparable between gal3+/+ and gal-/- cells (Fig. 2f lanes 3&4). After EGF stimulation for 6 hr, the receptor was present on the plasma membrane in gal3+/+ cells, but was accumulated in the cytoplasm of gal3-/- keratinocytes (Fig.2e 6h), and its levels in gal3-/- keratinocytes were significantly higher than gal3+/+ counterparts (Fig. 2f,g lanes 1&2).

EGFR in gal3-/- keratinocytes does not co-localize with PDI (ER marker), ceramide (Golgi complex marker), Rab8 (post trans Golgi network vesicle marker), EEA1 (early endosome marker), LAMP1 (lysosome marker) or Rab7 (MVB marker), but diffusely accumulates in the peri-nuclear region of the cytoplasm (Supplementary Fig. 2). By immunoelectron microscopy (immunoEM), EGFR was detected in large clusters in gal3+/+ keratinocytes, but diffusely distributed in gal3-/- keratinocytes (Fig. 2h, i). This observation by immune EM confirms the immunofluorescence data, and suggests that galectin-3 is critical for the maintenance of surface expression and intracellular trafficking of EGFR in keratinocytes.
   The observed differences in EGF-induced redistribution of the EGFR in the gal3+/+ and in gal3-/- keratinocytes suggests the presence of a defect in receptor endocytosis, recycling, or degradation in gal3-/- keratinocytes. We found EGF-induced endocytosis of EGFR to be decreased in gal3-/- keratinocytes relative to gal3+/+ cells (Fig. 3a), using either low (2ng/ml) or high (100ng/ml) (Fig. 3b) EGF stimulation. EGFR recycling was also deficient in the gal3-/- keratinocytes, as no recycling was detected in gal3-/- keratinocytes up to 6 hr (Fig. 3c), while in gal3+/+ keratinocytes the EGFR recycled back to the plasma membrane within 30 min. The observed lower EGFR surface expression in gal3-/- keratinocytes could be due to either reduced new protein synthesis or a lower rate of recycling. Pre-treatment of cells with the protein synthesis inhibitor cycloheximide for 4 hr prior to stimulation with EGF discriminated between these possibilities, and demonstrated that the decrease in surface EGFR levels in gal3-/- relative to gal3+/+ keratinocytes was independent of protein synthesis (Fig. 3d). 
   In addition to defective endocytosis and recycling of the EGFR in gal3-/- cells, the contribution of receptor degradation was examined. In the absence of any inhibitors, EGFR in both gal3+/+ and -/- keratinocytes was degraded at 2 h following stimulation with 50 ng/ml EGF (Fig. 3e, upper lane). In gal3+/+ keratinocytes, EGFR degradation was attenuated by the lysosome inhibitor chloroquine, but not the proteasome inhibitor MG132. (Fig. 3e middle and bottom lanes on the left), suggesting that EGF-induced EGFR degradation occurs mainly through the lysosomal pathway in gal3+/+ keratinocytes. However, in gal3-/- keratinocytes, significant EGFR degradation persisted in the presence of either inhibitor (Fig. 3e, right lanes), suggesting that both lysosomal and proteasomal degradation pathways are activated. 
We studied EGFR intracellular trafficking by immunofluorescence (Supplementary Fig. 3). At 5 min post EGF stimulation, EGFR was found in EEA-1 positive early endosomes in both genotypes. At 30 min post EGF stimulation, EGFR was found in Rab7-positive MVBs in gal3+/+ keratinocytes. However, in gal3-/- keratinocytes, EGFR was not colocalized with Rab7. At 60 min post stimulation, EGFR was found in LAMP1-positive lysosomes in gal3+/+ keratinocytes, but not in gal3-/- keratinocytes. Thus gal-/- keratinocytes exhibit multiple defects that contribute to the cytoplasmic accumulation, rather than cell membrane localization, of EGFR due to aberrant degradation by the proteasomal pathway, decreased recycling, and impaired endocytosis.

 Galectin-3 is known to bind to EGFR through lectin-carbohydrate interactions 16. Demetriou et al. proposed that galectin-3 forms lattices with Mgat5-modified glycoproteins on the plasma membrane, thereby retarding receptor endocytosis. Evidence, however, mitigates this mechanism of action in keratinocytes. First, galectin-3 is localized mainly in the cytoplasm of keratinocytes (Supplementary Fig. 4). Second, as mentioned above, the ligand-induced EGFR rate of endocytosis is lower in gal3-/- mouse keratinocytes compared to gal3+/+ counterparts (Fig. 3a). Finally, recombinant galectin-3 induced EGFR endocytosis in neonatal human keratinocytes (NHK) (Fig. 3f, g), rather than stabilizing EGFR on the plasma membrane. Thus, we propose that endogenous galectin-3 regulates EGFR surface expression through an intracellular, rather than extracellular mechanism. 
   We then studied the association of galectin-3 with MVBs, which are organelles known to connect all three aspects of intracellular EGFR trafficking: endocytosis, recycling and degradation. We also studied the role of Alix, an intracellular binding partner of galectin-3 
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, and a protein component of the endosomal sorting complex required for transport (ESCRT) machinery 
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, with demonstrated ability to attenuate EGFR endocytosis 
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 and shown to regulate membrane invagination in early endosomes and formation of MVBs in vitro 
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.We observed galectin-3 to be translocated to MVBs at 30 min after EGF stimulation and colocalize with Rab7, a marker of MVBs, by immunofluorescence microscopy (Fig. 4a). The translocation of galectin-3 was further confirmed biochemically by sucrose density gradient fractionation. After EGF stimulation, both galectin-3 and Alix coexisted in the same fraction with Rab7, and these proteins were also detected in a fraction corresponding to the nucleus (Fig. 4b, lower panels fraction 3 and10). By immunoelectron microscopy, galectin-3 was detected on the membrane of intralumenal vesicles of MVBs in gal3+/+ keratinocytes after EGF stimulation (Fig. 4c). Importantly, the number of MVBs per cell was significantly higher in gal3-/- keratinocytes compared to gal3+/+ keratinocytes (Fig. 4d, P < 0.001), while the number of lamellar bodies, a marker of keratinocyte phenotype, was comparable in these two genotypes. No significant difference was observed in the size of MVBs, as well as the size and the number of intra-lumen vesicles, between the two genotypes (data not shown). Thus, galectin-3 is associated with MVBs, and functions in MVBs.  
   Previously, we identified Alix as a binding partner for galectin-3 through a yeast two-hybrid screening using a Jurkat cDNA library
 ADDIN EN.CITE 
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. Here we demonstrate that galectin-3 can be co-precipitated with Alix from cultured keratinocytes 30 min after EGF stimulation (Fig. 4e). In addition, galectin-3 was colocalized with Alix 30 min after scratch in NHK monolayers at the leading edge and in the peri-nuclear region (Fig. 4g). We compared the levels of EGFR co-immunoprecipitated with Alix in gal3+/+ and gal3-/- keratinocytes treated with a membrane permeable chemical crosslinker (Fig. 4f). EGFR released from the plasma membrane during cell lysis can potentially be bound to galectin-3 through lectin-carbohydrate interaction and appear to be associated with Alix, if the galectin-3 protein is complexed with Alix. To exclude this possibility we included 5 mM lactose to the lysis buffer, to block galectin-3-carbohydrate binding. In gal3+/+ keratinocytes, Alix was not associated with EGFR at time 0, but an increased association was noted 10 min after EGF stimulation. In contrast, there was a significant amount of EGFR associated with Alix at time 0 in gal3-/- keratinocytes and a decreased association between the two proteins 10 min after EGF stimulation. The results suggest that galectin-3 is critical for modulating Alix-EGFR association after EGF stimulation through direct binding to Alix. It should be mentioned that thus far, there is no evidence that galectin-3 binds to EGFR directly inside the cells.

   We further tested the role of galectin-3 in the surface expression of other cell surface receptors. (2-adrenergic receptor (B2AR) is a G-protein coupled receptor, which has been reported to be downregulated through MVB sorting


21 ADDIN EN.CITE . We compared the localization of B2AR between gal3+/+ and gal3-/- keratinocytes. In gal3-/- keratinocytes, B2AR was also found to accumulate in the peri-nuclear region of the cytoplasm (Fig. 5a). This supports the notion that galectin-3 regulates the intracellular trafficking of multiple growth factors receptors through regulation of MVB sorting. 
The presence of glycans on cell surface receptors with which galectin-3 interact have led to the description of several extracellular functions. Our studies have uncovered a new paradigm for intracellular regulation of cell surface expression of growth factor receptors by galectin-3. Through this mechanism, galectin-3 has the potential to be a key player in a large number of cellular processes mediated by these receptors. Previous studies have established the role of this protein in cell survival, cell cycle progression, and neoplastic transformation4. In view of this and the established role of EGFR in carcinogenesis, galectin-3 has great potential as a novel therapeutic target for cancers. The discovery of a carbohydrate-independent function of galectin-3 at MVBs should have a significant impact on our understanding of the roles of intracellular galectins.
Methods summary

Primary cell isolations, single cell migration, scratch assay, dorsal skin wounding, EGFR endocytosis, recycling and degradation experiments were performed as described in detail in Supplementary Information. 

Full methods and any associated references are available in the online version of the paper at www.nature.com/nature.
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Supplementary
Methods

All animal experiments were approved by University of California Davis Institutional Animal Care and Use Committee (IACUC) and followed the guidelines of the Animal Welfare Act and the Health Research Extension Act. Experiments using human tissues were approved by University of California Davis Institutional Review Board.

Human Primary keratinocyte culture and Mouse primary keratinocyte culture

Human keratinocytes were isolated from neonatal foreskins as described 22 and cultured using a modified method of Rheinwald and Green 23. Cells were grown in keratinocyte growth medium (0.06 mM Ca2+, KGM, Epilife, Invitrogen, Carlsbad, CA ) containing human keratinocyte growth supplement (0.2 ng/mL EGF, 5 µg/mL insulin, 5 µg/mL transferrin, 0.18 µg/mL hydrocortisone, and 0.2% bovine pituitary extract, Invitrogen, Inc., Carlsbad, CA, USA) and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin, Gemini Bio-Products, Inc., Calabasas, CA, USA) at 37°C in a humidified atmosphere of 5% CO2. Normal human keratinocyte (NHK) cultures isolated from at least two different foreskins were used and experiments were performed with cells between passage 3–7. 

Mouse epidermal keratinocytes were isolated as described before 24. Pups at 0-48 hr post birth were cryoanesthetized, and sterilized with 10% povidine-iodine and 70% alcohol for 5 min each followed by washing with 1 X PBS for 5 min. Skin from each pup was peeled off and incubated overnight with 10 mg/ml dispase II (Roche. Nutley NJ, USA) at 4 °C. After dispase II digestion, epidermis was separated from dermis and trypsinized for 10 min at 37°C. Single cells were obtained by mincing the epidermal tissue and plating onto 100 mm cell culture plates with modified Epilife medium (0.02mM Ca2+, 10 ng/ml cholera toxin, 40 ng/ml mouse EGF 0.2 ng/mL human EGF, 5 µg/mL insulin, 5 µg/mL transferrin, 0.18 µg/mL hydrocortisone, 0.5% fetal bovine serum, and 0.2% bovine pituitary extract) for 48 h. Cells were cultured in fresh modified Epilife medium for another 48 h before use. In some experiments, when growth factor-free medium was used, the medium is composed of basal Epilife medium plus 0.02 mM calcium and 10 ng/ml cholera toxin. 
Single cell migration

Single cell migration experiments were performed as described 25. Mouse epidermal keratinocytes at passage 1 were cultured in modified Epilife Medium till 70% confluence, and then plated on 35 mm cell culture plates with a glass bottom coated with 60 µg/ml collagen I (Cohesion Technologies, Palo Alto, CA) at a density of 2 x 104 cells/ml for 3 h at 37°C. Time-lapse images of the cell migration were digitally captured every 10 min over a one-h period on a Q-Imaging Retiga-EX camera (Burnaby, BC, Canada), controlled by Improvision Open Lab software (Lexington, MA). After the center of the mass of each cell was tracked using the Open Lab software, the migration speed and distance were calculated and imported into Excel (Microsoft Corporation, Redmond, WA). `Speed' is the average speed in µm/min that the cells travel in a 1 h period. In Fig.1g, gal3+/+ and gal3-/- keratinocytes were treated with 200 nM PD15035 (in 0.05% DMSO) or with 0.05% DMSO control. 
Scratch assay

Scratch assay was performed as described before 26. Cells were grown to confluence in KGM on 35 mm culture dishes or glass coverslips (Fisher Scientific, Pittsburgh, PA, USA) coated with 60 µg/ml Collagen I. A sterile 200 l pipette tip was used to scratch a 1 mm-wide wound along the center of the dish or coverslip. Immediately after washing with sterile PBS 3 times to remove the cell debris (time 0), nine demarcated areas of the wound in each treatment were photographed under an inverted Nikon Diaphot microscope at 20x magnification. The same areas were photographed at various times after wounding, for a total duration of 48 hr. 

To perform immunofluorescence studies of the wound edges, cells plated on collagen-coated coverslips were either fixed immediately after scratch (time 0) or incubated in KGM for 30, 60 min at 37°C 

Skin wounding experiment

Gal3+/+ and gal3-/- C57BL6 mice were generated as desribed previously 
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. Age (8-12 w) and sex matched mice were anesthetized with 90 mg/kg ketamine/10mg/kg xylazine i.p., then dorsal hair was shaved. After sterilizing with 10% w/v povidine-iodine and 70% alcohol, full-thickness wounds 3 mm in diameter were made using a skin biopsy punch. Wounds were left without dressings. Skin wound samples were collected at day 2 post wounding for skin wound re-epithelialization comparison. Skin wound samples were also collected at day 4 post wounding for immunohistochemical staining of EGFR. Samples were fixed with 3.7% formalin, paraffin-embedded and sections were stained with H&E . Skin wound sections were photographed with an inverted Nikon Diaphot microscope fitted with a Q-Imaging Retiga-EX camera(Burnaby, BC, Canada), and re-epithelialized areas of the wound were measured in Adobe Photoshop software as we have previously described28 .

Immunofluorescence staining

Sterile glass coverslips were coated with 60 µg/ml collagen I in KGM for 1 h at 37°C. Coverslips were washed three times with KGM and 3 x 104 NHK were added per well in a 6-well plate, and allowed to attach overnight. Cells were fixed for 10 min in 4% paraformaldehyde. Cells were either permeabilized for 1 min with 0.1% Triton X-100/PBS or not permeabilized, blocked with 5% goat serum/PBS, and incubated for 1 h at 37°C with polyclonal affinity purified anti-galectin-3 antibody or mouse anti-tubulin antibody in 1% goat serum/PBS. Gal3+/+ and gal3-/- mouse keratinocytes were grown to 70-80% confluence on collagen I coated glass bottom coverslips. Cells were fixed with 4% paraformaldehyde for 5 min and permeabilized with 0.1% Triton X-100. Slides were treated with blocking buffer, then incubated with rabbit anti-EGFR antibody (Cell Signaling, Danvers, MA) or rat anti-mouse EGFR antibody (R&D systems, Minneapolis, MN), anti-EEA-1 antibody, anti Rab7 antibody (Sigma, St. Louis, MO), anti-LAMP1 antibody (1D4B, Developmental Studies Hybridoma Bank, University of Iowa), Rabbit anti-Alix sera, rabbit IgG, rat IgG1, rat IgG2a, mouse IgG1, mouse IgG2b were used as isotype controls (eBioscience, San Diego, CA). The above immunofluorescence staining procedure was used to detect EGFR and markers for different sub-cellular structures. Finally, Prolong anti-fade reagent (Molecular Probes) or Fluoromount G (Southern Biotech, Bermingham, AL) was used according to manufacturer’s instructions to mount the coverslips onto the glass microscope slides. Slides were viewed and imaged under an inverted fluorescent Nikon Diaphot microscope using a 40x pan fluor objective (N.A.=1.2 ) and Q-imaging Retiga-EX cameras (Burnaby, BC, Canada), or an Olympus BX61 microscope and 60 x objective (N.A. 1.33) and PCO Sensicam CCD camera at full resolution (1,374 x 1,022 pixels). Images were processed in Improvision Openlab (Lexington, MA, USA) or SlideBook (Intelligent Imaging Innovations, Denver, CO) software. 
Flow Cytometry

Mouse keratinocytes were freshly isolated by the protocol as described above. Cells (2 x 105)were blocked with 10% goat serum in PBS at 4˚C without fixation or permeabilization, incubated with rat anti-mouse EGFR antibody targeting the extracellular domain of mouse EGFR (R&D systems, MN, USA), followed by Alexa 488-conjugated goat-anti-rat antibody (Invitrogen, Inc., Carlsbad, CA, USA). Cell surface EGFR expression was detected by flow cytometry (Epics XL, Beckman-Coulter, Miami FL). 
Immunoblot
Primary mouse keratinocytes were cultured in modified Epilife medium till 80% confluency as described above. After growth factor deprivation for 16 hr, 50 ng/ml mouse EGF was added to the medium. Cells were harvested and lysed after 5 min, 10 min, 30 min and 1 h in buffer containing 10 mM Tris, pH 7.4, 10 mM NaCl, 2 mM EDTA, 2 mM Na3VO4, 0.05% Triton X-100 and protease inhibitors, and clarified by centrifugation at 14 000 × g. Protein concentrations were determined by the Bradford protein assay (Bio-Rad Laboratories, Richmond, CA, USA). Proteins were separated by 10% SDS-PAGE and then transferred onto PVDF membranes, and detected by chemiluminescence (Thermo Scientific, Rockford, IL, USA). 

Crosslinking and Immunoprecipitation
Mouse keratinocytes were grown to 80% confluence. After growth factor deprivation for 16 h, cells were stimulated with 50 ng/ml EGF for 30min, washed 3 times with PBS, and crosslinked with freshly dissolved membrane permeable chemical linker disuccinimidyl suberate (5 mM(final), Thermo Scientific, Pittsburg, PA, USA) in 100% DMSO for 30 min at room temperature with gentle shaking. The reaction was quenched with 20 mM Tris for 15 min. Cells were then lysed, as above, in buffer containing 5 mM lactose. Protein concentrations were determined by the method described above. Hundred µg protein in 1 ml lactose-containing lysis buffer from each sample was immunoabsorbed with 10 µl protein G-conjugated agarose beads (from Thermo Scientifc, Pittsburg, PA, USA) and rabbit anti-Alix sera, rotating at 4(C overnight. The samples were centrifuged at 5000 x g for 1 min, and the supernantants were saved as the unbound samples. The agarose beads in the pellets were washed 5 times with lysis buffer, and processed for immunoblotting.
Sucrose gradient cell fractionation 
Sucrose gradient cell fractionation experiments were performed as previously described .29 After EGF stimulation (50 ng/ml), cells were disrupted in a Dounce homogenizer in 10 mM Tris-HCl (pH 7.4) containing 0.25M sucrose, 1 mM MgAc2, and protease inhibitors in 5 volumes of buffer relative to cell pellet. Homogenates were overlaid on a step gradient comprised of 1.0 ml of 0.8 M sucrose, 1.75 ml of 1.16 M sucrose, 2 ml of 1.3 M sucrose, and 0.5 ml of 2 M sucrose, each containing 10mM Tris-HCl, pH 7.4, and 1 mM Mg acetate. Gradients were centrifuged for 2.5 h at 100,000 x g in a Beckman SW41Ti rotor. Ten 0.5-ml fractions were collected from the bottom of each gradient and assayed for total protein by the Bradford assay.
Transmission and immuno-electron microscopy
Analyses of MVBs were performed in cultures harvested at 80% confluence. After growth factor deprivation for 16 h, cells were stimulated with 50 ng/ml EGF for 30 min. Cells were washed with PBS, fixed in Karnovsky’s buffer


5 ADDIN EN.CITE , rinsed, treated with 4% osmium tetraoxide for 30 min, dehydrated, and embedded in resin. Ultrathin sections were stained with 4% lead citrate for 4 min. Immune-electron microscopy was performed on cells fixed with 4% paraformaldehyde and 0.2% glutaraldehyde and processed for embedding in resin. Ultrathin sections were blocked with 1% gelatin for 30 min, and immunolabeled with mouse monoclonal anti-galectin-3 (B2C10) or biotin conjugated rabbit anti-EGFR (Cell Signaling Danvers, MA) at 4(C overnight. Primary antibodies were distinguished by incubation with 10 nm gold-conjugated goat anti-mouse antibody (1:50) and 20 nm gold-conjugated streptavidin (Ted Pella Inc, Redding, CA, USA) for 1 h. Sections were stained with 4% osmium tetraoxide, followed by 4% lead citrate. Cells were observed under an Fei CM120 Transmission Electron Microscope at 80x kV. Micrographs were processed with Digital Micrograph software (from Gatan, Inc., Pleasanton, CA, USA)
Treatment of cells with recombinant galectin-3

NHK cells were plated on collagen I-coated glass coverslips till 70% confluence. Recombinant galectin-3 (30µg/ml) 30 was added and cells were fixed with 4% paraformaldehyde after 5 min, 10 min, 30 min and 1h incubation at 37(C. The above immunofluorescence was employed for localization of EGFR. Alternatively, cells were trypsinized, fixed in 3.7% formaldehyde, and cell-surface EGFR expression was detected by incubation with mouse anti-human EGFR antibody (2256, Cell Signaling, Danvers, MA) and Alexa488 conjugated goat anti mouse antibody, followed by flow cytometry.
EGFR endocytosis and recycling 
Rates of EGFR endocytosis were measured by a FACS-based method 


31 ADDIN EN.CITE . Cells were deprived of growth factor for 4 h and detached with Cellstripper (Thermo Scientific, Pittsburg, PA, USA) at 37(C for 20 min. Cell viability as determined by Trypan blue dye exclusion was typically 90%. Cells were washed and resuspended in the medium with mouse EGF at 37(C for various periods, and fixed with 3.7% formalin to quench the stimulation. This was followed with 10 mM glycine, pH 6.2 treatment for 10 min to strip unbound EGF. 
Cells were stained with antibody, and cell surface EGFR levels were calculated as the ratio of Mean Fluorescence Intensity (MFI) of the sample/isotype control.

EGFR recycling rates were measured by flow cytometry. Cells were deprived of growth factor for 4 h, detached with Cellstripper, as described above and incubated in the presence of 100 ng/ml EGF at 4(C for 1 h. Then, cells were incubated at 37(C for 15 min to allow internalization of EGFR. After removal of bound EGF by mild acidic stripping (0.2 M acetic acid, 0.5 M NaCl, pH 4.0) for 1 min, cells were washed with PBS, resuspended in EGFR-free medium, and re-incubated for various periods at 37(C. Cells were harvested by fixation with 3.7% formalin and cell surface EGFR levels were measured by flow cytometry as described above. Cells were also treated with 50 µg/ml cycloheximide to inhibit new protein synthesis prior to growth factor deprivation.
EGFR degradation 
EGFR degradation was performed as described previously 


32 ADDIN EN.CITE . Gal3+/+ and gal3-/- keratinocytes were cultured till 80% confluence, and deprived of growth factors for 16 h. At time 0, cells were treated with 50µg/ml cycloheximide, and 40 µM MG132 (Sigma-Aldrich, St. Louis, MO) or 0.4 mM chloroquine (Sigma-Aldrich, St. Louis, MO), followed by incubation with 50 ng/ml EGF, for various periods. Cells were washed with PBS and lysates were prepared as described above. EGFR in lysates was measured by immunoblots. 
All experiments were performed at least three times with two different cell preparations. P values <0.05 by unpaired Student's t-tests (Graphpad Prism, La Jolla, CA) are considered statistically significant.
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Figure legends

Figure 1. Galectin-3-deficient keratinocytes exhibit defective migration in vitro and in vivo. (a) Gal3+/+ and gal3-/- keratinocytes plated on coverslips were monitored by time lapse microscopy at 10 min intervals. Rates of cell migration are represented as averages during a one-h period. Data shown are the mean speeds(s.e.m. of four independent experiments from three separate primary cell isolates. *, P=0.025. (b, c), Gal3+/+ keratinocytes close wounded regions more rapidly than gal3-/- keratinocytes. Confluent gal3+/+ and gal3-/- keratinocyte cultures were treated with 10 μg/ml mitomycin C. Scratch wounds were created and cells were imaged for 48 h at 6-h intervals. Time 0, 6 h, 24 h, and 48 h images of gal3+/+ and -/- keratinocytes are presented. Representative images from 9 non-overlapping regions from one of three independent experiments are shown. Fig. 1c summarizes the comparison of gal3+/+ and gal3-/- wounds as a percentage relative to time 0. Values are mean percentages ( s.e.m. * P=0.006. Scale bar =20µm. (d) Re-epithelialization of excision skin wounds in gal3+/+ and gal3-/- mice. Full-thickness dorsal skin wounds created with 3 mm biopsy punches were allowed to heal for 2 d. Representative images from gal3+/+ and gal3-/- tissues of partially healed wounds and peri-wounded regions are shown. Tissue sections of wounds were stained with H&E. Arrowheads point to outlines of advancing epithelial tongues at one edge of the wound. Scale bar = 100µm. (e) Rates of skin wound re-epithelialization are lower in gal3-/- than gal3+/+ mice. Areas of re-epithelialized regions in healing wounds from gal3+/+ and gal3-/- mice, as shown in Fig. 1d, were digitally measured from micrographs. Data represent the means+s.e.m from two wounds per mouse and three mice per genotype. * P=0.017. (f) Lower levels of phospho-EGFR are present in gal3-/- than gal3+/+ mice after EGF stimulation. Cells deprived of growth factors for 16 h were stimulated with 10 ng/ml mouse EGF for 5, 10, 30, and 60 min. Immunoblots prepared from cell lysates were probed for phospho-EGFR (Y1068), phospho-ERK, and total EGFR and ERK. (g) EGFR tyrosine kinase inhibitor abrogates cell migration in gal3+/+ keratinocytes but not in gal3-/- cells. Cells were treated with 200 nM PD15035 or DMSO control, and cell migration was measured. Rates of cell migration are presented as mean±s.e.m µm/min. *, P =0.0004
Figure 2. Galectin-3 deficiency results in a dramatic reduction in the level of cell surface EGFR. (a, b) Cell surface expression of EGFR in gal3+/+ and gal3-/- mouse keratinocytes was measured by flow cytometry and is presented as MFI (mean fluorescence intensity compared with control rat-IgG antibody, red). P =0.0006. (c) EGFR accumulates in peri-nuclear regions of gal3-/- keratinocytes and on the cell membrane in gal3+/+ cells. Cells were cultured in collagen I-coated glass coverslips. After formalin fixation, cells were permeabilized and incubated with rabbit anti EGFR or with control rabbit IgG, followed by Alexa488-conjugated goat anti-rabbit antibody (green). Scale bar = 20µm. (d) EGFR accumulates in the cytoplasm of gal3-/- keratinocytes in peri-wounded areas of mouse skin. Immunofluorescence detection of EGFR in wounded dorsal skins of mice 4 days post wounding. Scale bar = 20µm. (e) Aberrant EGFR trafficking in gal3-/- keratinocytes. Cells were cultured on collagen I-coated glass coverslips and deprived of growth factors overnight. After stimulation with EGF for 6 h, cells were fixed and processed for visualization of EGFR (green) by immunofluorescence microscopy. Scale bar = 20µm. (f,g) Levels of EGFR in gal3-/- keratinocytes are dysregulated. EGFR in cells cultured in normal keratinocyte growth medium or medium deprived of growth factors for 16 h were analyzed by immunoblotting. Relative levels of EGFR by densitometric analyses of blots appear in the lower panel. (h,i) Electron micrographs of gal3+/+ and gal3-/- keratinocytes were fixed, and processed for embedding in resin for EM. Ultrathin sections were stained for detection of EGFR by incubation with rabbit anti-EGFR and gold-conjugated goat anti-rabbit antibody. Scale bar =200 nm. (d) EGFR clusters, as indicated by gold particles, were quantified in 10 fields from micrographs of each cell, for a total of 20 cells for each genotype. 

Figure 3. Intracellular trafficking of EGFR is disrupted in gal3-/- keratinocytes. (a, b), Divergent rates of EGFR internalization in gal3+/+ and gal3-/- keratinocytes were measured by flow cytometry. Cells were deprived of growth factors overnight and detached by incubation with CellStripper for 20 min at 37(C. Cells in suspension were stimulated with 2 ng/ml (a), or 100 ng/ml mEGF (b), and incubated at 37(C for indicated periods, fixed and labeled for fluorescent detection of cell surface EGFR by flow cytometry. The percentage of cell surface EGFR = MFI/(MFI at time 0) * 100. (c), Divergent rates of EGFR recycling in gal3+/+ and gal3-/- keratinocytes. Cell suspensions as in (b) were incubated with 100 ng/ml mEGF at 4(C for 1 h, and warmed at 37(C for 15 min. After mild acid stripping, cells were chased at 37(C for the indicated periods. Fixed cells were processed for fluorescent detection of cell surface EGFR by flow cytometry. (d) EGFR recycling rates were measured in the presence of 50 µg/ml cycloheximide. Cells were deprived of growth factors for 16 h, and pretreated with cycloheximide to inhibit new protein synthesis. EGFR recycling was measured as described in (c) * P=0.0361. (e) EGFR degradation pathways are altered in gal3-/- keratinocytes. Keratinocytes were deprived of growth factors, treated with 50 ng/ml mEGF + 50 µg/ml cycloheximide, and 40 µM MG132 or 0.4 mM chloroquine. EGFR in the cell lysates were detected by immunobloting in the absence of inhibitors (upper), or in the presence of MG132 (middle) or chloroquine (bottom). (f) Extracellular galectin-3 promotes EGFR internalization. Cell surface EGFR levels were measured by flow cytometry in NHK cells cultured on collagen I-coated glass coverslips and exposed to 30 µg/ml recombinant galectin-3 for 30 min. Cell surface EGFR was measured as MFI ratio (sample/isotype control). *, p=0.0023, **, p=0.034, ***, P=0.0017. (g) EGFR was transiently endocytosed into the cytoplasm at 30 min in response to galectin-3 exposure. Cells treated in (f) were stained with anti-EGFR antibody after permeabilization for immunofluorescence microscopy. Scale bar = 20µm.
Figure 4. Galectin-3 translocates to MVBs after EGF stimulation and galectin-3 deficiency results in accumulation of MVBs. (a) Immunofluorescence microscopy. Gal3+/+ keratinocytes cultured on collagen I-coated glass coverslips were deprived of growth factors for 16 h and stimulated with 100 ng/ml mEGF for various periods. Permeabilized cells were processed for immunofluorecence detection of galectin-3 (green) and Rab7 (red). Colocalization of galectin-3 and Rab7-positive MVBs at 30 min post stimulation is indicated by arrows. Scale bar = 20µm. (b) Galectin-3 is co-isolated with MVBs. Gal3+/+ keratinocytes were deprived of growth factors for 16 h and stimulated with 100 ng/ml EGF for 30 min. Cell lysates were fractionated by ultracentrifugation on discontinuous sucrose gradients. Presence of galectin-3, Alix and Rab7 in each fraction were confirmed by immunoblot. (c) Localization of galectin-3 in MVBs by EM following EGFR stimulation. Gal3+/+ keratinocytes deprived of growth factors were stimulated with mouse EGF for 30 min. Cells were fixed, processed for embedding, and ultrathin sections were immunostained for galectin-3 with 10 nm gold. Arrowheads point to galectin-3 in the lumen of MVBs. Scale bar = 10 nm. (d) Detection of MVBs and lamellar bodies in gal3+/+ keratinocytes. Cells at 80% confluence were fixed with Karnovsky’s buffer and processed for transmission electron microscopy. Arrows show an MVB with multiple intralumenal vesicles, and arrow heads point to lamellar bodies with multilamellar lipid membranes. (h) Gal3+/+ keratinocytes demonstrate accumulation of MVBs. Cells were processed as in (g), and MVBs in each cell were enumerated and presented as mean±s.e.m; from 15 cells of each genotype. *, P=0.000665. (e) Immunoprecipitation of Alix and galectin-3 in mouse keratinocytes. Cultured cells were deprived of growth factors for 16 h and stimulated with 50 ng/ml EGF for 30 min. Cell lysates adsorbed with anti-Alix antibody on protein G-conjugated beads were processed for immunoblot detection for galectin-3 and Alix, on beads (pull down) or supernatant (flow through). (f) EGFR-Alix interaction is absent after EGF stimulation in gal3-/- keratinocytes. Gal3+/+ and gal3-/- keratinocytes deprived of growth factors for 16 h were stimulated with 50 ng/ml EGF. Cell lysates were processed for immunoprecipitation with anti-Alix antibody. EGFR and Alix were detected by immunoblotting. (g) Galectin-3 is colocalized with Alix at the leading edge and peri-nuclear region in NHKs. Scratch wounds of confluent cultures were cultured with fresh medium for 30 min. Galectin-3 (red) and Alix (green) were visualized by immunofluorescence detection. Colocalizations of galectin-3 and Alix at the leading edges as well as the peri-nuclear regions are represented by yellow in merge images, as indicated by arrows. Scale bar = 20µm. 

Figure 5. (2-adrenergic receptor expression in gal3 +/+ and -/- keratinocytes. Mouse keratinocytes were cultured on collagen coated glass coverslips as described above. B2AR was visualized with Alexa 488 conjugated antibody. Scale bar = 10µm.

Supplementary Figure 1. Galectin-3 translocates to the leading edge of keratinocytes prior to active migration. (a). NHK cells were stained with galectin-3 (red) 30 min after scratching. Arrows show galectin-3 translocates to the leading edge of keratinocytes. Scale bar = 20µm. (b). NHK cells were stained with galectin-3 (red) and actin (green) 30 min after scratching. No colocalizations were observed. Scale bar = 20µm. (c). NHK cells were stained with galectin-3 (red) and phosphotyrosin (green) 30 min after scratching. Arrow shows colocalization of galectin-3 and phosphotyrosine (yellow). Scale bar = 10µm.

Supplementary Figure 2. EGFR in gal3-/- keratinocytes did not accumulate in protein trafficking subcellular structures. Mouse keratinocytes were grown on collagen coated glass overslips. Cells were stained with EGFR (green), and markers of subcellular structures: PDI (protein disulfide isomerase)  (ER), ceramide (GC), Rab8 (post trans-Golgi network vesicle), EEA-1 (early endosome), Rab7 (MVB), LAMP1 (lysosome) (red). Scale bar = 10µm.

Supplementary Figure 3. Ligand-induced EGFR intracellular trafficking in gal3+/+ and gal3-/- keratinocytes. Mouse keratinocytes were cultured on collagen coated glass coverslips. After growth factor deprivation, cells were stimulated with 50ng/ml mEGF. At 5, 30 and 60 min cells were fixed and stained with EGFR (green) and subcellular structure markers (red) EEA-1 (early endosome), Rab7 (MVB), and LAMP1 (lysosome). Arrows indicate colocalization (yellow) between EGFR and markers of subcellular structures. 

Supplementary Figure 4. Immuofluorescent staining of galectin-3 on the surface and in the cytoplasm of keratinocytes. Human keratinocytes (NHK) were cultured on collagen I coated glass coverslips. Cells were either untreated or permeablized with 0.1% Triton X-100 for 1 min, and stained for galectin-3 (red) and cytoplasmic protein tubulin (green). Galectin-3 is undetectable by immunofluorescence microscopy on keratinocyte surfaces.

1

