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Background:Wepreviously demonstrated that the activated leukocyte cell adhesionmolecule (ALCAM/CD166) can
interact with galectin-8 (Gal-8) in endothelial cells. ALCAM is amember of the immunoglobulin superfamily that
promotes homophilic and heterophilic cell–cell interactions. Gal-8 is a “tandem-repeat”-type galectin, known as a
matricellular protein involved in cell adhesion. Here, we analyzed the physical interaction between both mole-
cules in breast cancer cells and the functional relevance of this phenomenon.
Methods: We performed binding assays by surface plasmon resonance to study the interaction between Gal-8
and the recombinant glycosylated ALCAM ectodomain or endogenous ALCAM fromMDA-MB-231 breast cancer
cells.We also analyzed the binding of ALCAM-silenced or control breast cancer cells to immobilized Gal-8 by SPR.
In internalization assays, we evaluated the influence of Gal-8 on ALCAM surface localization.
Results:We showed that recombinant glycosylated ALCAM and endogenous ALCAM from breast carcinoma cells
physically interacted with Gal-8 in a glycosylation-dependent fashion displaying a differential behavior com-
pared to non-glycosylated ALCAM. Moreover, ALCAM-silenced breast cancer cells exhibited reduced binding to
Gal-8 relative to control cells. Importantly, exogenously added Gal-8 provoked ALCAM segregation, probably
trapping this adhesion molecule at the surface of breast cancer cells.
Conclusions: Our data indicate that Gal-8 interacts with ALCAM at the surface of breast cancer cells through
glycosylation-dependent mechanisms.
General significance:Anovel heterophilic interaction between ALCAMandGal-8 is demonstratedhere, suggesting
its physiologic relevance in the biology of breast cancer cells.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
The activated leukocyte cell adhesionmolecule (ALCAM) or CD166 is
a member of the immunoglobulin superfamily with five extracellular
immunoglobulin-like domains, which functions as a cell–cell adhesion
molecule in homophilic (ALCAM-ALCAM) and heterophilic (ALCAM-
CD6) interactions between adjacent cells in different tissues [1,2].
Cancer-associated ALCAM was first identified in melanoma cell lines
[3], and it was subsequently found in different cell lines including breast,
lung, colon, andprostate [4]. ALCAMhas beenproposed as a biomarker of
cancer progression in prostate cancer [5,6], breast cancer [7–9], colorec-
tal cancer [10], oral cancer [11,12], pancreatic cancer [13], neuroblastoma
[14], ovarian cancer [15], and melanoma [16]. Cell–cell adhesion is the
primary known function of ALCAM, being regulated by ALCAM availabil-
ity to bind to proximal partners at the cell surface. For example, immuno-
histochemical staining of prostate cancer tissue microarrays revealed
that ALCAM was clearly evident in both normal, low-, and medium-
grade disease but was reduced at the tumor cell surface in high-grade
disease [5], as suggested [11,13,15,17,18]. In fact, ALCAM expression at
the cell surface can be modulated by ligand-induced internalization
and recycling [19,20], and by proteolytic cleavage of its ectodomain
(shedding) mediated by ADAM17 (a disintegrin and metalloprotease)
[5,21,22]. Importantly, we have shown for the first time that ALCAM
serves as a receptor for the endogenous lectin galectin-8 (Gal-8) in endo-
thelial cells [23]. Galectin-8 (Gal-8) is a bivalent “tandem-repeat”-type
galectin, which possesses two carbohydrate recognition domains
(CRDs)withβ-galactoside affinity that are connected by a linker peptide.
Gal-8 shows a complex gene regulation, giving rise to numerousmessen-
ger RNAs, and at least seven isoforms [24,25]. The specificity and affinity
of Gal-8 for saccharide ligandswas previously described, showing a pref-
erence for α(2,3)-sialylated glycans and 3-sulfated glycans [26,27]. Ideo
and coworkers reported a KD of 2.7 μM forα(2,3) sialyllactose, and KD of
1.9 μMfor 3′-sulfated lactose (SO3-3′Lac) [27]. Adhesion of CHO cells and
affinity experiments suggested that Gal-8 binds to glycoproteins on the
cell surface [26]. Several Gal-8 receptors have been described in different
cells and tissues, including integrins [28–30], pro-metalloproteinase-9
[31], CD44vRA [32], coagulation factor V (FV) [33], podoplanin [34],
and nuclear dot protein 52 kDa (NDP52) [35]. This lectin has been de-
scribed as a modulator of different cell functions including cell adhesion,
spreading [28–30], growth arrest and apoptosis [36], pathogen recogni-
tion [37], autophagy [35], and generation of regulatory T cells [38]. Gal-
8 is one of themost widely expressed bi-CRD galectins in human tissues,
being detected in normal and tumor cells [39–41].

Here we aimed to analyze the physical interaction between ALCAM
andGal-8 in human breast cancer cells to bring insights on the in vivo po-
tential relationship between both molecules. Surface plasmon resonance
(SPR) experiments revealed that Gal-8 physically interactswith recombi-
nant glycosylated ALCAM ectodomain and endogenous ALCAM from
breast cancer cells in a glycan-dependent manner. Moreover, ALCAM-
silenced breast cancer cells showed reduced binding to immobilized
Gal-8 relative to control cells, which bound to Gal-8-coated substrates
in a glycan-dependent fashion. Importantly, extracellular Gal-8 provoked
receptor segregation, probably trapping ALCAM at the surface of breast
cancer cells. Altogether, our results suggest that the Gal-8/ALCAM axis
is active at the surface of breast cells and might influence cell–cell and
cell–matrix interactions in healthy tissues and during tumor progression.
2. Materials and methods

2.1. Cell culture

MDA-MB-231 (ATCC HTB-26), MCF-7 (ATCC HTB-22), and T47D
(ATCC HTB-133) human breast cancer, and HEK-293 (ATCC CRL-1573)
human embryonic kidney cell lines were obtained from ATCC
(Rockville, MD, USA). Breast cancer cells were cultured in Dulbecco's
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modified Eagle's medium containing 4.5 g/l glucose, supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Natocor, Villa
Carlos Paz, Argentina), 2 mM L-glutamine, 100 μg/ml streptomycin,
and 100 units/ml penicillin. HEK-293 cells were cultured in Eagle's
minimum essential medium supplemented with 10% FBS, 2 mM
L-glutamine, 100 μg/ml streptomycin, and 100 units/ml penicillin.
For analysis of Gal-8 secretion, subconfluent cell monolayers were
cultured with or without FBS for 24–48 h, and then conditioned
media were collected and centrifuged for 10 min at 400 × g; sodium
dodecyl sulfate (SDS) was added to the supernatants to a 0.5% (w/v)
final concentration, then heated at 100 °C for 10 min, and diluted
with 1:10 methanol, followed by an overnight incubation at
−20 °C; after centrifugation at 21,000 × g for 30 min, pellets were
recovered and protein concentration was determined.

2.2. Indirect immunofluorescence

Immunofluorescence was performed to detect ALCAM and Gal-8 in
MDA-MB-231, MCF-7, and T47D cells. Cells were grown on uncoated
coverslips in 24-well plates for 48 h. Cells were then rinsed twice in
cold PBS and fixed in 4% paraformaldehyde at 0 °C for 30 min. After
washing, cells were blocked and permeabilized in 5% heat-inactivated
human serum plus 0.05% saponin in PBS for 1 h. Some coverslips were
stained for Gal-8, incubating with a polyclonal anti-Gal-8 antibody
(1:50; AF1305; R&D Systems, Minneapolis, MN, USA); after washing,
samples were incubated with Alexa Fluor 488-conjugated secondary an-
tibody (1:1,000; A11055; Molecular Probes, Invitrogen, Carlsbad, CA,
USA) for 1 h. Staining for ALCAM was performed on other coverslips by
incubating with an anti-ALCAM monoclonal antibody (1:40; NCL-
CD166, clone MOG/07; Novocastra–Leica, Newcastle, UK), followed by
Alexa Fluor 555-conjugated secondary antibody (1:1,000; 4409; Cell Sig-
naling, Danvers, MA, USA) for 1 h. Negative controls were performed by
substituting the primary antibody by PBS, followed by the corresponding
secondary antibody. Samplesweremounted in diazabicyclo[2.2.2]octane
(DABCO; Fluka, Steinheim, Germany) and observed under a Fluo View
FV1000 confocal microscope (Olympus, Tokyo, Japan).

2.3. Endogenous ALCAM isolation

The anti-ALCAM monoclonal antibody (Novocastra–Leica) was
coupled to MabSelect SuRe LX alkali-tolerant protein A, a matrix with
high binding capacity for monoclonal antibodies (GE Healthcare,
Piscataway, NJ, USA). Coupling to the matrix was performed in 25 mM
Tris–HCl, pH 7.8, for 2 h at 4 °C, under the manufacturer's instructions.
Clarified whole lysates from MDA-MB-231 breast cancer cells in
25 mM Tris–HCl, pH 7.8, were loaded onto beads and incubated for
3 h on ice. ALCAM elution from the antibody was performed in 25 mM
Tris–HCl, pH 10.0, and pH was immediately neutralized with 5 N HCl.
Alternatively, for isolation of endogenous ALCAM,weperformed affinity
chromatography in a Gal-8-Affi-Gel 10 column, which was prepared as
previously described [23], loaded with MDA-MB-231 cell supernatants
and eluted with 100 mM lactose. Eluted fractions were analyzed by
Western blot and mass spectrometry [23] to detect ALCAM.

2.4. shRNA-mediated ALCAM knockdown

To establish aMDA-MB-231 cell line inwhich ALCAM/CD166 expres-
sion was stably knocked-down, cells were transduced with ALCAM-
specific shRNA lentiviral particles (sc-43023-V, Santa Cruz Biotech., CA,
USA), following the manufacturer's instructions. Control lentivirus (sc-
108080), carrying scrambled-shRNA, was used for mock transduction.
Finally, cells were selected in 1 μg/ml puromycin, ALCAM expression
was evaluated by Western blot, and ALCAM knocked-down or mock-
transduced cells were cultured and maintained in 1 μg/ml puromycin-
containing culture medium.
t binding of galectin-8 to activated leukocyte cell adhesion molecule
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2.5. Surface plasmon resonance (SPR)

The interaction of recombinant glycosylated and endogenous ALCAM
with Gal-8 was measured by SPR analysis using a BIAcore T100 instru-
ment (GE, Piscataway, NJ, USA). Briefly, recombinant human ALCAM
ectodomain (expressed in HEK-293 embryonic kidney cells; Sino Biolog-
ical, Beijing, China) was resuspended in sodium acetate, pH 5.0, and
coupled to the carboxymethyl-dextran matrix of CM5 sensor chips
(BIAcore) using the Amine Coupling kit. Recombinant human non-
glycosylated ALCAM (Abnova Corporation, Taipei, Taiwan) was also
coupled to CM5 chips for comparison. Recombinant Gal-8 and galectin-
1 (Gal-1)were purified as previously described [23,42]. Micromolar con-
centrations (0–10 μM) of the plant lectin concanavalin A (Con A; Sigma–
Aldrich, St. Louis, MO, USA), recombinant Gal-8 and Gal-1 were tested in
two-fold dilutions for specific binding. Interactions between Gal-8 and
ALCAMwere also determined in the presence of 20mM sucrose and lac-
tose or 1 mM thiodigalactoside (TDG). SPR data were analyzed using
BIAEvaluation software [43]. In cell binding assays, 500,000 cells/ml in
PBS were loaded onto Gal-8 (400 resonance units, RU) coupled to CM5
BIAcore chips.

2.6. N-Glycan profiling

2.6.1. N-Glycan release and 2-aminobenzamide-labeling
N-glycans were released from ALCAMgly using a previously de-

scribed method [44]. Briefly, protein was reduced and alkylated in solu-
tion. Then, theN-linked glycanswere released using peptideN-glycanase
F (1000 U/mL; Roche, Manheim, Germany) for 16 h, at 37 °C and the
digested glycans were separated by filtration (Nanosep 10K Omega,
Pall Life Sciences, New York, NY, USA). Glycans were subsequently fluo-
rescently labeledwith 2-aminobenzamide (2AB) by reductive amination
[44] and excess of 2ABwas removedbypaper chromatography [44] or by
LudgerClean S Cartridges (Ludger Ltd., Oxford, UK). ALCAMewaspurified
by affinity chromatography [23], blotted onto polyvinylidene-difluoride
(PVDF) membranes (Bio Rad, Hercules, CA, USA), and then detected by
immunoblotting (Section 2.8). N-glycans were released from the mem-
brane as previously described [45]. ReleasedN-glycanswere then labeled
as described for ALCAMgly.

2.6.2.WeakAnionic Exchange Chromatographywith fluorescence detection
(WAX-FLR)

Separation of neutral and acidic oligosaccharides byWeakAnion Ex-
change (WAX) chromatography (WAX-HPLC) was performed using a
BioSuite DEAE 2.5 μm NP AXC 4.6 × 35 mm column (Waters, Milford,
MA, USA) on an Acquity H-class UPLC system (Waters) equipped with
a temperature control module (Waters). Solvent A was ammonium ac-
etate 50 mM (pH 7.0) in 20% v/v acetonitrile, and solvent B was 20%
aqueous acetonitrile. Gradient conditions were as follows: an initial
equilibration of 2 min of 0% A, a linear gradient of 0–40% A over 4 min
at a flow rate of 0.5 mL/min, followed by 40–100% A over 3 min, then
4 min at 100% A, 100 to 0% A over 0.5 min, and then 3.5 min at 0% A.
Samples were injected in water and fetuin N-glycans were used for cal-
ibration [46].

2.6.3. Neuraminidase digestion profiling for sialylation analysis
As both sialic acid and sulfate addition to glycans provide negative

charge to 2AB-labeled structures, sulfated structures were eliminated
by digestion with α(2–3, 6, 8, 9) Neuraminidase A (cloned from
Arthrobacter ureafaciens, 50 U/assay, New England Biolabs, Ipswich, MA,
USA). Percentage ofα(2,3) sialic acid was determined by the specific ac-
tion of an α(2,3) Neuraminidase (cloned from Salmonella typhymurium,
500 U/assay, New England Biolabs). Enzymatic digestions were per-
formed on 2AB-labeled N-glycans in manufacturer's recommended
buffers for 16 h at 37 °C. After digestion, N-glycans were separated
from sialidases before chromatographic analysis by centrifugation in a
Nanosep 10K Omega microcentrifuge filter (Pall Life Sciences).
Please cite this article as: M.M. Fernández, et al., Glycosylation-dependen
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2.7. Real-time quantitative RT-PCR

RNA was purified using TRIzol reagent (Life Technologies, Thermo
Fisher Scientific, Waltham, MA, USA) and DNAse (Promega, Madison,
WI, USA). cDNA was synthetized using M-MLV reverse transcriptase
(Promega), according to the manufacturer's instructions in the presence
of random hexamers (2.5 μg/mL) and deoxynucleotide triphosphates
(dNTP; 500 nmol/L). Relative gene expression was analyzed using SYBR
Green PCR Master Mix (Applied Biosystem, Thermo Fisher Scientific)
and ABI PRISM 7500 Sequence Detection Software (Applied Biosystem).
Primers used were human ALCAM forward 5′-AGTGCTACATCCCCTTGA-
3′ and reverse 5′-GTGGAAGTCATGGTATAG-3′; human GAPDH forward
5′-CCCACTCCTCCACCTTTGAC-3′ and reverse 5′-CATACCAGGAAATGAG
CTTGACAA-3′.

2.8. Western blot analysis

Cells were homogenized in lysis buffer (100 mM Tris, pH 7.4, 1% v/v
Triton X-100, 10 mM EDTA, 100 mM sodium pyrophosphate, 4 mM
PMSF). Cell lysates were centrifuged for 10min at 12,000 ×g at 4 °C, su-
pernatants were collected and protein concentration was determined.
Samples from cell lysates or conditioned media (30 μg of protein/lane)
were separated by 10% SDS-PAGE, and then electrotransferred onto
PVDFmembranes. Blots were probed with the anti-ALCAMmonoclonal
antibody (Novocastra–Leica) or the polyclonal anti-Gal-8 antibody
overnight at 4 °C. Detection of β-actin with anti-β-actin antibody
(Sigma–Aldrich) was used to normalize protein loading in cell lysates.
After incubating with the corresponding horseradish-peroxidase
(HRP)-conjugated secondary antibodies, immunoreactive bands were
detected by chemiluminiscence (Pierce ECL Plus Western Blotting Sub-
strate, ThermoFisher Scientific). Densitometric analysis of protein levels
was performed using ImageJ software (U.S. National Institutes of Health,
Bethesda, MD, USA; http://rbsweb.nih.gov/ij/).

2.9. Flow cytometry analysis

For flow cytometry, non-permeabilized human breast cancer cells
were blocked in 5% heat-inactivated human serum and incubated
with a monoclonal antibody anti-ALCAM conjugated to PerCP-Cy5.5
(1:40; 562131, clone 3A6; Becton Dickinson Pharmingen, San Diego,
CA, USA) or an isotype-matched control antibody for 2 h on ice. After
washing, cells were fixed in 4% paraformaldehyde. Stained cells were
analyzed by flow cytometry in a PASS III flow cytometer (Partec, Görlitz,
Germany). Twenty thousand events were acquired for each sample and
data analysis was performed by using the WinMDI software program.

2.10. Gal-8 cell surface binding and internalization assays

Recombinant Gal-8 was expressed and purified as previously de-
scribed [23]. MDA-MB-231 cells grown on uncoated coverslips in 24-
well plates were rinsed twice in cold PBS. For galectin surface labeling,
non-permeabilized cells were incubated with 1 μM recombinant Gal-8
or PBS at 0 °C for 30 min. After washing in ice-cold PBS, cells were
fixed in 4% paraformaldehyde at 0 °C for 60 min. Slides were first incu-
bated with the anti-Gal-8 antibody overnight at 4 °C; after washing,
samples were incubated with Alexa Fluor 488-conjugated secondary
antibody (1:1,000; A11055; Molecular Probes, Invitrogen, Carlsbad,
CA, USA). Staining for ALCAM was performed by incubating with anti-
ALCAM (1:40; Novocastra), followed by Alexa Fluor 555-conjugated
secondary antibody (1:1000; 4409; Cell Signaling, Danvers, MA, USA).
Samples were mounted in DABCO and observed under a Fluo View
FV1000 confocal microscope. Antibody-based internalization assays
were performed by pre-incubatingMDA-MB-231 cells grown on cover-
slips in the presence of recombinant Gal-8 (4–8 μM), Gal-1 (4–8 μM) or
PBS at 0 °C for 30 min. After washing, anti-ALCAM-PerCP-Cy5.5 mono-
clonal antibody was added and incubated at 0 °C for 2 h. Then,
t binding of galectin-8 to activated leukocyte cell adhesion molecule
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Table 1
Parameters of the interaction between ALCAM and Gal-8: kinetic analysis by surface plasmon resonance.

KD (M) Kon (M−1s−1) koff (s−1)

Human ALCAM:
Commercial recombinant non-glycosylated ectodomain⁎ 2.10 × 10−6 (3.29 ± 0.43) × 103 (7.05 ± 0.09) × 10−3

Commercial recombinant glycosylated ectodomain 1.09 × 10−7 (2.32 ± 0.01) × 104 (2.55 ± 0.08) × 10−3

Endogenous⁎⁎ 3.19 × 10−6 (1.58 ± 0.06) × 104 (5.04 ± 0.70) × 10−2

⁎ Taken from [23].
⁎⁎ Isolated fromMDA-MB-231 breast cancer cells.
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internalization was conducted at 37 °C for 0–60 min. After washing,
cells were fixed in 4% paraformaldehyde, blocked and permeabilized
in 0.05% saponin-5% heat-inactivated human serum-PBS. Finally, cells
were incubated with a polyclonal anti-EEA1 antibody (1:100; E-3906;
Sigma–Aldrich) and the corresponding fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (1:50; Becton Dickinson). In
some experiments, 20 mM lactose (Sigma–Aldrich) was added in the
culture medium at 37 °C for 48 h, before incubating with Gal-8. For
Gal-8 immunofluorescence staining after internalization at 37 °C for
30min, cells were fixed, blocked, and incubatedwith the anti-Gal-8 an-
tibody overnight at 4 °C. After washing, samples were incubated with
Alexa Fluor 488-conjugated secondary antibody. Samples were
mounted in DABCO and observed under a Fluo View FV1000 confocal
microscope.

2.11. Immunohistochemistry

Archival paraffin-embedded breast tissue samples were obtained
from Molecular Pathology Department, “Eva Perón” HIGA Hospital. The
corresponding primary tumor biopsies were obtained from an untreated
cohort of patients submitted to surgery at diagnosis, who signed the cor-
responding informed consents. Ethical approval was obtained according
to the rules of the Ethics Committee of “Eva Perón” HIGA Hospital
(Buenos Aires, Argentina), in accordance with procedures formulated in
the Code of Ethics of the World Medical Association (Declaration of
Helsinki). Breast tissue samples corresponding to 10 ductal carcinomas
in situ (DCIS), 10 invasive ductal carcinomas (IDC), and 10 adjacent
normal tissues from mastectomies were analyzed. Diagnoses were
made by two pathologists after microscopic review of hematoxylin and
eosin-stained slides. Sections obtained from paraffin-embedded speci-
mens were de-paraffinized and rehydrated. Endogenous peroxidase
was quenched with 9% H2O2 in 100% ethanol. Antigen retrieval was
performed by immersing the sections in 10 mM sodium citrate buffer,
pH 6.0, at 98 °C for 30 min in a water bath. After blocking, sections
were incubated overnight at 4 °Cwith the polyclonal anti-Gal-8 antibody
(10 μg/ml), which does not cross-react with other galectin family mem-
bers. Other sections were stained with the anti-ALCAM monoclonal
antibody (1:40; Novocastra–Leica), and incubated overnight at 4 °C.
After washing, the corresponding biotinylated secondary antibodies
(1:200; Vector) were added and incubated for 30min. Immunoreactions
were amplified using the avidin–biotin–peroxidase complex method
(Vectastain ABC, Vector), followed by 3,3′-diamino-benzidine/H2O2 as
chromogenic substrate (Vector) according to themanufacturer's instruc-
tions. Samples were counterstained with hematoxylin, dehydrated, and
mounted. Sections were treated in parallel without primary antibody to
provide negative controls. The immunostained samples were viewed
and quantified by two observers independently in a blinded manner.
Fig. 1. Surface plasmon resonance analysis of the interaction between ALCAM and Gal-8. (A) SPR
ectodomain (ALCAMgly) (400 resonance units, RU) with Gal-8 (10–0.6 μM). (B) Nonlinear an
phenomenon or at least two interaction sites. (C) SPR sensorgram of immobilized endogenou
interaction of Gal-8 with ALCAMe from MDA-MB-231 cells showed sigmoid a plot. (E) SPR s
(10–0.6 μM). (F) Nonlinear analysis of the interaction Gal-8/ALCAMnongly displayed a hyp
ALCAMgly (G, I) or ALCAMe (H, J) with Gal-8-lactose (10–0.15 μM) and Gal-8-TDG (10–0.1
incubation with lactose or TDG induced a complete inhibition of lectin binding to immobili
shown). Under our experimental conditions, Gal-1 and concanavalin A (data not shown)
concentration five times higher than the Gal-8 KD (2 μM). RU: resonance unit.
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Five views were examined per slide, and around 100 cells were observed
per view. Cell staining intensity was graded as absent (0), weak (1+),
moderate (2+), or strong (3+).

2.12. Statistical analysis

Datawere analyzed usingGraphPad Prism Software (GraphPad Soft-
ware Inc., La Jolla, CA, USA) and results are expressed as themean± SD
from, at least, three independent experiments. Differences between
groups were assessed by Student's t-test or one-factor ANOVA with ap-
propriate post-tests. Values of p b 0.05 are considered statistically
significant.

3. Results

3.1. ALCAM and Gal-8 physically interact in BIAcore chips

We have recently established that ALCAM is a Gal-8-binding partner
in endothelial cells [23]. We undertook this study to analyze the Gal-8/
ALCAM axis in breast cancer cells. We first studied the interaction be-
tween human recombinant glycosylated ALCAM (ALCAMgly), expressed
inHEK-293 human cells, andGal-8 by SPR (Fig. 1A, Table 1). The apparent
KD for Gal-8 binding to immobilized ALCAMgly was 2.51 × 10−7 M by
steady state affinity analysis and 1.09 × 10−7 M by kinetic analysis,
suggesting a specific interaction between these twomolecules andno sig-
nificant differences between the two methods employed. Next, we com-
pared the interaction of Gal-8 with both recombinant ALCAMgly and
endogenous ALCAM (ALCAMe). To identify cells with higher amounts of
endogenous ALCAM, we analyzed ALCAM expression levels in different
breast cancer cells by immunofluorescence using confocal microscopy
(Fig. 3A). ALCAM was strongly expressed in the cytoplasm of perme-
abilized MDA-MB-231 cells and to a lesser extent in permeabilized
MCF-7 cells, but itwas almost absent in T47D cells (Fig. 3A). Gal-8was de-
tected in the cytoplasm and in some nuclei of MDA-MB-231 and MCF-7
permeabilized cells, but was faintly observed in T47D cells under similar
conditions (Fig. 3A). Thus, we selectedMDA-MB-231 cells, which express
high amounts of ALCAMe, to preparewhole cell lysates and performed an
affinity chromatography on anti-ALCAM antibody coupled to a modified
protein A. BIAcore chips were prepared, thus obtaining an apparent KD

for the interaction of Gal-8 with ALCAMe of 3.19 × 10−6 M by kinetic
analysis, which suggested that Gal-8 specifically interacts with ALCAMe
(Fig. 1C, Table 1). Nonlinear and kinetic analyses of Gal-8 binding to
different forms of human ALCAMwere determined by SPR as plots of re-
sponse versus Gal-8 concentrations: interestingly, ALCAMgly (Fig. 1B)
and ALCAMe (Fig. 1D) showed sigmoid plots, suggesting that the interac-
tion between each of those ALCAM molecules and Gal-8 is mediated by
two different binding sites or a cooperative phenomenon, while the
sensorgram showing the interaction of immobilized recombinant glycosylated ALCAM
alysis of the interaction Gal-8/ALCAMgly displays a sigmoid plot suggesting a cooperative
s ALCAM (ALCAMe, 400 RU) from human MDA-MB-231 with Gal-8 (4–0.5 μM). (D) The
ensorgram of recombinant human non-glycosylated ALCAM (ALCAMnongly) with Gal-8
erbolic curve, which suggests the existence of one interaction site. SPR sensorgrams of
5 μM), respectively, are shown after correction for the non-specific binding. Gal-8 pre-
zed ALCAMgly or ALCAMe, while the non-related sugar sucrose had no effect (data not
displayed no specific binding to human ALCAMgly, ALCAMnongly, or ALCAMe up to a
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Fig. 2. WAX-FLR chromatography of released N-glycans from (A) recombinantly expressed
ALCAM (ALCAMgly) and from (B) endogenous ALCAM from MDA-MB-231 cells (ALCAMe).
N-glycan release, 2AB-labeling and WAX chromatography were performed for both sam-
ples as described in Materials and methods. Glycans were separated by negative charges,
and compared to fetuin N-glycans as external standards (arrows). Digestion with
A. urefaciens sialidase (α(2–3, 6, 8, 9) Neuraminidase A) demonstrated absence of sulfated
structures in both samples. (A)ALCAMgly showed complete digestionwith a specificα(2,3)
Neuraminidase, as expected froma recombinantly expressed glycoprotein inHEK-293 cells.
(B) Uncomplete digestion of ALCAMe by α(2,3) S. typhymurium Neuraminidase demon-
strated an important proportion of α(2,6) sialylation. 2AB: 2-aminobenzamide. EU: emis-
sion unit (fluorescence). UND: undigested sample.

Table 2
Differences in sialylation between recombinant ALCAM (ALCAMgly) and endogenous ALCAM from MDA-MB-231 cells (ALCAMe). Proportions of sialic acid linkages were calculated by
cleavage with A. urefaciens Neuraminidase (Neuraminidase A), which hydrolyzes both α(2,6) and α(2,3) sialic acid or S. typhymurium Neuraminidase, specific for α(2,3) sialic acid link-
ages. Areas were quantified by weak anionic exchange chromatography (WAX-HPLC), based on 2-aminobenzamide-labeled N-glycans.

Sample Disialylated N-glycans (%) Trisialylated N-glycans (%) Percentage of sialylated N-glycans
by linkage

α(2,3) α(2,6) α(2,3) α(2,6) α(2,3) α(2,6)

ALCAMe 13 87 66 34 31 69
ALCAMgly 100 ND 100 ND 100 ND

ND: not detected.
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recombinant non-glycosylated ALCAM (ALCAMnongly) (Fig. 1F) that we
had previously studied [23] displayed a hyperbolic curve, suggesting
the existence of one binding site. Pre-incubation of Gal-8 with lactose
(a β-galactoside-related saccharide) completely blocked the interaction
with ALCAMgly (Fig. 1G) and ALCAMe (Fig. 1H). In the same sense,
thiodigalactoside (TDG, another β-galactoside-related saccharide)
completely blocked ALCAMgly (Fig. 1I) and ALCAMe (Fig. 1J) interactions
with Gal-8, while non-related saccharides like sucrose had no effect (data
not shown). Under our experimental conditions, Gal-1 and concanavalin
A displayed no specific binding to human ALCAMgly, ALCAMnongly, or
ALCAMe up to a concentration five times higher than the Gal-8 KD

(2 μM) (data not shown). In conclusion, endogenous ALCAM from breast
cancer cells serves as a specific Gal-8-binding partner, and differently
binds to this lectin in a glycan-dependent fashion.

3.2. Differential sialylation between ALCAMgly and ALCAMe causes changes
in Gal-8 affinity

The higher affinity for Gal-8 showed by ALCAMgly expressed in HEK-
293 cells, when compared to ALCAMe isolated from MDA-MB-231 cells,
and the glycan specificity of ALCAM/Gal-8 interactions (demonstrated
by lactose and TDG inhibition) led us to analyze the glycosylation profiles
in both ALCAMglycoproteins. TheN-terminal CRD of Gal-8 has high affin-
ity forα(2,3)-sialylated or 3'-sulfated galactosides, which is quite particu-
lar among galectins [26,27,47]. Addition of sialic acid in N-glycans is
performed by specific sialyltransferases (ST3Gal1 and ST6Gal1), transfer-
ring this negatively charged monosaccharide with α(2,3) or α(2,6) link-
ages to glycoproteins. As previously shown, modification with α(2,6)-
linked sialic acid blocks Gal-8 binding [47]. Hence, we determined the
sialylation profiles in ALCAMgly versus ALCAMe (isolated by affinity chro-
matography in Gal-8-Affi-Gel 10). Separation of released N-glycans from
both samples was based on negative charge usingWAX-HPLC. This anal-
ysis of N-glycans showed primarily neutral, di and tri-negatively charged
structures in both samples; tetra-negatively charged N-glycans were also
present but in minor proportion. Complete digestion of all the negatively
charged peaks with α(2–3, 6, 8, 9) Neuraminidase A showed absence of
sulfated structures in both ALCAMgly and ALCAMe, discarding the pres-
ence of sulfated N-glycans. Finally, digestion with a specific α(2,3)
sialidase exposed a clear difference between the two ALCAM molecules
regardingα(2,3) sialylation: ALCAMgly presentsmostlyα(2,3)-sialylated
glycans, demonstrated by complete digestion with this enzyme. On the
other hand, ALCAMe has an important percentage of α(2,6)-sialylated
glycans, a modification that prevents, at least in part, Gal-8 binding. Re-
sults are summarized in Table 2 and Fig. 2.

3.3. Surface ALCAM from breast cancer cells physically interacts with
immobilized Gal-8

Next, we performed cell binding assays in SPR, comparingMDA-MB-
231 cells that were transduced with ALCAM-specific shRNA lentiviral
particles (MDA-MB-231-shALCAM) versus control cells (transduced
with scrambled-shRNA lentiviral particles; mock-transduced; MDA-
MB-231-shControl cells). Down-regulation of ALCAM mRNA levels in
Please cite this article as: M.M. Fernández, et al., Glycosylation-dependen
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MDA-MB-231-shALCAM was 88.85% versus the corresponding levels
in MDA-MB-231 cells (taken as 100%) (p b 0.001), as determined by
real-time quantitative RT-PCR; the control lentiviral construction
carrying scrambled-shRNA used for mock transduction produced a
non-statistically significant reduction of ALCAM mRNA level of 13.95%
in MDA-MB-231-shControl cells (Fig. 3B, upper panel). ALCAM
knockdown in MDA-MB-231-shALCAM versus mock-transduced cells
was confirmed by Western blot (75%, Fig. 3B, lower panel). Unfixed
MDA-MB-231 cells (500,000/ml) that have been silenced for ALCAM
showed reduced binding to immobilized Gal-8 as compared with
mock-transduced cells by SPR. Lactose reduced the binding of unfixed
mock-transduced MDA-MB-231 cells to Gal-8-treated BIAcore chips
(Fig. 3D). T47D cells, which did not express neither total ALCAM in ly-
sates analyzed by Western blot (Fig. 3B, lower panel) nor surface
t binding of galectin-8 to activated leukocyte cell adhesion molecule
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ALCAMdetected byflowcytometry (Fig. 3C), showeddecreased binding
to immobilized Gal-8 as compared to mock-transduced MDA-MB-231
cells, as measured by SPR (Fig. 3D). Thus, breast cancer cells bind to ex-
tracellular immobilized Gal-8 through specific interactions with cell
surface ALCAM.
Fig. 3. Surface ALCAM from breast cancer cells interacts with Gal-8 in a glycan-dependent fashion. (
MB-231, T47D, and MCF-7 breast cancer cells, by confocal microscopy. (B) Upper panel: The ba
231-shALCAM (MDA-shALCAM) cells versus the corresponding levels in MDA-MB-231 and mo
shALCAM cells showed 88.85% of ALCAM silencing versusMDA-MB-231 cells (taken as 100%) (p
levels in whole lysates from MDA-shControl, MDA-shALCAM, T47D, and MCF-7 breast ca
electrotransferred onto PVDF. Blots were probed with the anti-ALCAM monoclonal antibody, f
by chemiluminiscence. Densitometric analysis of β-actin was used to normalize the prote
(⁎⁎⁎p b 0.001). (C) Flow cytometry analysis of surface ALCAMexpression in non-permeabilizedM
showing the interactions of immobilized Gal-8 (400 RU) in BIAcore chips with MDA-shControl
shControl cells with immobilized Gal-8 was inhibited by 20 mM lactose. RU: resonance unit.
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3.4. Soluble extracellular Gal-8 binds to the breast cancer cell surface

To analyze Gal-8 secretion from breast cancer cells, we evaluated
conditioned media compared to lysates from MDA-MB-231 cells by
Western blot (Fig. 4A). The full-length transmembrane ALCAM
A) Indirect immunofluorescence for ALCAM and Gal-8 expression in permeabilized MDA-
r graph shows real-time quantitative RT-PCR analysis of ALCAMmRNA levels inMDA-MB-
ck-transduced MDA-MB-231 (MDA-shControl) cells, normalized by using GAPDH: MDA-
b 0.001). Lower panels:Western blot analysiswas also performed to studyALCAMprotein
ncer cells; lysates were run in parallel in the same 10% gel in SDS-PAGE, and then
ollowed by the incubation with the secondary antibody conjugated to HRP and detection
in loading in order to compare ALCAM levels. Data were analyzed by Student's t-test
DA-shControl,MDA-shALCAM, T47D, andMCF-7 breast cancer cells. (D) SPR sensorgrams

, MDA-shALCAM, and T47D breast cancer cells. The interaction of mock-transduced MDA-
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Fig. 5. ALCAM surface clusters induced by Gal-8 are prevented by receptor silencing, and show colocalization with Gal-8 in MDA-MB-231 breast cancer cells. (A) Confocal microscopy of ALCAM
internalization inMDA-MB-231 cells pre-treated with Gal-8, Gal-8 in the presence of lactose or Gal-1, and inMDA-MB-231-shALCAM (MDA-shALCAM) cells pre-treatedwith Gal-8. Cells
were incubated with anti-ALCAM-PerCP-Cy5.5 for 2 h on ice, and internalization was conducted at 37 °C for 10min. One representative confocal image of ALCAM staining (red) is shown
for each treatment or cell type, from three independent experiments. MDA-shALCAM cells pre-treatedwith Gal-8 did not show ALCAM segregation at the surface, after incubation at 37 °C
for 10min.White arrows indicate receptor segregation in the presence of Gal-8. The bar graph displays membranous ALCAM cluster quantification as determined by Imaris 3D software.
(B) Immunofluorescence staining for Gal-8 in Gal-8-treated MDA-MB-231 cells after internalization at 37 °C for 30 min. ALCAM clusters display colocalization with Gal-8 (Manders'
colocalization coefficient = 0.79 ± 0.07, according to [49]). ALCAM was stained with anti-ALCAM-PerCP-Cy5.5 (red) and Gal-8 was stained with the primary antibody followed by
Alexa Fluor 488-conjugated secondary antibody (green). Magnification bars: 10 μm.
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(105 kDa) was detected in MDA-MB-231 cell lysates as expected
(Fig. 4A, upper and lower panel) while a soluble ALCAM molecule of
slightly lower molecular weight was observed in conditioned media
(Fig. 4A, upper panel). Gal-8 was detected in lysates from MDA-MB-
Fig. 4. Extracellular Gal-8 induces ALCAM segregation at the surface of MDA-MB-231 breast cancer
MB-231 cells. Conditionedmedia andwhole extractswere evaluated. The full-length transmemb
while a soluble ALCAMmolecule of slightly lower molecular weight was observed in the condi
protein bands of ~38 and ~36 kDa (lower panel) and as a broad band of similarMW in condition
lysates. CM: conditioned medium after 48 h incubation. rGal-8: recombinant Gal-8, which is o
endogenous ALCAM and surface labeling with exogenous recombinant Gal-8 in MDA-MB-231
unconjugated anti-ALCAM monoclonal antibody followed by Alexa 555-conjugated secondar
antibody followed by Alexa 488-conjugated secondary antibody (green). Each experime
(C) (a) Confocal microscopy of ALCAM internalization in MDA-MB-231 cells pre-treated w
monoclonal antibody anti-ALCAM conjugated to PerCP-Cy5.5 for 2 h on ice. Internalization w
EEA1 primary antibody to visualize early endosomes (green). Three representative confocal im
each image. White arrows indicate receptor segregation in the presence of Gal-8. Lactose tr
lactose) are also shown (lower panels). (b) The bar graph shows membranous ALCAM cluste
internalization was conducted at 37 °C for 30 min; values represent the mean ± S.D., as analy
Gal-8-treated versus PBS-treated cells after the internalization assay at 37 °C for 30 min: Gal-
ALCAM in MDA-MB-231 cells pre-treated with PBS or Gal-8 as in (C), after blocking the inte
EEA1 (green), and merged staining are illustrated for each image. (b) The bar graph shows m
0 °C, as determined by Imaris 3D software. (c) Western blot analysis of whole cell lysates from
did not modify total ALCAM protein levels. Magnification bars: 10 μm. ns: not statistically sign
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231 cells as two protein bands of ~38 and ~36 kDa (probably corre-
sponding to endogenous isoforms; Fig. 4A, lower panel) and as a
broad band of similar MW in the conditioned media (Fig. 4A, middle
panel). These results showed that MDA-MB-231 cells secrete Gal-8 to
cells. (A) Immunoblot analysis of extracellular and intracellular ALCAM and Gal-8 inMDA-
raneALCAM (105 kDa)was detected inMDA-MB-231 cell lysates (upper and lower panel)
tioned media (upper panel). Gal-8 was detected in lysates fromMDA-MB-231 cells as two
edmedia (middle panel). A representative immunoblot is shown for each sample. Lys: cell
bserved as a double band (with and without a c-myc tag). (B) Cell surface expression of
cells, as evaluated by confocal microscopy. Endogenous ALCAM was developed with an

y antibody (red). Exogenous Gal-8 was added and detected with the anti-Gal-8 primary
nt was performed three times with reproducible results. Magnification bars: 10 μm.
ith PBS or Gal-8 for 30 min on ice (upper panels). Cells were then incubated with a
as induced at 37 °C for 30 min. Cells were fixed, permeabilized, and probed with anti-
ages are shown, and ALCAM (red), EEA1 (green), and merged staining are illustrated for
eatment before Gal-8 incubation and replacement of Gal-8 by Gal-1 (in the absence of
r quantification per cell, excluding intracellular spots, by using Imaris 3D software when
zed by Student's t-test (⁎p b 0.025). (c) Western blot analysis of whole cell lysates from
8 treatment did not modify total ALCAM protein levels. (D) (a) Confocal microscopy for
rnalization at 0 °C. Three representative confocal images are shown, and ALCAM (red),
embranous ALCAM cluster quantification per cell, after blocking the internalization at

Gal-8-treated versus PBS-treated cells after treatment at 0 °C for 30 min: Gal-8 treatment
ificant results.
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the extracellularmilieu, as described for other galectins. To evaluate cell
surface binding of exogenously added Gal-8, we incubated non-
permeabilized MDA-MB-231 cells with recombinant Gal-8 followed by
immunofluorescence staining for Gal-8 and ALCAM. As shown in
Fig. 4B, Gal-8 bound to putative ligands at the cell surface. Importantly,
the yellow merged fluorescence observed for ALCAM and Gal-8 double
staining suggested that both molecules co-localized at least partially
around the cell surface. As expected, ALCAM showed immunostaining
at the surface of MDA-MB-231 cells (Fig. 4B). Therefore, exogenously
added soluble Gal-8 binds to the surface of MDA-MB-231 cells and co-
localizes at least partially with ALCAM.

3.5. Gal-8 induces ALCAM segregation at the surface of MDA-MB-231
breast cancer cells

Internalization of ALCAM was induced by treating MDA-MB-231
cells with the anti-ALCAM-PerCP-Cy5.5 monoclonal antibody on ice in
the presence or absence of exogenous recombinant Gal-8, followed by
an incubation at 37 °C for 0–60 min. In Gal-8-treated cells, we found
ALCAM segregation at several regions of the cell surface after incubation
at 37 °C, as observed by confocal microscopy (Fig. 4C.a, white arrows).
Membranous ALCAMclusters per cellwere quantified fromconfocal im-
ages as a measure of receptor segregation by using Imaris 3D software
6.3.1 (Bitplane Sci. Software, Zürich, Switzerland) as previously de-
scribed [48], detecting increased number of ALCAM spots at the surface
of Gal-8-treated versus PBS-treated cells incubated at 37 °C (p b 0.025)
(Fig. 4C.b). Lactose pre-treatment blocked the effect of exogenously
added Gal-8 on MDA-MB-231 cells, and moreover, it is supposed to re-
move endogenous Gal-8 (and other galectins) bound to the cell surface
(Fig. 4C.a and b). Gal-1, which in SPRmeasurements showed no binding
to ALCAM up to a lectin concentration of 10 μM, did not significantly
modify the number of ALCAM surface clusters in lectin-treated versus
PBS-treated cells incubated at 37 °C when used at 4–8 μM (Fig. 4C.a
and b). Gal-8 effect was prevented when cells were incubated on ice
(Fig. 4D.a and b). To examine if Gal-8 treatment can modify total
ALCAM protein levels, we performed Western blot analysis of whole
cell lysates from Gal-8-treated versus PBS-treated cells after the inter-
nalization assay at 37 °C for 30 min (Fig. 4C.c): Gal-8 treatment did
not modify total ALCAM protein levels, which was also verified when
the same assays were performed at 0 °C for 30 min (Fig. 4D.c). MDA-
Table 3
Clinical and pathological parameters of patients.

Histologic type Histologic grade T N

Ductal carcinoma in situ G3 pT2 pN0
G2 pT2 pN0
G1 pT1b pN0
G3 pT1 pN0
G3 pT2 pN0
G3 pT3 pN0
G2 pT1b pN0
G2 pT1c pN0

2 pT1c pN0
G2 pT1c pN0

Invasive ductal carcinoma G2 pT2 pN2a
G2 pT1c pN1a
G3 pT1b pN1a
G3 pT2(m) pN2a
G2 pT2 pN1a
G1 pT1b pN1a
G1 pT1b pNx
G2 pT1c pN1a
G2 pT1 pN1a
G3 pT2 pN2a

G (histologic grade): assigned according to NottinghamHistologic Score. pT (size), N (nodes): ass
on the American Joint Committee on Cancer (AJCC/UICC) [80]. ER (estrogen receptor), PR (proges
ing to the Allred Score.Her2 (human epidermal growth factor receptor 2): quantified according to
ical Practice Guideline Update, 2013 [81]. ND: not determined.
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MB-231-shALCAM cells (Fig. 5A) did not show ALCAM segregation
when they were exogenously treated with Gal-8 and incubated at
37 °C, calculated as the number of membranous ALCAM clusters per
cell by Imaris 3D, as compared with Gal-8-treated MDA-MB-231 cells
(p b 0.001). Moreover, MDA-MB-231-shALCAM cells treated with Gal-8
showed increased —although faint— cytoplasmic density of ALCAM-
positive spots as compared with Gal-8-treated MDA-MB-231 cells
(Fig. 5A) when incubation was performed at 37 °C, probably suggesting
that ALCAM silencing diminished Gal-8-induced ALCAM retention at
the cell surface and therefore increased ALCAM internalization. As
shown in Fig. 4C.a, lactose addition in the presence of exogenous Gal-8
blocked ALCAM segregation at the surface ofMDA-MB-231 cells incubat-
ed at 37 °C (Fig. 5A). Gal-1 (8 μM) treatment yielded a low number of
ALCAM clusters per cell at the surface ofMDA-MB-231 cells as compared
with Gal-8-treated cells when incubated at 37 °C (Fig. 5A). Next, we an-
alyzed if ALCAM surface clusters showed colocalization with Gal-8 in
MDA-MB-231 cells thatwere treatedwith exogenous Gal-8 and incubat-
ed at 37 °C. Thus, we performed the immunofluorescence staining for
Gal-8, detecting Gal-8 colocalization (Manders' colocalization coeffi-
cient = 0.79 ± 0.07, according to [49]) with ALCAM at the surface clus-
ters, which indicated a direct effect of Gal-8 on surface ALCAM cross-
linking (Fig. 5B). In conclusion, addition of exogenous Gal-8 induced
glycosylation-dependent ALCAM segregation at the surface of MDA-
MB-231 cells, inducing ALCAM cross-linking.

3.6. ALCAM and Gal-8 are widely expressed in vivo in human breast tissues

In order to evaluate co-expression of ALCAM and Gal-8 in human
breast tissues, we analyzed both molecules by immunohistochemistry
on paraffin-embedded archival specimens from human primary ductal
breast carcinomas and normal tissues. Three groups of samples from
normal, DCIS, and IDC tissues were analyzed. Table 3 summarizes clini-
cal and pathological parameters of patients. Immunohistochemistry for
ALCAM revealed strong staining at the intercellular junctions in the
plasma membrane of epithelial cells from normal tissues and DCIS, but
weaker cytoplasmic staining (p b 0.05, n = 10/group). In IDC, we ob-
served less membranous and increased cytoplasmic staining for
ALCAM (p b 0.05), as compared to normal and DCIS tissues (Fig. 6). Re-
garding Gal-8, this lectin was localized in the nucleus and cytoplasm of
epithelial cells in breast tissues. High levels of Gal-8 staining were
ER status PR status Her2 Margins

0 0 ND Negative
80% (++++) 80% (++++) ND Negative
80% (++++) 75% (+++) ND Negative
70% (+++) 90% (++++) ND Negative
0 0 ND Positive
70% (+++) 70% (+++) ND Negative
80% (++++) 80% (++++) ND Negative
90% (+++) 35% ND Negative

Negativo
35% (++) 0 ND Negative
75% (+++) 75% (+++) ND Negative
0 30% (++) Negative (0) Negative
90% (++++) 70% (+++) Negative (0) Negative
0 0 Positive (3+) Negative
0 0 Negative (1+) Negative
40% (++) 40% (++) Negative (1+) Negative
75% (+++) 65% (+++) Negative (0) Negative
70% (+++) 10% (+) Negative (1+) Negative
60% (+++) 40% (++) Negative (0) Negative
70% (+++) 90% (++++) Negative (1+) Negative
0 0 Negative (0) Positive

igned according to TNM Pathologic Staging, College of American Pathologists (CAP), based
terone receptor): quantified by using both intensity and percentage of positive cells, accord-
American Society of Clinical Oncology–College of American Pathologists (ASCO-CAP), Clin-

t binding of galectin-8 to activated leukocyte cell adhesion molecule
), http://dx.doi.org/10.1016/j.bbagen.2016.04.019

http://dx.doi.org/10.1016/j.bbagen.2016.04.019


11M.M. Fernández et al. / Biochimica et Biophysica Acta xxx (2016) xxx–xxx
detected in the nuclei of epithelial cells from normal breast tissues and
DCIS, which decreasedwith tumor progression (p b 0.05) (Fig. 6). Gal-8-
positive immunolabeling in the cytoplasm of epithelial cells from nor-
mal tissues and DCIS showed a tendency to decrease in IDC, although
this effect did not reach statistical significance (Fig. 6). Moreover,
human sera were biochemically analyzed by Western blot to detect
ALCAM and Gal-8. A circulating ALCAM protein with slightly smaller
molecular weight (~95 kDa) than the full-length ALCAM was detected
in human sera, although we could not find significant differences be-
tween serum levels of ALCAM in control versus IDC patients. Circulating
Gal-8 was also identified by Western blot as a conspicuous band in a
~1:1.4 ratio (p b 0.05) in control versus IDC patient sera, respectively
(data not shown). In conclusion, our results demonstrate that both
ALCAM and Gal-8 are present in vivo in human breast tissues and sera,
suggesting that they could specifically interact via a glycan-dependent
pathway to modulate cancer progression.

4. Discussion

Distinct binding sites in the ALCAM molecule have been involved in
homophilic [50] and heterophilic [51] interactions. It has been previously
Fig. 6. ALCAM and Gal-8 are co-expressed in normal and malignant human breast tissues. A
immunohistochemical staining. (A) Immunohistochemistry for ALCAM: (a) Negative con
hematoxylin (×100). (b) Normal breast tissues (×100). (c) Ductal carcinoma in situ (×40
indicates a normal duct. (e) Invasive ductal carcinoma (×40). (f) Invasive ductal carcinoma (×
situ (×100). (b) Normal breast tissues (×40). (c) Normal breast tissues (×100). (d) Duct
carcinoma (×40). (h) Invasive ductal carcinoma (×100). All sections were stained in p
Representative images for immunohistochemical staining are shown. Experiments were perfor
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described that homophilic ALCAM interactions show around 100-fold
lower affinity (KD: 29–48 × 10−6 M) than heterophilic interactions
with CD6 (KD: 0.4–1.0 × 10−6 M) [52,53], being the latter affinity similar
to the one measured in the present study for the ALCAM/Gal-8
heterophilic interactions. Herein, by SPR, we compared the ability of
Gal-8 to bind to the humanglycosylatedALCAMectodomain (ALCAMgly)
or to the endogenous ALCAMe isolated from MDA-MB-231 cells. We
found that both ALCAM molecules can interact in vitro with Gal-8 in a
glycan-dependent manner, as expected because ALCAM has been previ-
ously identified as a glycoproteinwith 10N-glycosylation sites [4,54]. Re-
combinant ALCAMgly showed higher binding affinity to Gal-8 (KD: 1.09 x
10−7M; kinetic analysis) thanALCAMe (KD: 3.19×10−6°M; kinetic anal-
ysis), as detected by SPR. Importantly, our findings suggest that ALCAMe
glycoforms actually interactwith recombinant Gal-8 in SPR, and these as-
sociations are specifically inhibited by β-galactoside derivatives. In
previous studies, we reported the interaction of Gal-8 with a non-
glycosylated form of human recombinant ALCAM (ALCAMnongly): nota-
bly, Gal-8 binding was also inhibited by β-galactoside derivatives,
suggesting that there could be protein-protein interactions with ALCAM
at or close to the galectin CRD [23].Whenkinetic analysis of Gal-8 binding
to different ALCAM molecules was performed, the main differences
rchival paraffin-embedded specimens from human breast tissues were processed for
trol omitting the primary antibody in normal tissues, showing counterstaining with
); the arrow indicates a normal duct. (d) Ductal carcinoma in situ (×100); the arrow
100). (B) Immunohistochemistry for Gal-8: (a) Negative control in a ductal carcinoma in
al carcinoma in situ (×40). (e, f) Ductal carcinoma in situ (×100). (g) Invasive ductal
arallel without primary antibodies to provide negative controls (data not shown).
med three times with reproducible results.
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between KDs were due to the association rate or kon: the interaction
ALCAMgly/Gal-8 was characterized by a kon of 2.32 × 104 (M.s)−1,
while ALCAMnongly/Gal-8 interaction displayed a one order of magni-
tude lower kon of 3.29 × 103 (M.s)−1; the dissociation rates or koff for
both interactions remainedwithin the same order of magnitude. Howev-
er, the kon for the interaction ALCAMe/Gal-8 wasmaintained at the same
order of magnitude than the one calculated for the complex ALCAMgly/
Gal-8, although the KD value was close to the one previously reported
for ALCAMnongly/Gal-8 interaction [23]. Taken together, our results sug-
gest that the interactions between ALCAM and Gal-8 are modulated by
specific carbohydrates, and probably mediated by protein–glycan and
protein–protein interactions at different binding sites. Sialylationprofiling
by WAX chromatography showed clear differences between ALCAMgly
and ALCAMe: both samples lacked sulfated N-glycans, as demonstrated
by complete digestion of negatively charged N-glycans by A. urefaciens
sialidase. This result discarded the possibility of differences in 3′-sulfated
lactosamine structures that would bind Gal-8 with high affinity.
ALCAMgly and ALCAMe presented a similarWAXprofile, withmajor pro-
portions of neutral, di-, and tri-sialylated N-glycans. However, ALCAMgly
sialylatedN-glycanswere almost completelyα(2,3)-sialylated (if present,
levels of α(2,6) sialylation were less than 1%), in opposition to ALCAMe,
where α(2,6) sialylation was prominent (approximately 69% of α(2,6)
sialylation when areas from di- and tri-sialylated N-glycans were com-
bined). These observations are consistent with previous reports [55],
demonstrating that HEK-293 cells express very low endogenous levels
of ST6Gal-I activity, the sialyltransferase responsible for the α(2,6) sialic
acid addition. In contrast, MDA-MB-231 cell surface glycoconjugates
were shown to be highly α(2,6)-sialylated by selective detection of sialic
acid linkage on the cell surface using plant lectins and sialidase hydrolysis
[56]. The presence of higher levels ofα(2,6) sialic acid inN-glycans is then
responsible for the described lower affinity of Gal-8 for ALCAMe from
MDA-MB-231 cells. This Gal-8 preference for α(2,3)-sialylated glycans
has also been described for β1 integrins in trabecular meshwork [47].

It should be pointed out that Escoda–Ferran and coworkers demon-
strated ALCAM/Gal-1 interactions by ELISA, but the KD of this associa-
tion has not been reported [57]. In fact, we found no specific
interaction between ALCAM and Gal-1 by SPR up to 10 μM Gal-1, al-
though we could not discard a specific ALCAM/Gal-1 interaction at
higher concentrations of the lectin, which suggests a lower affinity
than the one calculated for ALCAM/Gal-8 interactions. Interestingly,
the sialylation levels detected in ALCAMe from MDA-MB-231 cells ex-
plained the low affinity displayed by Gal-1 in SPR experiments, as
α(2,6) sialylation is also restrictive for Gal-1 binding, while α(2,3)
sialylation allows Gal-1 binding but with lower affinity [58]. Current ef-
forts are aimed at examining the complete N-glycan profile of both
ALCAMgly andALCAMe, in order to further understand themechanisms
of selectivity for Gal-8 binding. Moreover, endogenous ALCAM from
MDA-shControl cells (Fig. 3A) could be more prominently glycosylated
than ALCAM expressed byMCF-7 cells as a broad protein band could be
detected by Western blot analysis of these cells. Although N-
glycosylation of ALCAM from MCF-7 cells has not yet been character-
ized, this effect might explain differential in vivo tumorigenicity and
metastatic potential.

Extracellular lectin-glycan interactions function by trapping glyco-
protein receptors at the cell surface, preventing their endocytosis and
modulating cell signaling [59–61]. These lectin-glycoprotein complexes
have beenwell documented, for example in the case of Gal-3/CD45/TCR
[62], Gal-1/CD45 [63], Gal-1/VEGFR2 [64], and Gal-3/N-cadherin inter-
actions [65]. For instance, Gal-3 has been proposed to form clusters
with glycosylated growth factor receptors at the cell surface that inhibit
constitutive endocytosis and prolong downstream signaling, thereby
promoting cell proliferation and survival [66,67]. Although ALCAM en-
docytosis has been previously reported [19,20], here we showed that
Gal-8 induces ALCAM segregation at the surface of MDA-MB-231 breast
cancer cells, possibly trapping membranous ALCAM and preventing its
internalization. Importantly, herein, we demonstrated that Gal-8 is
Please cite this article as: M.M. Fernández, et al., Glycosylation-dependen
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secreted from breast cancer cells to the conditioned media, which fa-
vors the hypothesis of the interaction between extracellular Gal-8 and
membranous ALCAM at the cell surface. Thus, secreted Gal-8 might
act as an autocrine or paracrine regulator of ALCAM signaling in breast
cancer cells. Regarding soluble ALCAM, a glycosylated ~96–100 kDa
form of ALCAM has been described in the conditioned media from dif-
ferent cell types [21,22,68]. In fact, ADAM17 has been discovered to be
an important proteolytic sheddase of ALCAM [21], a mechanism that
can enhance tumor cell motility andmigration [22]. Herein, byWestern
blot, we found a soluble ALCAM form in MDA-MB-231 cell conditioned
media of slightly lower molecular weight than the whole molecule
(105 kDa), which seems to correspond to the previously described gly-
cosylated ectodomain [21,22].

In order to explore the occurrence of the ALCAM/Gal-8 axis in human
tissues, we studied the in vivo expression of ALCAM and Gal-8 in normal
breast and ductal carcinoma (the most common histological subtype of
mammary tumor) specimens by immunohistochemistry. Regarding the
cell adhesion molecule ALCAM in breast cancer, its high cytoplasmic ex-
pression has been associated with higher tumor grading [17] and lower
disease-free survival [17,69]. Tissue microarray studies demonstrated
that ALCAM is usually expressed in normal and cancerous breast epitheli-
um, and that a marked reduction of ALCAM expression characterizes pa-
tients with poor clinical outcome [70]. Low expression of ALCAM at sites
of cell–cell contact in primary breast tumors has been proposed to con-
tribute to a more aggressive phenotype [71]. Regarding Gal-8, this lectin
has been previously reported in benign breast tissues and lobular breast
carcinomas [40], and it has also been identified as one of thefivemost fre-
quently expressed tumor antigens in a transgenic mouse model of breast
cancer (epidermal growth factor receptor 2 (HER2-neu)-positive and es-
trogen receptor (ER)-negative) [72]. Gal-8 expression seems to differ de-
pending on the type of human mammary tumor, as analyzed by gene
expression microarrays: basal-like breast cancer showed lower Gal-8 ex-
pression as compared with luminal B tumors, while HER2-neu-positive
breast cancer showed the highest Gal-8 expression (in accordance with
[72]); moreover, patients with higher levels of Gal-8 transcripts showed
better relapse-free survival [73]. Herein,weprovide compelling evidences
of the co-occurrence of ALCAM and Gal-8 in human mammary epitheli-
um, which enables us to speculate that the physical interaction that we
demonstrated in vitro might also take place in vivo in breast tissues. We
also detected prominent membranous ALCAM expression in normal and
DCIS tissues, which diminished in IDC, suggesting altered ALCAM
homophilic interactions at the cell surface in IDC. As far as we know,
ALCAM/Gal-8 interactions have not been studied elsewhere, and their po-
tential roles at the site of the primary tumor or at the metastatic site are
unknown. From a functional standpoint, Gal-8/ALCAM interactions may
play a role in tumor angiogenesis [23], migration [30], and cancerous
osteolysis due to metastasis [74], but it may also play a possible role in
tumor-immune escape given the recent findings that Gal-8 promotes ex-
pansion of regulatory T cells throughmodulation of TGF-β and IL-2 signal-
ing [75]. Regarding epithelial-to-mesenchymal transition (EMT) and
ALCAMhomophilic or heterophilic interactions, for example in pancreatic
cancer progression, the level of Zeb1mRNA—an EMTactivator—has been
found greater in CD166− cells than that in CD166+ cells, suggesting that
ALCAM silencingmight be involved in EMT [76]. Although there is still no
evidence of the role of Gal-8 as a potential inducer of EMT, future studies
should explore this possibility given the involvement of other galectin
family members in this process [77–79]. In conclusion, the ALCAM/Gal-
8 heterophilic interaction at the cell surface could also act by regulating
ALCAM-ALCAM intercellular contacts in breast tissues, thereby modulat-
ing cellular cohesion in physiological conditions and/or cell dissemination
and metastasis in neoplastic settings.

5. Conclusion

In summary, our results support the occurrence of heterophilic in-
teractions of ALCAM with Gal-8 at the surface of breast cancer cells.
t binding of galectin-8 to activated leukocyte cell adhesion molecule
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Specific interactions between endogenous ALCAM from breast cancer
cells and recombinant Gal-8 are demonstrated, whichwere successfully
prevented by β-galactoside-related carbohydrates. Likewise, ALCAM-
silenced breast cancer cells show reduced binding to immobilized Gal-
8 relative to control cells. Moreover, Gal-8 induces ALCAM segregation
at the surface of breast cancer cells, probably trapping membranous
ALCAM and delaying its internalization. Co-expression of ALCAM and
Gal-8 in human normal breast tissues and ductal carcinomas allowed
us to postulate the potential biological role underlying this heterophilic
interaction. We hypothesized that the Gal-8/ALCAM axis is active in
breast tissues, and that the interaction between extracellular Gal-8
and membranous ALCAM occurs at the surface of breast cells, thereby
influencing cell–cell and cell–matrix interactions during health and
tumor progression. Further studies are needed to elucidate the fine na-
ture and physiologic relevance of ALCAM/Gal-8 interactions, the influ-
ence of different ALCAM glycosylation patterns and the mechanisms
and signaling pathways affected.
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