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Abstract.
BACKGROUND: Lack of druggable targets and complex expression heterogeneity of known targets is common among
TNBC subtypes. An enhanced expression of galectin-3 in TNBCs has already been documented. We have observed a tumor
progression-dependent galectin-3 expression in TNBCs compared to adjacent epithelium and non TNBCs.
OBJECTIVE: To unravel the association of galectin- 3 in tumor progression, aggressiveness and drug resistance in TNBC
patients.
METHODS: Galectin-3 expression in 489 breast cancer tissues was correlated with clinicopathological features and the
results were validated in cell lines and mouse model by silencing galectin-3 using shRNA and the proteins were profiled by
western blot and qRT-PCR. Protein interaction was analyzed by GFP Trap and Mass spectrometry.
RESULTS: Galectin-3 expression correlated with tumor stage in TNBC and a lower galectin-3 expression was associated
with poor patient survival. The positive correlation between galectin-3, vimentin and CD44 expression, pinpoints galectin-3
contribution to epithelial to mesenchymal transition, drug resistance and stemness. Vimentin was found as an interacting
partner of galectin-3. Duplexing of galecin-3 and vimentin in patient samples revealed the presence of tumor cells co-
expressing both galectin-3 and vimentin. In vitro studies also showed its role in tumor cell survival and metastatic potential,
elementary for tumor progression. In vivo studies further confirmed its metastatic potential.
CONCLUSIONS: Tumor progression dependent expression pattern of galectin 3 was found to indicate prognosis. Co-
expression of galectin-3 and vimentin in tumor cells promotes tumor dissemination, survival and its metastatic capability in
TNBCs.
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1. Introduction

An increased incidence of Triple Negative Breast Cancers (TNBCs) of about 25–30% has been
reported in India compared to that seen in western population [1]. Even though defined based on
the lack of expression of ER (Estrogen receptor), PR (Progesterone receptor), and HER2 (Human
epidermal growth factor receptor2) markers, TNBC is a highly heterogenic group with unpredictable
prognosis. Due to the lack of specific molecular targets, the vast majority of these tumors are treated
with chemotherapeutic agents, such as anthracyclins and taxanes [2]. About 50% of these patients with
residual disease will rapidly relapse with frequent metastases to brain and lungs and only less than
60% of these patients are reported to have a three-year overall survival [3, 4]. High recurrence rate,
metastasis and drug resistance are responsible for the poor prognosis of this subgroup [5]. Considerable
efforts have been made to elucidate the specific molecular and cellular mechanism underlying the
chemoresistance and metastatic potential of TNBC. The dynamic interaction of tumor cells with
their microenvironment favors the selection of preexisting resistant cells as well as the emergence of
new resistant cells exhibiting epithelial to mesenchymal transition (EMT) and cancer stem cell traits
[6–8]. Several signaling pathways, such as Transforming Growth Factor- � (TGF- �), Notch, Wnt/
� -catenin, Hh (hedgehog) and common cancer-related intrinsic pathways Nuclear Factor-kappa B
(NF-kB), Phosphoinositide 3-kinase (PI3K)/(AKT)/mechanistic target of rapamycin (mTOR), have
been considered as drivers of chemoresistance [9] and are targets of many of the ongoing clinical trials
[10, 11].

Galectins are a family of low molecular weight, galactoside-specific lectins with functions in cell
activation, cell growth, cell-cell and cell-matrix adhesion, including binding to carcinoembryonic anti-
gen, laminin and metalloproteinase [12]. Earlier we have reported a lower expression of galectin-3
in advanced stage breast cancers that predicts axillary lymph node metastasis in a limited number of
samples [13]. A potential role for galectin-3 in driving tumorigenesis was also reported in TNBC [14].
However, the progressive level of expression of galectin-3 in different stages of breast cancer and its
importance in tumor progression and stemness needs to be further elucidated. In the current study,
we found that even though galectin-3 was overexpressed in early-stage tumors, its expression was
found to be lowering in advanced stages of TNBCs, whereas the higher expression was found to be
retained in metastatic deposits. In vitro and in vivo studies clearly indicated that overexpressed intra-
cytoplasmic galectin-3 during early stages promotes tumor progression through EMT by interacting
with vimentin, and this is the first report showing vimentin as the active partner of galectin-3 in breast
cancer progression.

2. Materials and methods

2.1. Patient samples

A total of 489 breast cancer patients were recruited for the study, after obtaining approval from the
Human Ethics Committee of Regional cancer centre, Thiruvananthapuram (HEC No. 29/2014). The
breast cancer patients included were not subjected to any chemotherapy treatments. Tissue samples
were collected from patients who have undergone modified radical mastectomy in the Surgical Oncol-
ogy Division of the Regional Cancer Centre (RCC) after obtaining informed consent. A sample of the
tumor tissue as well as of benign adjacent epithelium were collected and kept deep frozen (–70◦C)
for molecular studies. Separate fragments of tumor tissue and adjacent epithelium were processed for
paraffin embedding and block preparation. Clinical data of each patient was obtained from respective
clinical record. Haematoxylin and eosin sections were prepared from each block before immunohisto-
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chemical analysis to confirm the presence of tumor. Similarly, the presence of tumor in tissue samples
selected for western blotting was assessed on imprint smears from the cut surface of the tissue.

2.2. Cell lines

All breast cancer cell lines were obtained from the American Type Culture Collection (ATCC).
Human cancer cell lines representing TNBC such as MDA-MB-231 and Luminal breast cancer such
as MCF-7 were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (gibco®) supplemented with
10% fetal bovine serum (FBS) (gibco®), 100 U/ml penicillin, 100 �g/ml streptomycin and maintained
in a 37◦C atmosphere with 5% carbon dioxide.

2.3. Chemicals and antibodies

The drugs used for the study were Camptothecine (1 �M or 10 �g/ml), Staurosporine (500 nM),
Cisplatin (50 �g/ml) and Etoposide (25 �M). Monoclonal antibodies against Galectin-3 (# D412R),
Vimentin (# D21H3), E-cadherin (# 24E10), Slug (# C19G7), GAPDH (# 14C10), CD44(# 156-3C11),
PARP (# 9542), secondary anti-rabbit IgG HRP-linked antibody (# 7074) and anti-mouse IgG HRP-
linked antibody (# 7076S) were purchased from Cell Signaling Technology, Inc. (Beverly, MA) and
CD24 (# 14-0242) was from e-bioscience, whereas monoclonal antibody beta-actin (# SC4778) were
purchased from Santa Cruz Biotechnology.

2.4. Immunohistochemistry (IHC)

For immunostaining of tissue samples, the standard ABC method using the kit from (MACH4 Uni-
versal HRP-polymer detection system, Biocare Medical, CA) was used as per a standardized protocol.
Briefly, 4 �m sections on 3-aminopropyl triethoxysilane (APES)-coated slides were deparaffinized
in xylene and rehydrated through descending grades of alcohol and water. Antigens were retrieved
using 10 mM citrate buffer (pH-6) or 1 mM EDTA (pH-8), depending on antibodies used. Further steps
were carried out using IHC kit according to the manufacturer’s instructions. Finally, slides were devel-
oped with 0.05% 3′, 3-diaminobenzidine tetra hydrochloride and counterstained with Modified Harris
haematoxylin. Immunoexpressions were assessed semi quantitatively with uniform grading as absence
of staining (0 = negative, 1+ = light, 2+ = moderate, 3+ = intense, 4+ = heavy). Two sections from each
sample were immunostained and scored separately. Finally, H-scores were calculated by multiplying
intensity score (0 = negative, 1+ = light, 2+ = moderate, 3+ = intense, 4+ = heavy) with the percentage
of stained tumor cells [13]. The mean H-score was considered for statistical analysis. H-score up to
40 was considered as negative, 41–1501 as low expression and a score above 1502 as high expression.
ER and PR were assessed using Allred scoring system. A score of 0–2 was regarded as negative, while
3–8 as positive. A score of 0–2+ for HER2 protein was considered negative, whereas a score of 3+ and
above was positive.

2.5. Dual staining

For dual staining, first we carried out the procedures till antigen retrieval using IHC standard protocol
as described above. Further steps were carried out using ImmPRESS Duet Staining Polymer Kit (#
MP7724). Sections were blocked using BLOXALL blocking solution. After TBST wash, sections
were incubated with 2.5% Normal Horse Serum. After overnight incubation with primary antibody
(1:100), the sections were washed and incubated with ImmPRESS duet reagent. Sections were then
stained using ImmPACT DAB EqV substrate until desired stain intensity developed. After washing
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with TBST, Vector Blue substrate (# SK-5300) was added and incubated for one hour in dark. After
appropriate wash with TBST, the sections were finally mounted in glycerol-PBS and viewed under
microscope.

2.6. Stable transfections for silencing and over expression of galectin-3

The transfection grade shRNA plasmids for LGALS3 and control shRNA were obtained from
Sigma (LGALS3 mission shRNA # TRCN0000029305 and Mission shRNA # SHC001). For the over
expression of hGal-3, the expression vector pEGFP-hGal-3 (# 73080) was procured from Addgene.
Transfection grade plasmids were prepared using Qiagen Plasmid Midi kit (# 12143, Qiagen GmbH,
MD) as per the manufacturer’s instructions. Cells were transfected with the galectin-3 shRNA, non-
targeting control shRNA and overexpression vector using Lipofectamine™ LTX Reagent with PLUS™
Reagent (# 15338100, Thermo Fischer Scientific) as per the manufacturer’s protocol. After transfec-
tion, stable clones expressing the galectin-3 shRNA and pEGFP-hGal-3 were isolated by selecting
the cells in 2.5 pg/�l puromycin (# A1113803, Gibco) for shRNA and 800 �g/ml G418 (# 11811031,
Thermo Fischer Scientific) for pEGFP-hGal-3 containing media for two to three weeks.

2.7. Protein extraction and Western blotting

Protein lysates extracted using the Phospho lysis buffer supplemented with protease inhibitor cocktail
(# HY-K001, MedChemExpress) were denatured with sample loading buffer for 10 min at 95◦C. Total
cellular proteins (40–80 �g) were separated on 10% SDS-PAGE gel and then electro-transferred onto
a 0.2 �m PVDF membrane (# GE10600021, Amersham™ Hybond® P). The protein blotted membrane
was then blocked and treated with primary and secondary antibodies. GAPDH and beta-actin were
used as loading control. Finally, horseradish peroxidase (HRP)-conjugated secondary antibodies were
detected using the enhanced Pierce™ ECL Western Blotting Substrate (# 32106, Thermo Fischer
Scientific).

2.8. Quantitative real-time PCR (q RT-PCR)

Whole cellular RNA was extracted from cell lines using High Pure RNA Tissue Kit (# 12033674001,
Roche Diagnostics GmbH, Germany). One microgram of RNA was taken for cDNA synthesis using
Transcriptor First Strand cDNA Synthesis kit (# 04379012001, Roche Diagnostics GmbH, Germany).
cDNA was then finally used for q-PCR analysis using SYBR green chemistry (# 04707516001,
LightCycler® 480 SYBR Green I Master, Roche Diagnostics GmbH, Germany) in the LightCycler®
480 System (Roche Diagnostics GmbH, Germany). Primers were designed using Primer 3, sequences
are listed in the Supplementary Table 1.

2.9. Wound healing assay

Cells were seeded in a 12 well plate and after reaching confluency, a wound was made using a
sterile 10 �l tip. Detached cells were washed off using 1X PBS. Cells were imaged and then allowed
to grow for next 24 h in Opti-MEM® I Reduced Serum Medium serum ((# 31985062, Thermo Fischer
Scientific). Images were then recorded at 0, 6, 12 and 24 h after scratching.
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Table 1

Association of galectin-3 expression with clinicopathological features of breast cancer

Association between galectin-3 and Clinicopathological characteristics

No: of patients 489
Mean Age (Years) 50.53

Galectin-3 High Galectin-3 Low p-value

Age
<50 236 (48.3%) 116 (49.2%) 120 (50.8%) 0.41
≥50 253 (51.74%) 114 (45.1%) 139 (54.9%)

Menopausal status
Pre 190 (38.8%) 97 (51.1%) 93 (48.9%) 0.30
Post 282 (57.7%) 124 (44.0%) 158 (56.0%)
Unknown 17 (3.5%) 9 (52.9%) 8 (47.1%)

Pathological Stage
Early 357 (73%) 186 (52.1%) 171 (47.9%) 0.0002
Advanced 132 (27%) 44 (33.3%) 88 (66.7%)

Tumor size
T1 (0–2 cm) 21 (4.3%) 10 (47.6%) 11 (52.4%) 0.03
T2 (>2–5 cm) 379 (77.5%) 190 (50.1%) 189 (49.9%)
T3 (>5 cm) 86 (17.6%) 28 (32.6%) 58 (67.4%)
Unknown 3 (0.6%) 2 (66.7%) 1 (33.3%)

Histological grade
Grade II 119 (24.3%) 51 (42.8%) 68 (57.1%) 0.34
Grade III 370 (75.7%) 179 (48.4%) 191 (51.6%)

Lymph node status
Positive 251(51.3%) 87 (34.7%) 164 (65.3%) <0.0001
Negative 238 (48.7%) 143 (60.1%) 95 (39.9%)

ER status
Positive 121 (24.7%) 59 (48.8%) 62 (51.2%) 0.71
Negative 368 (75.3%) 171 (46.5%) 197 (53.5%)

PR status
Positive 112 (22.9%) 46 (41.1%) 66 (58.9%) 0.20
Negative 377 (77.1%) 184 (48.8%) 193 (51.2%)

HER2 status
Positive 91 (18.6%) 44 (48.4%) 47 (51.6%) 0.82
Negative 398 (81.4%) 186 (46.7%) 212 (53.3%)

TNBC (n = 249)
Early 183 (73.5%) 99 (54.1%) 84 (45.9%) 0.002
Advanced 66 (26.5%) 21 (31.8%) 45 (68.2%)

1H-score (0–150) = Low expression. 2H-score (>150) = High expression.
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2.10. Quantification of apoptosis using flow cytometry

Apoptosis in galectin-3 expressed and silenced MDA-MB-231 cells were quantified via flow cytome-
try using Annexin V-FITC/PI assay (# 556547, BD Biosciences) and TMRM (tetra methyl rhodamine
methyl ester) staining (# T-668, Molecular Probes). A total of 10,000 events were collected from
each sample using a flow cytometer (BD FACS Aria™ III), and analyzed using FACS Diva software.
Annexin V-FITC/PI assay was done according to manufacturer’s protocol. For analyzing the mito-
chondrial transmembrane potential of cells using TMRM staining, cells after treatment with drugs
were harvested by trypsinization and washed with 1X PBS. Then cells were incubated in RPMI media
supplemented with TMRM stain (25 nM) at 37◦C for 5–10 min before flow cytometric analysis. The
TMRM is a cell-permeant cationic red-orange fluorescent dye that is readily sequestered by active
mitochondria. The signal has absorption/emission maxima of 548/574 nm.

2.11. CD44+/CD24− assay

For CD44+/CD24− assay, MDA-MB-231 and galectin-3-silenced MDA-MB-231 cells (1×106 cells)
were grown on 60 mm dishes and trypsinized at 80% confluency. Cell pellets were incubated at 37◦C
for 40 minutes with both 10 �l anti-CD44 (# 559942, BD Pharmingen) and 3 �l anti-CD24 antibodies
(# MHCD2404, Invitrogen) conjugated with APC and PE respectively in 100 �l of 2% Phosphate
buffered saline (PBS). After incubation, the cells were washed with PBS and resuspended in 2% PBS.
The stained cells were analyzed using flow cytometer FACS Aria™ III and signals were collected with
phycoerythrin (PE) and allophycocyanine (APC) channels.

2.12. Immunoprecipitation experiments

For analyzing galectin-3-interacting proteins, an immunoprecipitation experiment was performed
using MDA-MB-231 cells stably expressing pEGFP-hGal-3. The stable cells were grown on 100 mm
dishes; the immunoprecipitation (IP) of GFP-fusion proteins was carried out using the affinity resin
ChromoTek GFP Trap®A kit. GFP-Trap is a versatile tool to purify GFP-fusion proteins and their
interacting factors for biochemical studies including mass spectrometry and enzyme activity assays.
Immunoprecipitation was carried out according to the manufacturer’s protocol (ChromoTek GmbH,
Germany). The IP samples were further probed for the interacting protein using western blot. For
proteomic analysis, the IP samples were processed for eluting bound proteins by adding 50 �l 0.2 M
glycine (pH 2.5) for 30 sec under constant mixing followed by centrifugation (2500 g for 2 min). The
supernatant was transferred to a new tube and 5 �l 1M Tris base (pH 10.4) was added for neutralization.
After neutralization, 50 �l of 6M Guanidium Hydrochloride was added to the samples and mass
spectrometric analysis was carried out by Valerian Chem Pvt Ltd, New Delhi. The samples were
digested using trypsin and cleaned with C18 silica cartridge. The samples were analyzed using EASY-
nLC 1000 system (Thermo Fisher Scientific) coupled to Thermo Fisher-Orbitrap Fusion Tribrid mass
spectrometer equipped with nano electrospray ion source.

2.13. In vivo studies

Animal studies were performed using the animal research facility at Rajiv Gandhi Centre for Biotech-
nology, Trivandrum. The animal study was reviewed and approved by the Institutional Animal Ethics
Committee (IAEC/530/TRSK/2016). Immunocompromised, age matched female 5- to 6-week-old,
NOD-SCID mice were maintained at 24◦C in sterile conditions. For developing in vivo imaging ready
cells, both MDA-MB-231 (control) and MDA-MB-231 galectin-3-silenced cells were transfected with
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the expression vector pcDNA3.1 (+)/Luc2 = tdT (# 32904) from Addgene. pcDNA3.1 (+)/Luc2 = tdT
plasmids expresses a fusion of firefly luciferase and tandem Tomato red fluorescent protein in the
transduced cells. The cells were sorted based on Td Tomato fluorescence using flow cytometry. Mul-
tiple clones were expanded in selection media and high expressing clones were expanded for tumor
development.

Briefly, the mice were grouped into two comprising 6 each. The stable imaging ready cells (104–106

cells /100 �l) were orthotopically implanted in 50 �l PBS into the fourth mammary fat pad via a 27G
needle. Tumor volume was weekly assessed with a caliper and calculated as length x width x height (in
mm3). Animal imaging was carried out under anesthesia using the optical imager from Perkin Elmer
IVIS spectrum (USA). All mice were sacrificed at 1.5 months after tumor cell implantation or when
their tumor volume parameters reached 1.8 cm in any direction of tumor measurement.

2.14. Statistical analysis

Statistical significance was analyzed by Fisher’s exact test (GraphPad InStat software), One-way
ANOVA, Two-way ANOVA and chi-square test (GraphPad Prism 5.01). For survival rate data, the
log-rank test was used. The criteria for significance were p < 0.05 (*), p < 0.01 (**), and p < 0.001
(***) for all comparisons.

3. Results

3.1. Clinical features of the cohort

The average age of the study cohort was 50.53 years. 38.8% of the study population were pre-
menopausal. Among the 489 patients, 119 (24.3%) were with grade 2 (moderately differentiated) and
370 (75.7%) were with grade 3 tumor (poorly differentiated). Distribution of tumor size revealed that
77.5% of patients were with tumor size >2–5 cm. There were 251 cases with lymph node metastasis
(51.3%), 79.2% of which were in multiple lymph nodes. Distant metastases were found in 41 (8.3%)
patients. Clinical and pathological characteristics along with receptor status are shown in the Table 1.
Distribution of clinical stage revealed that 357 patients (73%) were in stage I–III A (Early) and 132
(26.9%) were in stage III B- IV (Advanced). 249 patients were TNBC (ER, PR and Her-2 negative),
which accounts for 50.9% of the selected cohort.

3.2. Galectin-3 expression, clinico-pathological features and breast cancer metastases

The sub-cellular distribution of galectin-3 was generally found to be uniform and diffused all over
the cytoplasm. Nuclear expression and extra cellular expressions were also found in a few samples,
which were excluded from the analysis owing to its relatively little number. The adjacent benign
ductal epithelium also showed a similar pattern of expression with a different intensity. The galectin-3
expression pattern and its correlation with clinicopathological features are shown in Table 1. Around
47% of the samples showed high galectin-3 expression irrespective of the pathological stage (Table 1).
The expression pattern was found to have significant association with pathological stage of the disease
(p = 0.0002) (Table 1 and Fig. 1A). Among the early-stage tumors (357) of the entire cohort, 186
(52.1%) patients showed higher galectin-3 expression. Within the 186 patients, 99 (53.2%) were
confined to TNBC subgroup (Table 1). Galectin-3 was found to be expressed more in the tumor
invading front (Fig. 1B a.) and also in tumor tissue cells close to the blood vessels (Fig. 1B b.). Intra
ductal components also displayed a higher galectin-3 expression (Fig. 1B c.).
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Fig. 1. Galectin-3 expression in human breast tumor tissues A. 489 IDC samples were immunohistochemically stained using
a monoclonal galectin-3 antibody as described in Materials and methods. A. Representative images of breast tumor tissues
showing galectin-3 expression in early (Stage 1A-StageIIIA) (a- (20X), b-(20X), c-(20X) & d-(20X) and advanced stages
(Stage IIIB- Stage IV) (e-(20X), f-(20X), g-(20X), h-(20X) of primary breast tumors in TNBC. B. (a.) Representative image
of primary tumor tissue showing galectin-3 expression in invading areas (20X). Arrow (orange) indicates invading tumor
cells. (b.) Representative image of primary tumor tissue showing galectin-3 expression in tumor cells near blood vessels
(20X). Arrow (black) indicates blood vessel and Arrow (orange) indicates tumor cells near blood vessels. (c.) Representative
image of primary tumor tissue showing galectin-3 expression in intraductal areas (20X). Arrow (orange) indicates tumor
cells in the intraductal area. C. Western blot analysis of galectin-3 expression in breast cancer cell line model for tumor
progression (1-MCF 10A (Normal), 2- MCF 10 AT (Precancerous), 3- MCF 10CA1D (Metastatic), 4- MCF 10DCIS (DCIS).
Tubulin was used as the loading control. D. Both a. (20X) and b. (20X) show representative images of IHC analysis of
galectin-3 expression in metastatic lymph node tissues from TNBC patients. The tumors were categorized into galectin-3 low
(overall H-score<150) and galectin-3 high (overall H-score>150). H-scores were calculated by multiplying intensity score
(0 = negative, 1+ = light, 2+ = moderate, 3+ = intense, 4+ = heavy) with the percentage of stained tumor cells. Overall score
less than 40 was considered negative.
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Table 2

Association between Vimentin expression and pathological stages in TNBC patients (n = 249)

Association of Vimentin and Pathological stages

Vimentin positive Vimentin negative p-value

Early stage (183) 133 (72.7%) 50 (27.3%) 0.008
Advanced stage (66) 36 (54.5%) 30 (45.5%)

Tumor progression-dependent expression of galectin-3 among tumor samples were evaluated via
immunoblotting using MCF series of cells in vitro. The MCF 10A sublines, MCF 10 AT and MCF
10DCIS represents the premalignant lesions and Ductal carcinoma in situ (DCIS), respectively. MCF
10CA1D represents fully malignant lesions with metastatic potential [15, 16]. Immunoblotting results
revealed that galectin-3 expression displays a drastic decline in the precancerous MCF-10 AT cells than
its normal counter-part MCF-10A. Furthermore, the MCF 10DCIS and MCF 10CA1D, metastatic cell
line showed a progressive augmentation in galectin-3 expression (Fig. 1C). IHC analysis of galectin-3
showed a higher and heterogeneous expression among the metastatic lymph node tumors of TNBC
patients (n = 20) (Fig. 1D a. & 1D b.). This confirms the expression of galectin-3 in tumor cell line
representing metastatic state as well as in tumor cells from metastatic lymph node tissues of patients.
The observation of galectin-3 expression in the metastatic cell line was thus confirmed in the clinical
scenario as well.

The Survival analysis using Kaplan-Meier plot revealed that patients with tumors expressing low
levels of galectin-3 had a decreased overall survival (OS) as well as disease free survival (DFS) in
node positive cases, similar to our earlier report [13]. Univariate analysis of galectin-3 expression of
OS (p = 0.002) and DFS (p = 0.001) are shown in the Supplementary Figure 1.

3.3. Galectin-3 promotes EMT and metastatic potential in tumor cells via interacting with
vimentin

The EMT phenotype, critical in early stages of cell transformation and metastasis is more represented
among TNBC. So, we have analyzed EMT markers in a subset of TNBC patient samples (No: 249)
by IHC analysis. The canonical mesenchymal marker vimentin showed positive expression in 169
(67.8%) TNBC patients, irrespective of pathological stages. Uniform diffuse staining of vimentin was
observed mainly in the membrane. Even though high vimentin expression was found significant in
high grade cases, positive expression was found significant among early-stage tumors among TNBC
cases (p = 0.008) (Table 2). However, association between galectin-3 and E-cadherin expression was
not found significant in the study (Data not shown).

Western blot analysis (Supplementary Figure 2) of the tumor samples from TNBC patients showed
an upregulation of vimentin and downregulation of E-cadherin compared to their adjacent benign
epithelium at the translational level, irrespective of pathological stages. This data provides the evidence
of EMT occurrence in the clinical setting.

Since clinicopathological analysis of the samples showed variable and complex level of expression
for galectin-3 and EMT markers, we have focused our studies to understand the functional role of
galectin-3 in a TNBC cell line model. ER, PR and Her2 negative MDA-MB-231 cells displaying
invasive mesenchymal phenotype were found to be expressing higher galectin-3 compared to the other
cell lines, namely HS578T, MCF-7 and T47-D (Fig. 2A & 2B). Based on this, MDA-MB-231 cells were
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Fig. 2. (Continued)
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selected for evaluating the signaling mechanism of galectin-3 in tumor progression and metastasis.
Galectin-3-silenced and overexpressed MDA-MB-231 cell lines were validated at the mRNA and
protein levels (Fig. 2C–H).

In order to address the association of galectin-3 in the cellular transition during EMT, the expression
level of EMT markers such as mesenchymal marker vimentin, epithelial marker E-cadherin and EMT
transcription factor slug were assessed in galectin-3-silenced cells. Silencing of galectin-3 was found
to reduce the expression of vimentin, both at the transcriptional and translational levels, whereas
expression of slug was downregulated at the translational level alone (Fig. 3A–C). Interestingly, the
epithelial marker E-cadherin was found to be significantly increased at the m-RNA level (Fig. 3A)
even though it failed to be detected at the protein level (Data not shown).

The wound-healing assay showed a significantly lower migration of cells transfected with galectin-3
shRNA than the control cells (p ≤ 0.001) suggesting that galectin-3-silencing inhibited the migratory
potential in MDA-MB-231 cells (Fig. 3D and 3E).

Galectin-3 EGFP pull-down samples prepared using GFP trap and control EGFP samples were sub-
jected to mass spectrometric analysis. The data identified around 31 proteins interacting with galectin-3,
including galectin-3 (Table 3). The mass spectrometric data showing interaction between galectin-3
and vimentin was further confirmed by immunoblotting (Fig. 4A & 4B). In addition, even though not
significant, integrative m-RNA analysis of galectin-3 and vimentin performed in cBioPortal based on
TCGA database using breast cancer and LGALS3 as search filters also detected a co-expression pattern
(Fig. 4C). Furthermore, in order to explore the existence of tumor cells co-expressing galectin-3 and
vimentin, we performed a dual staining of both antigens in tumor tissues using IHC (Fig. 4D). IHC
analysis clearly showed the presence of tumor cells expressing both galectin-3 and vimentin that may
probably participate in the process of metastasis.

3.4. Galectin-3 in maintaining EMT like breast cancer stem cell population and drug resistance

Since both EMT and tumor initiation potential are linked with tumor stem cell like cells, we have
analyzed the impact of galectin-3-silencing on stem cell like cell population. Flow cytometry analysis
of CD44+/CD24− demonstrated clear reduction of CD44+ cells (p = 0.0003) in galectin-3-silenced
MDA-MB-231 cells (Fig. 5A and 5B). The stem-cell exhorting potential of galectin-3 was further
corroborated by immunoblotting analysis (Fig. 5C and 5D). Immunohistochemical analysis of CD44+

and CD24– in patient samples also showed the presence of cancer stem cells (CSC) in primary tumor

Fig. 2. A. Different breast cancer cell lines, namely 1-MDA-MB-231& 2-HS578T (TNBC) and 3- MCF-7& 4 -T47-D
(Luminal Breast cancer), were subjected to western blot analysis, as described in Materials and methods for the protein
level of galectin-3. Beta-actin was used as the loading control. B. Quantification of western blot analysis using Image
J analysis. C. Transcriptional level of galectin-3 m-RNA in 1- MDA-MB-231 and 2- MDA-MB-231 galectin-3-silenced
cells were evaluated by qRT-PCR analysis (p = 0.002). GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) was used as
a control. D. After stable transfection of galectin-3 shRNA, western blot analysis of lysates from control MDA-MB-231
and MDA-MB-231galectin-3-silenced cells with anti-galectin-3 antibody. Beta-actin was used as the loading control. E.
Relative expression of galectin-3 bands were evaluated by Image J analysis and the graph represents the change in protein
expression normalized to the control (p = 0.001). F. Transcriptional level of galectin-3 m-RNA in MDA-MB-231 and MDA-
MB-231 galectin-3 overexpressed cells were evaluated by qRT-PCR analysis (p = 0.01). GAPDH was used as the control.
G. Representative image of MDA-MB-231 control cells and MDA-MB-231 cells with galectin-3 overexpression. H. For
confirmation, protein extract from overexpressed galectin-3 MDA-MB-231 and control MDA-MB-231 cells (1- MDA-MB-
231 galectin-3 overexpressed, 2- MDA-MB-231) were subjected to western blot analysis. GAPDH was used as the loading
control. Data represented in (B, C, E and F) are mean ± SD (n = 3) calculated using GraphPad Prism 5.01 and GraphPad
InStat software. The criteria for significance were p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) and ns means no statistical
significance.
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Fig. 3. Inhibition of galectin-3 gene expression affected the protein expression of EMT markers in galectin-3-silenced MDA-
MB-231 cells. This was confirmed using A. q RT-PCR analysis. GAPDH was used as the control. B and C. Western blot
analysis of galectin-3, EMT marker, Vimentin and EMT transcription factor, Slug in 1- MDAMB-231 and 2- MDA-MB-231
galectin-3-silenced cells and its quantification (p = <0.001). GAPDH was used as the loading control. D and E. Migratory
potential assessed using wound healing assay demonstrated that cell migration was decreased in MDA-MB-231 cells after
transfection with galectin-3 shRNA. Microscopy images of wound closure (Scale bars, 50 �m) of control and silenced MDA-
MB-231 cells at 0, 6, 12, 24 h and quantification of migratory distance (p = <0.001). Data represented in (A, C and E) are
mean ± SD (n = 3) calculated using GraphPad Prism 5.01. The criteria for significance were p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***) and ns means no statistical significance.
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Table 3

Mass spectrometric analysis data of Galectin-3-interacting partners. Galectin-3 EGFP pull-down samples prepared using
GFP-TRAP and control EGFP samples were subjected to mass spectrometric analysis.

UniProt Description Gene Sum PEP
Accession Symbol Score

P35579 Myosin-9 OS = Homo sapiens GN = MYH9 PE = 1 SV = 4 MYH9 93.299
P60660 Myosin light polypeptide 6 OS = Homo sapiens GN = MYL6 PE = 1 SV = 2 MYL6 44.108
P04264 Keratin, type II cytoskeletal 1 OS = Homo sapiens GN = KRT1 PE = 1 SV = 6 KRT1 38.568
P35527 Keratin, type I cytoskeletal 9 OS = Homo sapiens GN = KRT9 PE = 1 SV = 3 KRT9 32.512
P02768 Serum albumin OS = Homo sapiens GN = ALB PE = 1 SV = 2 ALB 24.615
P62736 Actin, aortic smooth muscle OS = Homo sapiens GN = ACTA2 PE = 1 SV = 1 ACTA2 23.228
P08670 Vimentin OS = Homo sapiens GN = VIM PE = 1 SV = 4 VIM 14.351
P13645 Keratin, type 1 cytoskeletal 10 OS = Homo sapiens GN = KRT10 PE = 1

SV = 6
KRT10 14.03

P35908 Keratin, type II cytoskeletal 2 epidermal OS = Homo sapiens GN = KRT2
PE = 1 SV = 2

KRT2 12.841

P16402 Histone H1.3 OS = Homo sapiens GN = HIST1H1D PE = 1 SV = 2 HIST1H1D 10.543
P17931 Galectin-3 OS = homo sapiens GN = LGALS3 PE = 1 SV = 5 LGALS3 8.942
P67936 Tropomyosin alpha-4 chain OS = homo sapiens GN = TPM4 PE = 1 SV = 3 TPM4 8.564
P06753 Tropomyosin alpha-3 chain OS = homo sapiens GN = TPM3 PE = 1 SV = 2 TPM3 7.019
P61513 60S ribosomal protein L37a chain OS = homo sapiens GN = RPL37A PE = 1

SV = 2
RPL37A 5.954

P61605 Dermcidin OS = homo sapiens GN = DCD PE = 1 SV = 2 DCD 5.438
P02538 Keratin, type II cytoskeletal 6A OS = homo sapiens GN = KRT6A PE = 1

SV = 3
KRT6A 4.281

Q05639 Elongation factor 1- alpha 2 OS = homo sapiens GN = EEF1A2 PE = 1 SV = 1 EEF1A2 4.145
O14950 Myosin regulatory light chain 12B OS = homo sapiens GN = MYL12B

PE = 1 SV = 2
MYL12B 4.07

P30050 60S ribosomal protein L12 OS = homo sapiens GN = RPL12 PE = 1 SV = 1 RPL12 4
P13647 Keratin, type II cytoskeletal 5 OS = homo sapiens GN = KRT5 PE = 1 SV = 3 KRT5 3.911
P62906 60S ribosomal protein L10a OS = homo sapiens GN = RPL10A PE = 1 SV = 2 RPL10A 3.155
P23396 40S ribosomal protein S3 OS = homo sapiens GN = RPS3 PE = 1 SV = 2 RPS3 2.447
P13646 Keratin, type 1cytoskeletal 13 OS = homo sapiens GN = KRT13 PE = 1

SV = 4
KRT13 2.268

Q9NYL9 Tropomodulin-3 OS = homo sapiens GN = TMOD3 PE = 1 SV = 1 TMOD3 2.172
P07477 Trypsin-1 OS = Homo sapiens GN = PRSS1 PE = 1 SV = 1 PRSS1 2.132
Q92786 Prospero homeobox protein 1 OS = Homo sapiens GN = PROX1 PE = 1

SV = 2
PROX1 1.664

P01834 Ig kappa chain C region OS = Homo sapiens GN = IGKC PE = 1 SV = 1 IGKC 1.587
O00522 Krev interaction trapped protein 1 OS = Homo sapiens GN = KRIT1 PE = 1

SV = 2
KRIT1 1.471

Q8NDH2 Coiled-coil domain-containing protein 168 OS = Homo sapiens
GN = CCDC168 PE = 2 SV = 2

CCDC 168 1.447

P62899 60S ribosomal protein L31 OS = Homo sapiens GN = RPL31 PE = 1 SV = 1 RPL31 1.407
P29692 Elongation factor 1-delta OS = Homo sapiens GN = EEF1D PE = 1 SV = 5 EEF1D 1.382
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Fig. 4. Identification of galectin-3-interacting proteins A. Overexpressed galectin-3 fraction with GFP after pull down assay
using GFP-TRAP was confirmed using western blotting [1-Input (Protein sample from Galectin-3-GFP overexpressed MDA-
MB-231 cells), 2- Unbound (Supernatant of protein sample after incubation with GFP-trap beads), 3- Bound (Galectin-3-GFP
protein bound to the GFP-TRAP beads)]. B. Pull down sample subjected to immunoblotting analysis was found to have
vimentin protein substantiating the association of vimentin with galectin-3 (1-Input, 2- Unbound, 3- Bound). C. Co-expression
analysis of galectin-3 and vimentin done using m-RNA data from TCGA database in cBioPortal. D. Representative image of
breast tissue sample showing dual staining of galectin-3 and vimentin in tumor cells (Magnification: 20X). Arrow indicates
tumor cells co-expressing both galectin-3 (brown) in the cytoplasm and vimentin (blue) in the membrane.

tissues on which an enhanced galectin-3 expression has been documented (Fig. 5E). Other stem cell
markers such as OCT4, NANOG and SOX2 were also found to be transcriptionally downregulated in
galectin-3-silenced cells (Fig. 5F). Altogether, the expression of galectin-3 helps tumor cells to gain
mesenchymal-like CSC phenotype along with EMT features.

Drug resistance is another major factor contributing to tumor relapse and progression. Figure 6A
revealed the effect of galectin-3-silencing on drug resistance. The cell death was evaluated by flow
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Fig. 5. (Continued)
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cytometric method employing apoptosis inducing agents, such as camptothecine, staurosporine, cis-
platin, and etoposide. The role of galectin-3 in conferring apoptotic resistance was further reinforced
by assessing apoptosis-specific cleavage of PARP after treating with camptothecine and staurosporine.
Proteolytic cleavage of PARP resulting from activation of Caspase-3 was found to be significantly high
in galectin-3-silenced MDA-MB-231 cells treated with camptothecine and staurosporine (Fig. 6B and
6C). Annexin V/PI (Fig. 6D and 6E) analysis of cells treated with camptothecine and staurosporine,
confirmed that the silencing of galectin-3 sensitized them to drug treatment. In order to track whether
the effect of galectin-3 in conferring drug resistance trails back to the upstream events of apoptotic
cascade, the inner mitochondrial membrane potential loss was examined in the silenced cells using
TMRM assay. The results indicated that galectin-3 regulates apoptotic escape of cells at very early
stages of cell death cascade (Fig. 6F and 6G). Altogether, the data asserts that intra cellular galectin-3
is capable of rendering EMT in cancer cells and in turn promoting apoptotic escape facilitating cell
survival and resistance to cancer chemotherapeutics.

3.5. Galectin-3-silencing hampers Triple Negative Breast Cancer growth and metastasis in vivo

The results from the experimental studies using galectin-3-silenced cells confirmed pro-survival and
in vitro tumor promoting potential of galectin-3-expressing cells exhibiting vimentin and CD44 as well.
To confirm this, we have done an in vivo tumorigenesis study using vector control and silenced cells.
MDA-MB-231 (control) and MDA-MB-231 galectin-3-silenced cells stably expressing pcDNA3.1
(+)/Luc2 = tdT were orthotopically injected (104–106/100 �l cells) into the mammary fat pads of 6-
week-old female NOD/SCID mice. Tumor progression imaging using IVIS spectrum system clearly
demonstrated the presence of metastatic tumor in mice injected with galectin-3-expressing MDA-MB-
231 control cells (Fig. 7A). Tumor growth curve showed that the tumors of the galectin-3-silenced
cells grew more slowly than the control group (Fig. 7B). In the control animals, breast cancer cells
metastasized to the lung and they expressed high levels of the galectin-3 protein as demonstrated by
IHC (Fig. 7C). This strongly suggests a metastatic potential for tumor cells expressing galectin-3 along
with vimentin and CD44 in in vivo conditions.

4. Discussion

The �-galactoside-binding lectin family member, galectin-3 is a multifaceted protein with decisive
cellular functions ranging from cell proliferation, cell death regulation and invasion. Even though most
of this functional role is in agreement with its oncogenic and metastasis functions [17], the clinicopatho-
logical association of galectin-3 with tumorigenesis is controversial [18–20]. For instance, increased
expression of galectin-3 is reported in head and neck [21], gastric and colon carcinomas [22]. Down-
regulation of galectin-3 was associated with advanced stage and metastasis in ductal adenocarcinoma

Fig. 5. Galectin-3 expression contributes in maintaining cancer stem-like cells A. Using CD44+/CD24– assay, stem cell
marker (CD44+ and CD24–) expressing cells were flow cytometrically analyzed using anti-CD44-APC- and anti-CD24- PE-
conjugated antibodies. B. Quantification of CD44+/CD24– assay (p = 0.0003). C&D. The stem cell maintaining potential of
galectin-3-expressing cells were further confirmed using western blot analysis and its quantification. GADPH was used as the
loading control. E. Immunohistochemical analysis showed the presence of stem cells in patients’ samples of primary breast
tumors, using anti-CD44, anti-CD24 and anti-galectin-3 antibodies. F. MDA-MB-231 cells and MDA-MB-231 galectin-
3-silenced cells were subjected to qRT-PCR analysis as described in Materials and methods with specific primers for the
expression of galectin-3, OCT-4, NANOG and SOX2 genes. The primer sequences are available in supplementary data, Table
1. Data represented in (B, D and F) are mean ± SD (n = 3) calculated using GraphPad Prism 5.01. The criteria for significance
were p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) and ns means no statistical significance.
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Fig. 6. (Continued)
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of pancreas [23]. Some studies suggest an increased expression of galectin-3 [24], whereas some others
hint on a negative correlation with survival and enhanced tumorigenicity in breast cancers. Ilmer et
al. reported low galectin-3 expression in advanced stages of cancer in ER positive and node-positive
breast cancer patients and that high tumorigenicity was found in galectin-3 negative breast cancer stem
cells obtained from an ER and EGFR (Epidermal growth factor receptor) positive IDC (Infiltrating
duct carcinoma) breast tumor cell line [19]. Another study reported that low galectin-3 expression in
primary tumor of T1 lung adenocarcinoma was associated with increased metastasis and reduced DFS
[20].

The key role of galectin-3 in most of the hallmarks of tumor initiation and progression has been
well documented. Galectin-3 modulates gene expression [25] and cell proliferation in breast cancer
by gate-keeping the conversion of N-Ras to K-Ras [26]. Cytoplasmic galectin-3 within the tumor cells
confers apoptosis escape mechanism to the respective cell, while, when secreted to the tumor microen-
vironment, triggers apoptosis of cancer infiltrating T cells [27], both of which endorse tumorigenesis.
Galectin-3 protein exhibits sequence similarity with anti-apoptotic protein Bcl-2 and can regulate
mitochondria-associated and p-53-mediated apoptosis in several tumor cells [28–30]. The importance
of galectin-3 in tumor progression, stemness and drug resistance in TNBC population has to be further
clarified to assist better disease management. In our study an intra tumoral heterogeneity was evident
in galectin-3 expression pattern among the tumor samples towards tumor progression. It was evident
among the breast cancer cell lines representing different tumor stages as well. Even though galectin-3
expression was found decreasing with tumor progression, its expression was found to be regained
by the cell line representing metastatic stage. This was clinically confirmed among the metastatic
lymph node tumors of TNBC patients (n = 20) by IHC analysis. There are reports suggesting that
intracellular galectin-3 in tumor cells favor angiogenesis and metastasis [31]. Metastatic tumor cells
interact with endothelial cells during early stages of cancer metastasis [32]. Current study has found
galectin-3 overexpression in tumor cells near blood vessels. This was supported by our previous report
[33] showing high galectin-3 expression in the tumor emboli. Also, it was found that endothelium-
associated galectin-3 mediates tumor-endothelial cell interaction, facilitating the docking of tumor
cells and promoting metastasis. This also points out that exogenous TFD (Thomsen Friedenreich dis-
accharide) would be more effective and specific to block galectin-3-mediated tumorigenesis [34]. Some
natural and synthetic galectin-3 antagonists were also reported to inhibit in vitro tumor cell adhesion
to endothelium and homotypic aggregation as well as in vivo metastatic deposits of human breast
and prostate carcinoma cells. For instance, modified citrus pectin has been reported as an effective
antimetastatic drug [35]. Another polysaccharide, GCS-100 derived from citrus pectin has been found
effective in treating multiple myeloma cells which are resistant to dexamethasone and doxorubicin.
GCS-100 induced myeloma cell death, by modulating cell cycle and influencing the levels of myeloid

Fig. 6. Silencing of galectin-3 in MDA-MB-231 cells sensitizes them towards drug treatment A. Cell death analysis using
flow cytometry was carried out following treatment of both control and galectin-3-silenced cells MDA-MB-231 cells with
different drugs namely camptothecine (25 �M), staurosporine (1 �M), cisplatin (50 �g/ml), and etoposide (50 �g/ml) for 24
hours. The cells were stained with Hoechst 33342 to determine the level of sub G1 cells. Drugs caused significant induction of
apoptosis in galectin-3-silenced cells compared with control MDA-MB-231 cells. B and C. Activation of Caspase-3 leading to
apoptosis-specific cleavage of PARP after treating with camptothecine and staurosporine was significantly detected through
western blot analysis in galectin-3-silenced MDA-MB-231 cells and its quantification. D. Detection of the externalization
of phosphatidylserine in apoptotic cells using annexin V conjugated to green-fluorescent FITC dye and dead cells using
propidium iodide. E. Quantification of Annexin V/PI assay. F. After treatment with drugs like camptothecine and staurosporine,
cells were stained using TMRM and subjected to FACS analysis for identification of disruption of mitochondrial membrane
potential. TMRM that localizes in mitochondria detects mitochondrial membrane depolarization. G. Quantification of TMRM
staining. Data represented in (A, C, E and G) are mean ± SD (n = 3) calculated using GraphPad Prism 5.01. The criteria for
significance were p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) and ns means no statistical significance.
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Fig. 7. A. Real-time imaging of mice using IVIS system confirms the presence of metastatic tumor in control group compared
to silenced group. B. Tumor growth curve: Quantitative evaluation of in vivo tumor growth in SCID/NOD mice. Data are
expressed as means ± SD (B) and are representative of two independent experiments; n = 5 each. The criteria for significance
were p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) and ns means no statistical significance. C. The figure (a) shows IHC
image of lung tissue containing no metastatic deposits from mice injected with MDA-MB-231 galectin-3-silenced cells (b)
shows IHC image of lung tissue containing the metastatic cells from mice injected with MDA-MB-231 galectin-3-expressing
cells (Magnification = 10 X).

leukemia cell differentiation protein-1 and NOXA, a Phorbol-12-myristate-13-acetate-induced protein
1 [36]. Thus, expression pattern of galectin-3 in tumor cells representing early-stage tumors, in tumor
emboli and metastatic tissues among TNBC subgroup hints towards the possibility of a more complex
galectin-3 regulation in tumor progression and metastasis.

Epithelial to mesenchymal transition, being an early event in the metastatic cascade [37], has been
analyzed to determine the status of EMT markers in the TNBC subgroup. Several evidences showed
that vimentin is associated with the development of tumors by regulating the EMT [38, 39]. Vimentin
has also been reported as an important marker during tumor progression [40]. Vimentin is a critical
regulator and a prerequisite for the epithelial–mesenchymal transition process [41, 42]. IHC analysis of
vimentin showed a positive expression which was significant in early-stage tumors among TNBC cases
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(p = 0.008). However, western blot results failed to show the trend because of the dominant stromal
representation.

In the current study, silencing of galectin-3 resulted in the downregulation of Vimentin and EMT
transcription factor, Slug, at the translational level, whereas an increased expression of E-cadherin was
obtained at the m-RNA level. Several studies reported the association of vimentin with metastasis. For
instance, the migration ability of breast cancer cells, MDA-MB-231, and colon cancer cells, SW480,
was found reduced when vimentin expression was obstructed using small interference RNA [43].
Vimentin has also been shown to positively regulate Scribble (Scrib), thereby leading to cell migration
and aggregation [44]. Vimentin is also associated with cancer invasion and poor prognosis in several
types of cancers, including breast cancer, prostate cancer, melanoma, and lung cancer, and serves as a
potential target for cancer therapy [45, 46]. Slug was reported to be a critical modulator of cancer cell
invasion by regulating E-cadherin expression. In turn, Slug expression has been reported to be positively
regulated by vimentin [47]. It is also reported that a knockdown of Slug inhibited the tumor-initiating
ability of MDA-MB231 cells [48]. Gao et al. have reported that galectin-3 stimulates MAPK/ERK1/2
pathway-dependent cell migration [49]. The wound-healing assay carried out to assess the migratory
potential of galectin-3-silenced MDA-MB-231 cells showed reduced migration. Moreover, EGFP
pull-down and global proteomic analysis revealed that the EMT marker vimentin as an interacting
partner of galectin-3. The interaction between galectin-3 and vimentin prompted us to explore the
occurrence in tumor tissues of cells co-expressing both proteins. So, an integrative m-RNA analysis
of galectin-3 and vimentin was carried out in cBioPortal based on TCGA database. Even though not
significant, the analysis detected the chance of co-expression of galectin-3 and vimentin in breast
tumor samples. Furthermore, the dual staining of both galectin-3 and vimentin in tumor tissues using
IHC confirmed their association in TNBC tissues. This study reinforces the probable participation of
the co-expressing cells in initiating metastasis. Considering the known extracellular functions of both
galectin-3 and vimentin in metastasis, further studies are indeed required to understand this association
in mediating tumor metastasis.

Tumor cells acquiring EMT are regarded to have stem cell properties, and CD44+/CD24– cell
surface phenotype has been extensively used to identify and isolate breast cancer cells with increased
tumorigenicity [50, 51]. In the current cohort as well, the presence of CD44+/CD24–cancer stem
cells in primary tumors representing early stages reinforces the chance of the presence cells with
metastatic potential. Moreover, other stem cell markers, such as OCT4, NANOG and SOX2 were found
to be transcriptionally downregulated in galectin-3-silenced cells in vitro. The results suggest that the
expression of galectin-3 aids to gain the CSC phenotype, along with EMT features in tumor cells.

Emerging evidence suggests a significant correlation between drug resistance and the increased
breast CSC populations [52] along with EMT [53, 54]. For instance, vimentin has been reported to
protect cells from caspase-mediated proteolysis [55]. Also, upregulation in cellular levels of galectin-
3 were already reported in drug-escaped leukemia cells after cisplatin treatment [56]. In our study,
galectin-3-silenced cells exhibiting decreased vimentin expression showed apoptotic susceptibility
after drug treatment, suggesting that galectin-3 is capable of promoting anti-apoptotic activity, thus
facilitating cell survival.

Consistent with the in vitro data, our in vivo tumorigenesis study confirmed that vimentin- and
CD44-expressing MDA-MB-231 cells produced spontaneous lung metastases in mice, while galectin-
3-silenced cells did not. Tumor growth curve also showed that the tumors of the galectin-3-silenced
cells grew more slowly than the control cells. In the control animals, breast cancer cells metastasized
to the lung and expressed high levels of the galectin-3 protein as demonstrated by IHC. In compliance
with this, breast cancer cells metastasized to the lung expressed high levels of the galectin-3 protein,
suggesting that galectin-3 is essential for promoting metastasis.
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This study supports the previously reported notion that tumor cell dissemination is not associated
with either tumor size or advanced stages [57]. Galectin-3 expression pattern in tumor cells representing
early-stages of breast cancer along with EMT markers, as observed in this study cohort, probably aids
in the early onset of metastatic spread. This information can be utilized to preselect TNBC patients who
will benefit from aggressive therapy. Anti-galectin-3 molecules can be used for inhibiting initiation
of EMT and cell survival during early stages of breast cancer, rendering tumor cells susceptible to
apoptosis and ultimately eliminating CSCs which are often hidden within the hypoxic, non-proliferative
core of a tumor and promote tumor relapse.

There are quite a number of reports demonstrating the role of cytoplasmic galectin-3 in association
with adhesion molecules in tumor cell migration, matrix remodeling, metastasis and angiogenesis.
Cytoplasmic expression of galectin-3 has been reported to involve in various tumor invasion- and
metastasis-related processes in breast cancer, such as angiogenesis and EMT [58]. Mechanistically,
galectin-3 activates the PI3K-Akt-GSK-3�-�-catenin signaling cascade; the �-catenin/TCF4 transcrip-
tional complex directly targets IGFBP3 and vimentin to regulate angiogenesis and EMT, respectively.
Song et al. have already documented that galectin-3 enhances tumorigenesis and metastasis of hepato-
cellular carcinoma (HCC) cells via �-catenin signaling. Moreover, they found that molecular deletion
of galectin-3-�-catenin signaling synergistically improves the anti-tumor effect of sorafenib and the
Galectin-3-�-catenin-IGFBP3/vimentin signaling cascade was determined as a central mechanism
controlling HCC [59]. A similar explanation can be drawn from the current study, as we could doc-
ument the inhibition of tumor progression, cell migration and metastasis upon galectin-3-silencing.
This further supports the notion that galectin-3 regulation could be a valuable tool in the effective
management of TNBC.
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