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Human trophoblast requires 
galectin-3 for cell migration and 
invasion
Ž. Bojić-Trbojević1, M. Jovanović Krivokuća1, A. Vilotić1, N. Kolundžić1,5, I. Stefanoska1, 
F. Zetterberg   2, U. J. Nilsson   3, H. Leffler   4 & Lj. Vićovac   1

Invasive extravillous cytotrophoblast of the human placenta expresses galectins-1, -3, and -8 in vivo and 
in vitro. This study aimed to investigate the potential role of galectin-3 in cell migration and invasion, 
using recombinant human galectin-3 (rhgalectin-3), small molecule galectin inhibitor I47, and galectin-3 
silencing. HTR-8/SVneo cell migration was stimulated by rhgalectin-3 and reduced by I47, which 
could be neutralised by rhgalectin-3. Inhibitor specificity and selectivity for the galectins expressed 
in extravillous trophoblast were validated in solid phase assays using recombinant galectin-1, -3, -8, 
confirming selectivity for galectin-3. HTR-8/SVneo cell migration and invasion, and invasion by isolated 
trophoblast cells in primary culture were significantly reduced in the presence of I47, which could be 
restored by rhgalectin-3. Upon HTR-8/SVneo cell treatment with galectin-3 siRNA both LGALS3 and 
galectin-3 protein were dramatically decreased. Silencing of galectin-3 induced significant reduction in 
cell migration and invasion, which was restored by rhgalectin-3. The influence on known mediators of 
cell invasion, MMP2 and -9, and integrins α1, α5, and β1 was followed in silenced cells, showing lower 
levels of MMPs and a large reduction in integrin subunit β1. These results show that galectin-3 acts as a 
pro-invasive autocrine/paracrine factor in trophoblast in vitro.

Successful pregnancy is the result of complex interactions of genetically distinct cell types regulated by various 
factors of maternal and fetal origin. One of the critical steps is proper invasion of the maternal decidua, myome-
trium and transformation of spiral arteries by extravillous trophoblast (EVT) of fetal origin1. Various molecules 
have been shown to influence trophoblast cell migration and invasion. Proteases, including matrix metallopro-
teinase (MMP) 2 and -9, were found to be particularly relevant for trophoblast invasion2,3. It is well documented 
that transmembrane integrin receptors are also a major family of factors regulating cell migration4. The specific 
integrin expression pattern is critical for a normal course of differentiation of invasive trophoblast5. Through 
interaction with extracellular matrix (ECM) components, integrins generate signals for trophoblast cell migra-
tion and invasion3,5,6. Recent results regarding the N-glycan profile of cell membrane glycoconjugates in different 
trophoblast cell types through gestation suggested the possibility that interaction at the maternofetal interface 
could be influenced by differential glycosylation in the human trophoblast7,8. For example, a general feature of 
glycans present on β1 integrin heterodimers is a high polylactosamine content, specifically revealed for integrins 
α5β1 and α1β1

9. The level and type of β1 glycosylation seems to be receptor specific, and, in the case of fibronectin 
receptor α5β1, parallels reduction of invasiveness during gestation9.

Along the pathway of invasive trophoblast differentiation, several members of the galectin family, galectin-1, 
-3 and -8, are expressed by extravillous trophoblast of the cell columns of the anchoring villi in first trimester 
placenta10–13. Galectins are defined by recognition of β-galactoside moieties and their carbohydrate-recognition 
domain (CRD)14. Among the 11 galectins found in humans, galectin-3 is a structurally unique mammalian 
beta-galactoside-binding protein, classified as a chimera type galectin with a single CRD and a non-lectin 
N-terminal domain that promotes oligomerisation15. Galectin-3 is widely distributed in different cell types, and 
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can be localised in the cell nucleus, cytoplasm, on the cell surface, or in the extracellular environment. Through 
interactions with intracellular and extracellular components galectin-3 has been implicated in various functions. 
Intracellular galectin-3 is involved in regulation of proliferation, differentiation, survival and apoptotic events, 
while extracellular galectin-3 affects numerous biological processes including cell adhesion and tumor invasion, 
immune cell activation, and angiogenesis16,17.

Together with galectin-1, the presence of galectin-3 in the human and mouse female reproductive tract 
has been well documented10,18,19. In uterine epithelia of pregnant mice, galectin-3 was found immediately after 
implantation, but not during the pre-implantation stage of pregnancy or in non-pregnant animals20. In humans, 
expression of galectin-3 has been described in endometrium during the window of implantation and preg-
nancy21, and in placenta10,21,22. Among trophoblast cells, galectin-3 was localised in villous cytotrophoblast, and 
the cytotrophoblast of middle and distal cell columns of anchoring villi10. Expression of this galectin was also 
reported in freshly isolated trophoblast cells, extravillous HTR-8/SVneo cells, BeWo, JAr and JEG-3 choriocarci-
noma cells10,11,23. It has been reported that galectin-3 can be associated with some pathological conditions involv-
ing the trophoblast, such as preeclampsia, HELLP syndrome and trophoblast malignancies24,25.

While the relevance of galectin-1 for trophoblast invasion has been documented11, no data are available 
regarding the possible involvement of galectin-3 in human trophoblast invasion. The present study was designed 
to address this possibility using isolated cytotrophoblast of first trimester placentas and the HTR-8/SVneo cell 
line as models of invasive extravillous trophoblast, and galectin-3 inhibition by a specific small molecule I47, or 
galectin-3 siRNA silencing. We provide data from functional studies in vitro supportive of galectin-3 involvement 
in the processes of cell migration and invasion, significant for human embryo implantation.

Results
Galectin-3 detection, localisation and (sub)cellular distribution in HTR-8/SVneo cells.  
Expression of galectin-3 has been previously documented for villous cytotrophoblast, cell columns, isolated 
cytotrophoblast and trophoblast derived cell lines10,11,23. Here, the expression pattern and subcellular distribution 
of galectin-3 in HTR-8/SVneo cells was further examined using polyclonal anti-galectin-3 antibodies. Galectin-3 
was present at the plasma membrane and in cytoplasm, as evidenced by fluorescence cytochemistry in Fig. 1a. 
Flow cytometric analysis showed that ~9% of non-permeabilized (Fig. 1b) and ~97% of permeabilised (Fig. 1c) 
HTR-8/SVneo cells were galectin-3 positive. Subcellular distribution of galectin-3 was investigated by immu-
noblot analysis of the fractions obtained (Fig. 1d). Galectin-3 appeared as a band of ~30 kDa in membrane, cyto-
plasmic, nuclear soluble and nuclear chromatin fractions (Fig. 1d), which is in line with the previously recorded 
presence of galectin-3 in the nucleus, cytoplasm and at the cell surface of other cell types16. Data from the Western 
blot (WB) regarding relative galectin-3 content showed that 64% of this lectin was found in the membrane frac-
tion (comprised of solubilised plasma membrane and intracellular membranes), 19.5% in the cytoplasm, 12% in 
the nuclear soluble and 4.5% in the nuclear chromatin fraction. Purity of the subcellular fractions was demon-
trated using antibodies against marker proteins MEK1/2, α5 integrin and POU5F1 (Fig. 1d).

Selective inhibition of galectin binding.  We investigated the possibility that galectin-3 participates in 
processes relevant for trophoblast function in vitro using two approaches: (1) by inhibition of galectin-3 lec-
tin function with I47, a thiogalactoside inhibitor of galectin-3 carbohydrate binding site and (2) by transient 
galectin-3 knockdown using siRNA.

The selectivity of I47 and its effect on HTR-8/SVneo cell viability were tested in preliminary experiments. At 
1,000 ng/ml, I47 (Fig. 2a) was found to significantly reduce binding of rhgalectin-3 to immobilised Matrigel glyco-
conjugates in solid phase assay (Fig. 2b) at the tested concentrations of rhgalectin-3 (100, 500, and 1,000 ng/ml).  
The I47, present in large excess and with high affinity for galectin-3, was able to prevent further binding of 
rhgalectin-3 at increasing concentrations to a complex mixture of ECM components contained in Matrigel coat-
ing. Little change from the baseline absorbance (A450 0.2) with 0 ng/ml of rhgalectin-3 was detected with higher 
concentrations. Previously, some of the galectin-3 inhibitors were found to also bind one or more of the members 
of the galectin family, thus binding to other galectins expressed by the invasive trophoblast was tested here. To 
that end galectin-1, in form known as CS-galectin-1 mutant form, previously documented to maintain lectin aci-
tivity, sugar binding specificity and affinity26, and rhgalectin-8 were tested for binding with or without the inhibi-
tor I47. Binding to Matrigel glycoconjugates, incubated at the galectin concentrations of 100 and 1,000 ng/ml was 
not reduced in the presence of I47 (1,000 ng/ml; Fig. 2c), and in case of galectin-8, a currently poorly understood 
increase in binding of galectin-8 at 1,000 ng/ml only was observed. This inhibitor had no effect on HTR-8/SVneo 
cell viability (Fig. 2d), when the MTT test was performed with I47 concentrations of 10, 100 and 1,000 ng/ml.  
Taken together, these results demonstrate that I47 is a selective galectin-3 inhibitor, with no effect on HTR-8/
SVneo cell viability, which makes it suitable at all studied concentrations for the functional tests shown below.

Trophoblast cell migration is influenced by availability of galectin-3.  Several lines of evidence have 
pointed to the relevance of galectin-3 in cell adhesion and motility27,28. This possibility was tested in HTR-8/SVneo 
cells using cell adhesion and migration assays (Fig. 3). The involvement of galectin-3 in trophoblast cell migra-
tion was evaluated by wound healing assay. When HTR-8/SVneo cell migration was determined in conditions 
of increased availability of rhgalectin-3 (10, 100, 200, 500 and 1,000 ng/ml), a bell-shaped curve was observed 
(Fig. 3b). Significant stimulatory action of galectin-3 on cell migration was obtained at 100 and 200 ng/ml,  
to 134% and 130% of control values respectively. To rule out a possibility that the observed effect resulted from 
increased cell number/viability after treatment with rhgalectin-3, a MTT assay was performed in parallel. 
Exogenously added rhgalectin-3 decreased viable cell number significantly at 500 ng/ml to 77% of the control 
value (Fig. 3a). Thus, the cell migration increase with galectin-3 was not a result of increased cell numbers or met-
abolic activity. In addition, the cell migration test used is based on measuring the distance crossed by viable cells 
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during the studied interval, and the obtained result suggests that individual cells were stimulated by galectin-3 to 
migrate further than in control. In order to assess lectin-type interactions in HTR-8/SVneo cell migration, cells 
were incubated with I47 alone, in combination with rhgalectin-3 (Fig. 3c), or upon galectin-3 silencing (Fig. 5a). 

Figure 1.  Localisation and subcellular distribution of galectin-3 in HTR-8/SVneo cells (abbreviated gal-3 in the 
figure). (a) Galectin-3 is expressed associated with the cell membrane (arrowheads) and intracellularly. Nuclei 
were stained with DAPI (blue); scale bar 20 µm. Non-permeabilised (b) or permeabilised (c) HTR-8/SVneo 
cells were probed for galectin-3 expression. The percentage of non-permeabilised or permeabilised galectin-3 
positive cells is shown in each histogram; control – isotype-matched control IgG. (d) Galectin-3 in HTR-8/
SVneo cellular compartments. Subcellular fraction purity was demonstrated using antibodies against marker 
proteins MEK1, α5 integrin, and POU5F1. The abbreviations for subcellular fractions are: C – cytoplasmic, M – 
membrane, Ns – nuclear soluble, Nc – nuclear chromatin. Molecular masses are indicated in kDa.
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As opposed to the effect of rhgalectin-3, the presence of I47 (1,000 ng/ml) significantly decreased HTR-8/SVneo 
cell migration to 80% of the control level. When rhgalectin-3 (200 ng/ml) was added together with I47, inhibition 
of cell migration was abolished (Fig. 3c). Taking into consideration the concentrations of both I47, present in large 
excess, and rhgalectin-3 added at nanomolar concentration, it can be proposed that added galectin-3 was able to 
restore migration by acting jointly with HTR-8/SVneo cell released galectin-3, preferentially binding cell mem-
brane ligands that contribute to cell migration. The inhibitor, however, may have a more restricted access to cell 
membrane/ECM binding sites in other cell based methods. This finding also shows that galectin-3 contributes 
to cell migration of HTR-8/SVneo cells through lectin-type interactions, being inhibitable by the inhibitor of the 
carbohydrate recognition domain of galectin-3, I47. In galectin-3 silenced HTR-8/SVneo cells cell migration was 
also reduced to 74% (Fig. 5a), which was restored by adding rhgalectin-3 (200 ng/ml) to 91% of control. Adhesion 
of HTR-8/SVneo cells was studied using plastic or ECM coated surfaces (Fig. 3d). HTR-8/SVneo cells were pre-
treated and incubated for 1 h in the absence (control) or presence of rhgalectin-3 (200 ng/ml) and I47 (1,000 ng/ml)  
separately or combined. Regardless of the treatment or surface no difference in cell adhesion was observed.

Endogenous and added recombinant galectin-3 affect trophoblast cell invasion.  The relevance 
of galectin-3 for trophoblast cell invasion was studied using the Matrigel invasion assay by isolated cytotropho-
blast, which most faithfully replicates extravillous trophoblast in vivo, and HTR-8/SVneo cells, either treated with 
I47 or specific galectin-3 siRNA. After transfection with siRNA targeting galectin-3, silencing was confirmed by 
qPCR and WB (Fig. 4). The expression levels of LGAL3 and galectin-3 protein were significantly decreased to 6% 
and 7.6%, respectively, of control levels (Fig. 4a,b), showing high efficiency of galectin-3 silencing. Expression 
levels of LGAL1 and LGAL8 were not affected by transfection targeting galectin-3 (Fig. 4a), demonstrating the 
selectivity of silencing.

Figure 2.  Effect of inhibitor 47 (I47) on binding of rhgalectin-3, CS-galectin-1 and rhgalectin-8 to Matrigel 
glycoconjugates in solid phase assay (abbreviated gal-1, -3, -8 in the figure). Inhibitor 47 (a) at 1,000 ng/ml 
reduces binding of rhgalectin-3 (100, 500 and 1,000 ng/ml) to immobilised glycoconjugates (b). Compared to 
rhgalectin-3 binding (at 100 and 1,000 ng/ml, both reduced from control), interaction of CS-galectin-1 (100 and 
1,000 ng/ml) or rhgalectin-8 (100 and 1,000 ng/ml) with glycoconjugates was not decreased by I47 (1,000 ng/ml), 
which was significant as shown by horizontal lines (c). Each determination is an average of three experiments 
in duplicate. (d) The effect of I47 on HTR-8/SVneo cell viability. Cells were maintained for 24 h without or 
with different concentrations of I47 (10, 100 and 1,000 ng/ml). Data from two independent experiments with 
six replicates are expressed as percentages of untreated control values ± SEM. Data passed Kolmogorov-
Smirnov normality test and were analysed by one-way analysis of variance (ANOVA) with Tukey post-hoc test 
(α = 0.05). Differences were significant at *p < 0.05, **p < 0.01, and at ***p < 0.001.

https://doi.org/10.1038/s41598-018-38374-w


www.nature.com/scientificreports/

5Scientific Reports |          (2019) 9:2136  | https://doi.org/10.1038/s41598-018-38374-w

In the Matrigel invasion assay, trophoblast HTR-8/SVneo cells with down-regulated galectin-3 expression 
exhibited significantly reduced invasive ability down to 33% of the control level (Fig. 5b). When galectin-3 
(200 ng/ml) was added to the system, inhibition of invasion with silenced galectin-3 cells was reduced to 45% 
of the control. The presence of I47 decreased invasion by HTR-8/SVneo cells to 60% and cytotrophoblast (CT) 
to 50% of the control value (Fig. 5c,d, respectively). The addition of rhgalectin-3 (200 ng/ml), in a model system 
where both cell released and ECM contained galectin-3 are present, resulted in reversion of the effect of I47, to 
79% in HTR-8/SVneo (Fig. 5c) and 89% CT cells (Fig. 5d). Taken together, the data demonstrate involvement of 
galectin-3 in trophoblast cell invasion.

In all invasion assays performed Matrigel, the basement membrane product composed of laminin, fibronec-
tin and proteoglycans, was used29. In contrast to previously published data30, dot blot and WB analysis detected 
galectin-3 and galectin-1 in all tested basement membrane preparations, as bands of ~30 kDa and 14.5 kDa, 
respectively (Fig. 5e,f ). In addition, the 30 kDa band consistent with galectin-1 dimer was also detected. 
Galectin-8 was only barely visible in one of the three tested Matrigel preparations.

Figure 3.  The effect of exogenously added rhgalectin-3 on HTR-8/SVneo cell viability, adhesion and migration 
(abbreviated gal-3 in the figure). (a) In the cell viability assay, HTR-8/SVneo cells were maintained for 24 h 
without or with different concentrations of rhgalectin-3 (1, 10, 50, 100, 200, 500 and 1,000 ng/ml). Values 
are given as percentages of control values (mean ± SEM), two experiments with six replicates each. (b) 
Concentration dependence of rhgalectin-3 effect on HTR-8/SVneo extravillous trophoblast cell migration. 
In wound healing experiments the distances crossed after 24 h period were measured using an electronic 
grid; data from three experiments in duplicate are presented as percentages of untreated controls, given as 
mean ± SEM. (c) HTR-8/SVneo cell migration in response to I47 (1,000 ng/ml) and rhgalectin-3 (200 ng/ml) 
alone, or in combination (200 ng/ml rhgalectin-3 + 1,000 ng/ml I47). Data from three experiments in triplicate 
are presented as percentages of untreated controls, given as mean ± SEM. (d) Adhesion was studied after 1 h 
using rhgalectin-3 (200 ng/ml), I47 (1,000 ng/ml) alone, or in combination (200 ng/ml rhgalectin-3 + 1,000 ng/
ml I47), using plastic, or collagen type I, and Matrigel coated surfaces, as indicated. Data from three experiments 
in triplicate are expressed as percentages of the untreated control. The data were analyzed using the one-
way analysis of variance (ANOVA) with Tukey or Newman-Keuls post hoc-test (α = 0.05) after passing 
Kolmogorov-Smirnov normality test. Differences were significant at *p < 0.05, **p < 0.01, and at ***p < 0.001.
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Galectin-3 targeted siRNA treatment affects β1 integrin and MMP2 and MMP9 levels in 
extravillous trophoblast cells.  To explore the underlying mechanism diminishing trophoblast invasion 
by galectin-3 down-regulation, molecules relevant for trophoblast cell invasion were investigated. These included 
integrin subunits α1, α5 and β1 and MMP2 and −9. In the transfected cells, ITGB1 was significantly decreased to 
38% of the control value (Fig. 6c), while ITGA1 and ITGA5 gene expressions were unaltered (Fig. 6a,b). Protein 
level of the β1 subunit was also reduced to 40% in tranfected cells, in comparison to the control value, as evi-
denced by WB (Fig. 6d,e).

The effect of galectin-3 down-regulation on matrix metalloproteinases 2 and -9, was studied in HTR-8/SVneo 
cells by qPCR and SDS-PAGE gelatin zymography (Fig. 7a–c). Silencing of galectin-3 decreased MMP9 gene 
expression to 34%, and MMP2 level to 66% (Fig. 7a,b) of the lipofectamine control. As manifested by gelatin 
zymography, transfection significantly lowered levels of MMP2 to 62.5% (Fig. 7d) and MMP9 to 60% (Fig. 7e) 
of the respective control values (zymograms analysed shown in Supplemetary Fig. S7). In culture of sigalectin-3 
HTR-8/SVneo cells, rescue for reduced extracellular galectin-3 by addition of rhgalectin-3 did not induce change 
in MMP2 and MMP9, or integrin β1 (Supplementary information, Fig. S6).

Discussion
The data presented here for the first time document the relevance of galectin-3 for invasive trophoblast cell func-
tion in vitro. Galectin-3 is present in human placenta, as well as in choriocarcinoma cell lines, isolated troph-
oblast and the trophoblast derived HTR-8/SVneo cell line10,11,22. Under the experimental conditions employed 
here the reported dominant intracellular localisation of galectin-3 was confirmed by immunocytochemistry 
and flow cytometry, together with membrane staining. This finding was extended further with respect to intra-
cellular distribution of galectin-3 between different cell compartments, showing that galectin-3 is present in 

Figure 4.  Down-regulation of galectin-3 by siRNA in HTR-8/SVneo cells (abbreviated gal-3 in the figure). 
Silencing efficiency was analysed by qPCR (a) and Western blot (b) in control (L, open bars), scramble-
transfected (S, light gray bars) and galectin-3 transfected (sigal-3, dark grey bars). LGALS3 was significantly 
reduced in galectin-3 silenced cells, while it had no effect on LGALS1 (a middle) or LGALS8 expression (a 
right), as evidenced by qPCR. One-way analysis of variance (ANOVA) with Tukey post-hoc test (α = 0.05) was 
used when data passed Shapiro-Wilk normality test (LGALS1 and LGALS8). When data didn’t pass normality 
test (LGALS3), non-parametric Kruskal-Wallis test was used followed by Dunn’s Multiple Range test (α = 0.05) 
for post-hoc comparisons. (b) Western blot analysis of galectin-3 in control, scramble-transfected and 
galectin-3 transfected cells, using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the loading control, 
showed significant reduction of galectin-3 compared to the control (S). (b) The graph gives the average of three 
independent experiments. Data passed Kolmogorov-Smirnov normality test and were analysed by one-way 
analysis of variance (ANOVA) with Tukey post-hoc test (α = 0.05). (c) Galectin-3 in cellular compartments in 
galectin-3 transfected HTR-8/SVneo cells. The abbreviations for subcellular fractions are: C – cytoplasmic, M – 
membrane, Ns – nuclear soluble, Nc – nuclear chromatin. Differences were significant at ***p < 0.001.
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Figure 5.  Influence of galectin-3 on trophoblast cell migration and invasion (abbreviated gal-3 in the 
figure). (a,b) Migration and invasion assays were performed with transfected cells, including lipofectamine 
(L), scrambled siRNA (S), galectin-3 transfected group alone (sigal-3) or in combination with exogenously 
added rhgalectin-3 (sigal-3 + rhgal-3). Cell migration (a) and invasion (b) by sigalectin-3 cells were reduced 
compared to the controls. Addition of rhgalectin-3 to silenced cells significantly reduced inhibition of cell 
migration and invasion. The effect of I47 on HTR-8/SVneo (c) and isolated CT (d) in Matrigel cell invasion test. 
Trophoblast cells were incubated with 1,000 ng/ml of I47 alone or in combination with rhgalectin-3 (200 ng/ml 
rhgalectin-3 + 1,000 ng/ml I47), showing inhibition with I47, which was abolished with addition of rhgalectin-3. 
(b–d) Cells on the underside of the filters and occupied pores were counted after 24 h culture and the data in 
the treatment are expressed as a percentage of the control value, given as mean ± SEM. The experiments were 
performed three times in duplicate (b–d). For CT invasion assay cells isolated from three individual placenats 
were used in three separate experiments, treatment groups with 2 replicates. (a–d) Data passed Kolmogorov-
Smirnov normality test and were analysed by one-way analysis of variance (ANOVA) with Tukey post-hoc 
test (α = 0.05). Commercial Matrigel used in invasion assays was analyzed for galectin-3, -1 and -8 by dot-blot 
(e) and by Western blot (f). Molecular masses are indicated in kDa. Differences were significant at *p < 0.05, 
**p < 0.01, and at ***p < 0.001.
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nuclear chromatin, nuclear soluble, cytoplasmic and cell membrane fractions. The membrane fraction associated 
galectin-3 was by far the most abundant, which seems to contradict the finding for intact unpermeabilised cells 
evidenced by flow cytometry. This however likely stems from the different membranes analysed by the two meth-
ods. Namely, the outer aspect only of the plasma membrane of non-permeabilised cells is accessible for antibody 
binding in flow cytometry, as opposed to the complex mixture of disrupted plasma, mitochondrial and ER/Golgi 
membranes after cell fractionation. Considering plasma membrane, the two methods used can detect galectin-3 
at distinct locations, since galectin-3 engaged in lipid rafts, trapped in extracellular lattices, or within the cytoplas-
mic aspect of the plasma membrane documented for other cell types31,32 could be inaccessible for antibody bind-
ing in flow cytometry of trophoblast shown here. Our finding of galectin-3 in nuclear compartments is consistent 
with published data and galectin-3 function in early assembly of the splicing machinery for mRNA-processing 
and nuclear export33.

Based on their binding characteristics galectins are expected to influence multiple processes in cells exposed 
to or expressing them. Galectin-1 and galectin-3 are differentially expressed by endometrium during the men-
strual cycle and early pregnancy suggestive of specific roles in embryo implantation21. Along with the finding 
that galectin-3 is absent from non-decidualised endometrium and is not present in the uterus of non-pregnant 
females20, it has been proposed that it has a pregnancy related function in the uterine environment. The inter-
stitial trophoblast invasion characterized by interaction of dispersed EVT with decidual stromal cells and the 
matrix they produce is one of the main interests of our group. Decidual stromal cells of first trimester pregnancy 
are known for abundant expression of both galectin-1 and galectin-310,22, so the invasive trophoblast in vivo is 
exposed to both intracellular and extracellular galectin-1 and -3. We have previously shown that trophoblast cell 
invasion in vitro is dependent on both endogenous and exogenous galectin-111, while data from the literature 
support the relevance of galectin-1 for maintenance of pregnancy in vivo34,35. Based on galectin binding speci-
ficity and potentially shared ligands, it was of interest to determine whether galectin-3 participates in processes 
affecting trophoblast cell migration and cell invasion. Recently, we have shown that trophoblast HTR-8/SVneo 
cells release galectin-1, -3 and -8 into culture medium36. Thus, two approaches were taken, the first one with either 
increased, or blocked extracellular galectin-3, and the other based on reduction of intracellular galectin-3 by 
targeting its mRNA. Several previous studies employing mouse animal models used 33DFTG (formerly known 
as TD139), a synthetic inhibitor of lectin-type interactions of galectin-337–40. In the present study, thiogalacto-
side inhibitor, I47 that mimics N-acetyllactosamine was used, based on its reported specificity and high affinity 
for galectin-341. This was supported by our solid phase assay data with immobilised Matrigel glycoconjugates 
and rhgalectin-3, CS-galectin-1, and rhgalectin-8, showing that I47 decreases the binding of rhgalectin-3 only. 

Figure 6.  Galectin-3 (abbreviated gal-3 in the figure) silencing reduces ITGB1 and integrin β1 protein level. 
As evidenced by qPCR, galectin-3 downregulation significantly reduced ITGB1 (c), with no detected changes 
of ITGA1 and ITGA5 (a,b). Data from ten experiments passed Shapiro-Wilk normality test and were analysed 
by one-way analysis of variance (ANOVA) with Tukey post-hoc (α = 0.05). (d) Expression of integrin β1 in 
HTR-8/SVneo cells after transfection was investigated by Western blot, showing a substantial decrease of this 
integrin subunit. A representative experiment is shown; GAPDH served as the loading control. (e) The graph 
shows the average of three independent experiments; differences versus control (S). Data passed Kolmogorov-
Smirnov normality test and were analysed by one-way analysis of variance (ANOVA) with Tukey post-hoc test 
(α = 0.05). In all graphs open bars represent control (L), light gray bars scramble-transfected (S) and dark grey 
bars galectin-3 transfected (sigal-3). Differences were significant at *p < 0.05, **p < 0.01, and at ***p < 0.001.
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Therefore, it was concluded that I47 met the initial criteria for use in cell-based assays with trophoblast cells 
expressing galectin-1, -3, -8.

In many cell types both endogenous and exogenous galectin-3 have been implicated in cell viability and sur-
vival42,43 inducing either positive or negative effects on cell proliferation and apoptosis. Hence, its influence on 
HTR-8/SVneo cells was assessed, showing a small, concentration dependent, reduction in cell numbers and/
or metabolic activity in rhgalectin-3 treated cells. This was not accompanied with change in apoptosis rate (not 
shown). Neither treatment with inhibitor I47, nor galectin-3 silencing induced any alteration in MTT (not shown). 
Therefore, the influence of galectin-3 on trophoblast cell viability, survival and apoptosis was not studied further.

Galectin-3 is also known to modulate cell–ECM interactions in cell adhesion, so plastic, collagen type I, and 
Matrigel coated surfaces were used in our model. Irrespective of the surface no change was observed in adhesion 
of cells treated with rhgalectin-3, I47, or their combination after 1 h. In other cell types galectin-3 has been shown 
to either promote or inhibit cell adhesion27,44, or produce no change, as found here. These conflicting findings 
indicate cell type specific effects of this lectin on cellular adhesion molecules. On the other hand, cell migration 
in the wound healing test was increased in the presence of recombinant rhgalectin-3 in a bell shaped manner 
(maximal at 100 and 200 ng/ml). The decrease when inhibitor I47 was present could be reversed by rhgalectin-3. 
Similar concentration dependence and a maximally effective concentration were described for galectin-3 driven 
monocyte migration28. Invasive extravillous trophoblast in vivo would be exposed to extracellular galectin-3 
from multiple sources, probably mostly released by decidual stromal cells or the trophoblast itself. Addressing 
the influence of extracellular galectin-3, our data showed that the small molecule inhibitor, I47, altered in vitro 
cell invasion. In the presence of inhibitor I47, both isolated cytotrophoblast and HTR-8/SVneo cell invasion was 
reduced, which seems to be reversible by the addition of rhgalectin-3. Inhibitory compounds that are based on 
disaccharides, which include I47, are considered relatively soluble, and not taken up well across membranes17,45 
(and personal communication with Hakon Leffler), thus it can be assumed that predominantly/exclusively extra-
cellular galectin-3 was blocked. There are also several lines of evidence pointing to the relevance of galectin-3 
for cancer cell migration and invasion46. Exogenously added galectin-3 contributed to the migration of many 
tumor cells mainly through interaction with ECM glycoprotein partners, such as fibronectin, laminin, collagen 
type IV47. Moreover, galectin-3 induced migration and invasion of mammary carcinoma cells involved integrin 
clustering and ligand induced integrin activation48. Although it is possible that the same can apply to normal 
human trophoblast migration and invasion and that our results indicate the relevance of lectin type interactions 
for this process, the molecules involved in I47 inhibition remain to be elucidated. When galectin-3 was targeted 

Figure 7.  Galectin-3 silencing changes levels of MMP2 and MMP9 in HTR-8/SVneo cells (abbreviated gal-3 
in the figure). The effect was studied at mRNA level for both gelatinases, (a,b) difference significant for MMP2 
and MMP9, in silenced vs. lipofectamine only. The graph shows the average of ten experiments. The data didn’t 
pass Shapiro-Wilk normality test and non-parametric Kruskal-Wallis test was used followed by Dunn’s Multiple 
Range test (α = 0.05) for post-hoc comparisons. (c) A representative gelatin zymography after galectin-3 
silencing; control (L), scramble-transfected (S) and galectin-3 transfected (sigal-3). Graphs give the average 
of eight independent experiments for MMP2 (d) and MMP9 (e); Open bars represent control (L), light gray 
bars scramble-transfected (S) and dark grey bars galectin-3 transfected (sigal-3). Data passed Kolmogorov-
Smirnov normality test and were analysed by one-way analysis of variance (ANOVA) with Tukey post-hoc test 
(α = 0.05). Differences were significant at *p < 0.05, **p < 0.01, and at ***p < 0.001.
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by siRNA drastic reduction specific for this galectin was induced, resulting in decreased cell migration and inva-
sion, which could be restored by addition of rhgalectin-3 (Fig. 5a,b). Analysis of galectin-3 in cell fractions after 
galectin-3 silencing revealed less galectin-3 in all compartments, leaving the possibility for reduced galectin-3 
actions in these cells. In that context it is interesting to note that Matrigel, a commercial ECM widely used to study 
cell migration and invasion in a wide range of models, harbours certain galectins, and galectin-3 in particular 
(Fig. 5e,f), thus participating in base line cell invasion. The Matrigel galectin-3 contribution to trophoblast cell 
invasion shown here is however hard to fully appreciate, since HTR-8/SVneo cells also release galectin-3 into the 
medium36. On the other hand, the presence of galectins in Matrigel could be seen as a factor making this matrix 
a better model of decidual ECM. Nevertheless, the presence of galectin-3 specific inhibitor significantly reduced 
invasion of Matrigel by isolated cytotrophoblast and HTR-8/SVneo cells (Fig. 5c,d). The interaction of galectins 
with the ECM is however of great interest, since galectin-1 has been shown to influence T-cell survival differently 
depending on its presentation, whether soluble, or cell membrane and matrix bound30.

Based on the results of functional tests, it was further undertaken to determine whether any of the molecules 
known to participate in trophoblast cell migration/invasion, such as integrins and gelatinases (MMP2 and -9), 
were involved in reduction observed in galectin-3 silenced cells. Among the tested integrin subunits α1, α5, β1, 
forming receptors for fibronectin, collagen type IV and laminin, subunit β1 was the only one that was significantly 
reduced at the RNA and protein levels with galectin-3 silencing. This finding is of particular interest since subu-
nit β1 is the binding partner of a large number of α subunits, thus forming ECM receptors that are expressed as 
trophoblast cells acquire physiological invasiveness in vivo. Less integrin subunit β1 could thus lead to a decrease 
in cell migration/invasion. Our finding that silencing endogenous galectin-3 causes a decline in levels of inte-
grin β1 suggests considerable relevance of their interaction for the trophoblast. This concurs with the reports 
that galectin-3 promotes healing during re-epithelialization of corneal wounds and cell migration of a corneal 
HCLE cell line, by involving the β1 integrin dimer α3β1 as a binding partner49,50. Other factors modulating troph-
oblast invasion have also been associated with changes in β1 integrins, such as triiodothyronine51,52. Previously, 
galectin-3 silencing was associated with another integrin subunit, β3, in an endometrial cell line RL95-253. In can-
cer biology galectin-3 is overexpressed in migrating cells during wound healing, and during tumor invasion and 
metastasis49,54. Mechanisms of action by which galectin-3 can affect the intrinsic motility of cells include binding 
or upregulation of integrins, as a group of cell surface proteins that mediate cell adhesion to the extracellular 
matrix50,55.

Cellular invasion requires proteolytic degradation of extracellular matrix molecules. The MMP system is a 
well-documented effector mechanism important for trophoblast invasion2,56. Matrix metalloproteinases, MMP2 
and MMP9, have been shown to mediate the influence of various cytokines and growth factors on trophoblast 
cell invasion52,57,58. MMP9 is able to degrade type IV collagen of the basement membrane, fibronectin, laminin, 
elastin, entactin, gelatin, and proteoglycans59,60. The regulation of MMPs is believed to occur at the transcrip-
tional level, by activation of latent proenzymes, and by inhibition of proteolytic activity58. In this study, a decrease 
in MMP2 and MMP9 mRNA and reduced level/gelatinolytic activity of MMP2 and MMP9 in the conditioned 
media of galectin-3 silenced cells were observed, pointing to the significant contribution of post-transcriptional 
regulation of MMP expression. This could be due to direct interaction of these molecule families, since all 
MMPs have potential glycosylation sites. Across the MMP family, conserved glycosylation sites appear mainly as 
N-glycosylations in the active site, which is compatible with the potential ligand role for MMP. Thus, decrease in 
intracellular galectin-3 could affect potential MMP binding and export to the cell membrane61. In addition, both 
molecules that function upstream (regulators) and those that function downstream (e.g. substrates) of MMPs 
are subject to glycosylation61. Alterations in the glycosylation status of these molecules, as well as the presence of 
binding lectins, might have direct or indirect implications on MMP function.

Others have reported that altered MMP levels may involve changes in mRNA half-life62 and decreases in MMP 
stability63. Destabilization of mRNA is a possible post-transcriptional regulatory mechanism by which MMP2 
and MMP9 activity is reduced in galectin-3 silenced trophoblast derived cells. However, the exact mechanism(s) 
for post-transcriptional MMP2 and MMP9 regulation by galectin-3 still remains to be elucidated. It is of interest 
to note that in other cell types galectin-3 has been associated with MMPs through EMMPRIN (extracellular 
matrix metalloproteinase inducer), also known as CD147 and basigin, a member of the immunoglobulin family 
that is present on the surface of tumor cells, which stimulates nearby fibroblasts to synthesize MMPs64. Thus, 
concomitant stimulation and colocalisation of galectin-3 with CD147 are associated with increased gelatinolytic 
activity in the actively ulcerating human cornea65,66. The highly glycosylated species of CD147 are responsible for 
the induction of matrix metalloproteinases67 with β1, 6-branched polylactosamine residues constituting major 
components in this molecule68. Since these glycan residues are unique in that they mediate cell motility via mod-
ulation of carbohydrate dependent interactions between galectin-3 and many cell surface and extracellular mol-
ecules, such as fibronectin, laminin, and integrins, the involvement of CD147 and other molecules in invasive 
trophoblast needs to be investigated further. So far, the highly glycosylated 65 kDa EMMPRIN has been reported 
to participate in activation of MMPs during labor at term69.

Data regarding the clinical relevance of galectin-3 for normal pregnancy have only started to accumulate. 
Thus, it was shown that galectin-3 was significantly down-regulated in the extravillous trophoblast of IUGR pla-
centas70. Should galectin-3 involvement in pregnancy be further supported by clinical data in various conditions 
pertinent to pregnancy outcome, the possibility to neutralize it by small molecule inhibitors, as shown here, may 
provide a useful experimental tool. At this point, it can be concluded that galectin-3 is relevant for invasive troph-
oblast in vitro, as we previously showed for galectin-1. Given the huge potential of these galectins to interact with 
diverse molecules, much remains to be learned about the roles galectins may play in the placental bed.
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Materials and Methods
Reagents and antibodies.  RPMI 1640 and DMEM/F12 media, antibiotic/antimycotic solution and fetal 
calf serum (FCS) were obtained from Gibco (Paisley, UK). TRI Reagent, primers and dNTPs were from Applied 
Biosystems by Life Technologies (Carlsbad, CA). Oligo(dT) 12–18 primers were from Invitrogen (Carlsbad, CA, 
USA). RevertAid reverse transcriptase was obtained from Fermentas, Inc., (Vilnius, Lithuania). Lipofectamine 
RNAiMAX was from Invitrogen and Opti-MEM reduced medium was obtained from Gibco. Galectin-3 Silencer 
Select siRNA (s8148) and Silencer Negative Control siRNA #2 (AM4613) were purchased from Ambion (Thermo 
Fisher Scientific Inc., Fremont, CA, USA).

The inhibitor of the galectin-3 carbohydrate binding domain di-(3-deoxy-3-(4-((butylamino) carbonyl)-1H-
1,2,3,-triazol-1-yl)-β-D-galactopyranosyl) sulfane inhibitor 47 (I47, C26H42N6O10S, Kd = 29 nM ± 7 nM) synthe-
sized as previously described40 was generously provided by Galecto Biotech AB. Inhibitor I47 was used to block 
lectin activity of extracellular galectin-3 when present, irrespective of its origin (secreted by the cells, or supple-
mented recombinant galectin-3). The purity was determined to be >99% according to HPLC-analysis (Agilent 
series 1100 system, column Eclipse XDB-C18, 0.8 mL/min H2O-MeCN gradient 5–95% 13 min with 0.1% trifluo-
roacetic acid). Recombinant human galectin-3 (rhgalectin-3), recombinant human galectin-8 (rhgalectin-8), goat 
anti-galectin-3 (AF1154) and goat anti-galectin-8 (AF1305) antibodies were from R&D Systems (Abingdon UK). 
The mutant form of galectin-1 in which all six cysteine residues were replaced by serine (CS-galectin-1) and rab-
bit anti-galectin-1 were obtained from Dr Toshihiko Kadoya, Maebashi Institute of Technology (Japan). Rabbit 
anti-integrin β1 (AB1952) was from Chemicon (Temecula, CA, USA) and rabbit anti-MEK1/2 (RB-1662-P0) was 
from Thermo Fisher Scientific Inc., (Fremont, CA, USA). Rabbit anti-Oct-3/4 (sc-9801) and rabbit anti-integrin 
α5 (sc-10729) were obtained from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA). Anti-goat IgG anti-
body AlexaFluor 488 was from Invitrogen/Molecular Probes/Life Technologies (Thermo Fisher Scientific 
Inc., Carlsbad, CA, USA). Biotinylated horse anti-goat IgG, avidin-biotinylated peroxidase complex (ABC), 
Vectashield mounting medium with DAPI were from Vector Laboratories (Burlingame, CA, USA).

All other reagents were of the best commercial grade available.

Cell culture.  The extravillous trophoblast cell line, HTR-8/SVneo, was kindly provided by Dr Charles 
H Graham (Queen’s University, Kingston, ON, Canada) and cultured in RPMI 1640 supplemented with 5% 
FCS (v/v) and antibiotic/antimycotic solution. The cell line was authenticated by the European Collection of 
Authenticated Cell Cultures (ECACC) using Short Tandem Repeat analysis (supplementary, SNote) as described 
in 2011 in ANSI Standard (ASN-0002) Authentication of Human Cell Lines and in71. Cytotrophoblast cells 
were isolated from the first trimester of pregnancy placentas from legal abortions (6–12 weeks) undertaken for 
non-medical reasons, at Obstetrics and Gynecology Clinic Narodni Front, Belgrade, Serbia, using sequential 
trypsin digestion, Percoll gradient centrifugation, and assessment, as previosuly described11. Briefly, after isola-
tion, cells were identified as trophoblast by immunocytochemical staining for cytokeratin-7 (CK-7), and prepa-
rations with 95% cytokeratin positive cell were used. In addition, a small proportion of CD45-positive cells were 
removed using immunomagnetic beads prior to invasion assay. Cytotrophoblast was cultured in DMEM/F12 
supplemented with 10% FCS and with antibiotic/antimycotic solution. This study was conducted according to 
local ethical standards (document GSP/05) and approved by Institutional Ethical Committee of the Institute for 
the Application of Nuclear Energy, INEP, University of Belgrade.

Galectin-3 siRNA transfection.  HTR-8/SVneo cells were seeded into 6-well or 24-well plates and grown 
in RPMI 1640 medium containing 5% FCS without the antibiotic/antimycotic mixture to ~60% of confluence. 
The galectin-3 treatment group was transfected with 30 nM galectin-3 siRNA (sigalectin-3) in Opti-MEM I 
GLUTAMAX I Reduced Serum Medium, while the negative control group (S) was transfected with 30 nM scram-
bled siRNA using Lipofectamine RNAiMAX, according the manufacturer’s instructions. The reagent-only group 
(L) contained only transfection reagent. HTR-8/SVneo cells were incubated for 48 h at 37 °C and quantitative 
real-time qPCR and WB analyses were performed. The experiments were repeated at least three times.

Immunocytochemistry and flow cytometry.  For immunocytochemical analysis, HTR-8/SVneo 
cells cultured on glass cover slips in the complete RPMI 1640 were fixed with ice-cold acetone–methanol 
(1:1). Anti-galectin-3 (5 μg/ml) was visualized with anti-goat IgG AlexaFluor 488. Slides were mounted with 
Vectashield mounting medium containing DAPI and examined using a Carl Zeiss Axio Imager microscope with 
an AxioCam HR Camera (Carl Zeiss, Jena, Germany).

Flow cytometry was used to analyse expression of galectin-3 in untreated HTR-8/SVneo cells and the effect 
of rhgalectin-3 treatment on M30 (a cytokeratin 18 fragment indicative of apoptosis) expression. HTR-8/SVneo 
cells from control or treatment groups were detached with cold 5 mM EDTA in PBS, and washed twice with PBS2 
(PBS, 2% FCS, 0.01% sodium azide). Cells were permeabilized with the Fix&Perm Cell Permeabilization Kit 
(Invitrogen, Frederick, MD, USA) following the manufacturer’s procedure. Permeabilized and non-permeabilized 
cells were incubated with anti-galectin-3 or M30 antibody. After incubation and subsequent washing with perme-
abilization buffer for permeabilized cells (PB) or with PBS2 for non-permeabilized cells, cells were stained with 
anti-goat AlexaFluor 488 (galectin-3) and anti-mouse AlexaFluor 488 (M30). For assessment of non-specific 
binding, cells were incubated with non-immune goat IgG.

Solid-phase assay.  The solid-phase assay was performed in 96-well plates coated with Matrigel in 
PBS (5 µg/200 µL) overnight at 4 °C. Plates were blocked with 1% BSA for 1 h at 37 °C, and washed with PBS. 
Recombinant human CS-galectin-1, rhgalectin-3 and rhgalectin-8 at 0, 100, 500 or 1,000 ng/ml were added to the 
plates without or with I47 (1,000 ng/ml), and incubated overnight at 4 °C. After washing with PBS, 100 µl of respec-
tive antibody for each galectin, rabbit polyclonal anti-galectin-1 IgG (Kirin Brewery, Japan), goat anti-galectin-3 
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(R&D) or goat anti-galectin-8 (R&D) were added and incubated for 2 h at room temperature (RT), with shaking. 
Wells were washed with PBS and incubated with biotinylated goat anti-rabbit IgG (for galectin-1) and horse 
anti-goat IgG (for galectin-3 and galectin-8). After 30 min, wells were washed, incubated with ABC for another 
30 min and further with substrate and chromogen. The reaction was stopped with 0.2 M H2SO4. Non-specific 
binding was estimated by omitting the specific antibody.

Subcellular fractionation.  Subcellular fractionation of HTR-8/SVneo cells was carried out using the 
Subcellular Protein Fractionation Kit for Cultured Cells (ThermoScientific, Rockford, USA), according to the 
manufacturer’s instructions. The procedure yields a cytosolic fraction (C), a membrane fraction (M), a nuclear 
soluble fraction (N) and a nuclear chromatin bound fraction (Nc). Protein concentration was then determined in 
each subcellular fraction using a BCA Protein Assay kit (ThermoScientific, Rockford, USA) and equal amounts 
of each fraction were loaded for SDS-PAGE electrophoresis. This analysis was performed on subcellular fractions 
obtained from cells cultured in complete RPMI 1640 medium and from cells after the transfection protocol. 
After transfer, membranes were incubated with goat anti-galectin-3. Relative galectin-3 content was calculated 
using densitometric evaluation of band intensities, since equal amounts of protein were used from each fraction. 
The obtained intensities were summed and that of each galectin-3 band was expressed as a percentage of total 
galectin-3. The following antibodies were used as controls for fraction purity: anti-MEK1, anti- integrin α5 and 
POU class 5 homeobox 1 (POU5F1, also known as OCT3/4) antibodies.

Dot blot analysis.  The presence of galectin-1, -3 and -8 in the Matrigel preparations used in the invasion 
assay was detected by dot blot analysis. Aliquots of serially diluted Matrigel (2 µl each) were spotted on nitrocellu-
lose strips and dried at RT. Nonspecific binding sites were blocked with 1% BSA in PBS for 1 h, at RT. Individual 
strips were incubated with: anti-galectin-3, anti-galectin-1 and anti-galectin-8 antibodies overnight at 4 °C. 
Galectins were detected with Pierce ECL Western Blotting Substrate (Pierce Biotechnology, Rockford, IL, USA).

SDS-PAGE and immunoblot.  Subcellular fractions, HTR-8/SVneo cell lysates after transfection and 
Matrigel were analyzed by Western blot. For electrophoresis under reducing and denaturing conditions all sam-
ples were prepared by boiling for 5 min in 0.125 M Tris-HCl buffer, containing 4% SDS (w/v), 20% glycerol (v/v), 
0.1% bromphenol blue and 10% 2-mercaptoethanol (v/v). Following electrophoresis on 10% polyacrylamide gel 
and transfer, the membranes were incubated with: anti-galectin-3, anti-galectin-1, anti-galectin-8 or anti-integrin 
β1 overnight at 4 °C, with constant shaking. Staining for GAPDH (cell lysates) was used as the loading control. 
Proteins were detected with Pierce ECL Western Blotting Substrate (Pierce Biotechnology, Rockford, IL, USA). 
The obtained signals were scanned and analyzed by the ImageMaster TotalLab v2.01 program (Amersham 
Biosciences, Inc., Piscataway, NJ, USA).

Gelatin zymography.  Matrix metalloproteinase gelatinolytic activity was studied semi-quantitatively using 
SDS-PAGE gelatin zymography. Gelatinase activities were determined in conditioned media HTR-8/SVneo cells 
transfected with sigalectin-3 siRNA, S and L group using 11% acrylamide gel containing 1 mg/mL gelatin under 
non-reducing conditions, with 25 µg of protein loaded per lane51. The experiments were carried out 8 times.

Quantitative real-time PCR analysis.  Total RNA was isolated from transfected HTR-8/SVneo cells (L, 
S and sigalectin-3 group) using TRIzol (Applied Biosystems, Carlsbad, CA, USA), as suggested by the man-
ufacturer. First-strand cDNA was synthesized from 1 µg of total RNA, using 0.5 μg of Oligo(dT) 12–18 prim-
ers (Invitrogen, Carlsbad, CA, USA), 250 µM of each dNTP and 200U of RevertAid reverse transcriptase 
(Fermentas, Vilnius, Lithuania). Real-time PCR was performed using the 7500 Real-Time PCR System (Applied 
Biosystems, Carlsberg, USA). The reaction mixture contained 1 µl of cDNA, 5 µl 2x SYBR® Green PCR Master 
Mix (Applied Biosystems, Carlsberg, USA) and specific forward and reverse primers in a final concentration of 
0.5 µM. Reactions were run at 95 °C for 10 min, followed by 40 cycles of 15 sec at 95 °C and 1 min at 60 °C. Melting 
curve analysis was performed to verify amplification specificity. Expression levels of LGALS3, LGALS1, LGALS8, 
ITGA1, ITGA5, ITGB1, MMP2 and MMP9, were normalized to the housekeeping gene GAPDH. Calculations 
were made by the comparative ΔΔCt method72. The sequences of specific primers are given in supplemental 
material (STable 1).

Cell viability assay (MTT).  The viability of HTR-8/SVneo cells was assessed as described previously73. 
HTR-8/SVneo cells were incubated for 24 h in treatment media containing different concentrations of rhgalectin-3 
(1–1,000 ng/ml) or I47 (10, 100 and 1,000 ng/ml) in 200 µl culture medium. In experiments with I47, DMSO sup-
plemented medium was used as the control. The experiment was repeated three times with six replicates for each 
treatment group.

Cell adhesion.  Adhesion assays were performed on plastic/uncoated wells or wells precoated with Collagen 
type I or Matrigel, as previously described11. HTR-8/SVneo cells were preincubated with rhgalectin-3 (200 ng/ml) 
or I47 (1,000 ng/ml). Experiments were repeated three times in triplicate per treatment group.

Cell wounding and migration assay.  The effect of various concentrations of rhgalectin-3 (10, 100, 200, 
500 or 1,000 ng/ml), I47 (1,000 ng/ml), rhgalectin-3 with I47 and sigalectin-3 transfection on HTR-8/SVneo cell 
migration was investigated using the cell wounding assay as previously described74. HTR-8/SVneo cells were 
incubated until confluent, and scraped off using a sterile pipette tip. After rinsing, RPMI 1640 (containing 0.1% 
BSA) without or with rhgalectin-3 or I47 was added. The pre-selected fields were photographed at zero point 
and after 24 h. The distances crossed after 24 h period were measured using an electronic grid and the distances 
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crossed by the cells were determined. The mean value for the controls was set to 100% and the data are expressed 
as percentages of the control value. The experiment was repeated three times in duplicate.

Cell invasion assay.  Transwell Matrigel invasion assays were conducted as described previously11. 
The invasion assay was run for 24 h using isolated CT and HTR-8/SVneo cells without or treated with I47, or 
rhgalectin-3 + I47. Invasion assay was also performed using HTR-8/SVneo cells transfected with sigalectin-3, as 
well as a negative control (S), and reagent-only (L). The treatments were prepared in DMEM/F12 for CT or RPMI 
1640 for HTR-8/SVneo, both containing 0.1% BSA. Invaded CT cells were stained using anti-CK-7 antibody, and 
by Giemsa for HTR-8/SVneo cells. Cells on the underside of the filters and the occupied pores were counted in 
non-overlapping fields of the entire insert. Data presented are expressed as percentages of the control values. The 
experiment was repeated three times in duplicate.

Statistical analysis.  The data were analysed using GraphPad Prism Demo Software (GraphPad Software, 
Inc., La Jolla California USA) and evaluation detailed in figure legends.

Data Availability
The datasets generated and/or analysed during the current study are available from the corresponding author on 
reasonable request.

References
	 1.	 Red-Horse, K. et al. Trophoblast differentiation during embryo implantation and formation of the maternal-fetal interface. J. Clin. 

Invest. 114, 744–754 (2004).
	 2.	 Librach, C. L. et al. 92-kD type IV collagenase mediates invasion of human cytotrophoblasts. J. Cell Biol. 113, 437–449 (1991).
	 3.	 Librach, C. L. et al. Interleukin-1 beta regulates human cytotrophoblast metalloproteinase activity and invasion in vitro. J. Biol. 

Chem. 269, 17125–17131 (1994).
	 4.	 Ridley, A. J. et al. Cell migration: Integrating signals from front to back. Science 302, 1704–1709 (2003).
	 5.	 Damsky, C. H. et al. Integrin switching regulates normal trophoblast invasion. Development 120, 3657–3666 (1994).
	 6.	 Aplin, J. D., Haigh, T., Jones, C. J., Church, H. J. & Vicovac, L. Development of cytotrophoblast columns from explanted first-

trimester human placental villi: role of fibronectin and integrin α5β1. Biol. Reprod. 60, 828–838 (1999).
	 7.	 Robajac, D. et al. The N-glycan profile of placental membrane glycoproteins alters during gestation and aging. Mech. Ageing Dev. 

138, 1–9 (2014).
	 8.	 Chen, Q. et al. Evidence for differential glycosylation of human trophoblast cell types. Mol. Cell Proteom. 15, 1857–1866 (2016).
	 9.	 Moss, L., Prakobphol, A., Wiedmann, T. W., Fisher, S. J. & Damsky, C. H. Glycosylation of human trophoblast integrins is stage and 

cell-type specific. Glycobiol. 4, 567–575 (1994).
	10.	 Vićovac, L., Janković, M. & Čuperlović, M. Galectin-1 and -3 in cells of the first trimester placental bed. Hum. Reprod. 13, 730–735 

(1998).
	11.	 Kolundžić, N. et al. Galectin-1 is part of human trophoblast invasion machinery - A functional study in vitro. PLoS One 6, e28514 

(2011).
	12.	 Kolundžić, N., Bojić-Trbojević, Ž., Radojčić, L., Petronijević, M. & Vićovac, Lj. Galectin-8 is expressed by villous and extravillous 

trophoblast of the human placenta. Placenta 32, 909–911 (2011).
	13.	 Than, N. G. et al. Galectins: Double-edged swords in the cross-roads of pregnancy complications and female reproductive tract 

inflammation and neoplasia. J. Pathol. Transl. Med. 49, 181–208 (2015).
	14.	 Kasai, K. & Hirabayashi, J. Galectins: a family of animal lectins that decipher glycocodes. J. Biochem. 119, 1–8 (1996).
	15.	 Bosher, C., Dennis, J. W. & Nabi, I. R. Glycosylation, galectins and cellular signaling. Curr. Opin. Cell Biol. 23, 383–392 (2011).
	16.	 Dumic, J., Dabelic, S. & Flögel, M. Galectin-3: An open-ended story. Biochim. Biophys. Acta 1760, 616–625 (2006).
	17.	 Johannes, L., Ralf Jacob, R. & Leffler, H. Galectins at a glance. J. Cell Sci. 131, jcs208884; 101242/208884 (2018).
	18.	 Poirier, F., Timmons, P. M., Chan, C. T., Guénet, J. L. & Rigby, P. W. Expression of the L14 lectin during mouse embryogenesis 

suggests multiple roles during pre- and post-implantation development. Development 115, 143–155 (1992).
	19.	 Poirier, F. Roles of galectins in vivo. Biochem. Soc. Symp. 69, 95–103 (2002).
	20.	 Phillips, B. et al. Differential expression of two 15-galactoside-binding lectins in the reproductive tracts of pregnant mice. Biol. 

Reprod. 55, 548–558 (1996).
	21.	 von Wolff, M., Wang, X., Gabius, H. J. & Strowitzki, T. Galectin fingerprinting in human endometrium and decidua during the 

menstrual cycle and in early gestation. Mol. Hum. Reprod. 11, 189–194 (2005).
	22.	 Maqui, E., van den Brule, F. A., Castronovo, V. & Foidart, J. M. Changes in the distribution pattern of galectin-1 and galectin-3 in 

human placenta correlates with the differentiation pathways of trophoblasts. Placenta 18, 433–439 (1997).
	23.	 Kolundžić, N. et al. Galectin signature of the choriocarcinoma JAr cells: Galectin-1 as a modulator of invasiveness in vitro. Mol. 

Reprod. Dev. 82, 765–773 (2015).
	24.	 Božić, M. et al. Galectin-1 and galectin-3 in the trophoblast of the gestational trophoblastic disease. Placenta 25, 797–802 (2004).
	25.	 Jeschke, U. et al. Expression of galectin-1, -3 (gal-1, gal-3) and the Thomsen-Friedenreich (TF) antigen in normal, IUGR, 

preeclamptic and HELLP placentas. Placenta 28, 1165–1173 (2007).
	26.	 Nishi, N. et al. Functional and structural bases of a cysteine-less mutant as a long-lasting substitute for galectin-1Glycobiology 18, 

1065–1073 (2008).
	27.	 Sato, S. et al. Role of galectin-3 as an adhesion molecule for neutrophil extravasation during streptococcal pneumonia. J. Immunol. 

168, 1813–1822 (2002).
	28.	 Polli, C. D. et al. Monocyte migration driven by galectin-3 occurs through distinct mechanisms involving selective interactions with 

the extracellular matrix. ISRN Inflammation 2013, 1–9 (2013).
	29.	 da Anunciação, A. et al. Extracellular matrix in epitheliochorial, endotheliochorial and haemochorial placentation and its potential 

application for regenerative medicine. Reprod. Dom. Anim. 52, 3–15 (2017).
	30.	 He, J. & Baum, L. G. Presentation of galectin-1 by extracellular matrix triggers T cell death. J. Biol. Chem. 279, 4705–4712 (2004).
	31.	 Sato, S., Burdett, I. & Hughes, R. C. Secretion of the baby hamster kidney 30-kDa galactose-binding lectin from polarized and 

nonpolarized cells: a pathway independent of the endoplasmic reticulum–Golgi complex. Exp. Cell Res. 207, 8–18 (1993).
	32.	 Mehul, B. & Hughes, R. C. Plasma membrane targetting, vesicular budding and release of galectin 3 from the cytoplasm of 

mammalian cells during secretion. J. Cell Sci. 110, 1169–1178 (1997).
	33.	 Dagher, S. F., Wang, J. L. & Patterson, R. J. Identification of galectin-3 as a factor in pre-mRNA splicing. Proc. Natl. Acad. Sci. USA 

92, 1213–1217 (1995).
	34.	 Blois, S. M. et al. A pivotal role for galectin-1 in fetomaternal interface. Nature Med. 13, 1450–1457 (2007).
	35.	 Liu, A. X. et al. Proteomic analysis of the alteration of protein expression in the placental villous tissue of early pregnancy loss. Biol. 

Reprod. 75, 414–420 (2006).

https://doi.org/10.1038/s41598-018-38374-w


www.nature.com/scientificreports/

1 4Scientific Reports |          (2019) 9:2136  | https://doi.org/10.1038/s41598-018-38374-w

	36.	 Ćujić, D. et al. Extracellular presence/release of galectins from HTR-8/SVneo extravillous trophoblast cells. Turk. J. Biol. 41, 843–848 
(2017).

	37.	 Saksida, T. et al. Galectin-3 deficiency protects pancreatic islet cells from cytokine-triggered apoptosis in vitro. J. Cell Physiol. 228, 
1568–1576 (2013).

	38.	 MacKinnon, A. C. et al. Regulation of transforming growth factor-β1-driven lung fibrosis by galectin-3. Am. J. Resp. Crit. Care Med. 
185, 537–546 (2012).

	39.	 Delaine, T. et al. Galectin-3-Binding Glycomimetics that Strongly Reduce Bleomycin-Induced Lung Fibrosis and Modulate 
Intracellular Glycan Recognition. Chem. BioChem. 17, 1759–1770 (2016).

	40.	 Chen, W. S., Cao, Z., Leffler, H., Nilson, U. J. & Panjwani, N. Galectin-3 inhibition by a small-molecule inhibitor reduces both 
pathological corneal neovascularization and fibrosis. Inv. Opthalmol. Vis. Sci. 58, 9–20 (2017).

	41.	 Salameh, B. A., Cumpstey, I., Sundin, A., Leffler, H. & Nilsson, U. J. 1H-1,2,3-Triazol-1-yl thiogalactoside derivates as high affinity 
galectin-3 inhibitors. Bioorg. Med. Chem. 18, 5367–5378 (2010).

	42.	 Sasaki, S., Bao, Q. & Hughes, R. C. Galectin-3 modulates rat mesangial cell proliferation and matrix synthesis during experimental 
glomerulonephritis induced by anti-Thy1.1 antibodies. J. Pathol. 187, 481–489 (1999).

	43.	 Inohara, H., Akahani, S. & Raz, A. Galectin-3 stimulates cell proliferation. Exp. Cell Res. 245, 294–302 (1998).
	44.	 Villa-Verde, D. M. et al. Galectin-3 modulates carbohydrate-dependent thymocyte interactions with the thymic microenvironment. 

Eur. J. Immunol. 32, 1434–1444 (2002).
	45.	 Li, P. et al. Hematopoetic-derived galectin-3 causes cellular and systemic insulin resistance. Cell 167, 973–984 (2016).
	46.	 Cardoso, A. C. F., de S Andrade, L. N., Bustos, S. O. & Chammas, R. Galectin-3 determines tumor cell adaptive strategies in stressed 

tumor microenvironments. Front. Oncol. 6, 127 (2016).
	47.	 Fortuna-Costa, A., Gomes, A. M., Kozlowski, E. O., Stelling, M. P. & Pavão, M. S. Extracellular galectin-3 in tumor progression and 

metastasis. Front. Oncol. 4, 138 (2014).
	48.	 Lagana, A. et al. Galectin binding to Mgat5-modified N-glycans regulates fibronectin matrix remodeling in tumor cells. Mol. Cell 

Biol. 26, 3181–3193 (2006).
	49.	 Cao, Z. et al. Galectins-3 and -7, but not galectin-1, play a role in re-epithelialization of wounds. J. Biol. Chem. 277, 42299–42305 

(2002).
	50.	 Saravanan, C., Cao, Z., Head, S. R. & Panjwani, N. Detection of differentially expressed wound-healing-related glycogenes in 

galectin-3-deficient mice. Inv. Opthalmol. Vis. Sci. 50, 5690–5696 (2009).
	51.	 Oki, N. et al. Effects of 3,5,3′-triiodothyronine on the invasive potential and the expression of integrins and matrix metalloproteinases 

in cultured early placental extravillous trophoblasts. J. Clin. Endocrinol. Metab. 89, 5213–5221 (2004).
	52.	 Jovanović, M., Stefanoska, I., Radojčić, L. & Vićovac, Lj. Interleukin-8 (CXCL8) stimulates trophoblast cell migration and invasion 

by increasing levels of matrix metalloproteinase (MMP)2 and MMP9 and integrins α5 and β1. Reproduction 139, 789–798 (2010).
	53.	 Lei, C. X., Zhang, W., Zhou, J. P. & Liu, Y. K. Interactions between galectin-3 and integrin beta3 in regulating endometrial cell 

proliferation and adhesion. Hum. Reprod. 24, 2879–2889 (2009).
	54.	 Takenaka, Y., Fukumori, T. & Raz, A. Galectin-3 and metastasis. Glycoconj. J. 19, 543–549 (2002).
	55.	 Liu, F. T. & Rabinovich, G. A. Galectins as modulators of tumour progression. Nat. Rev. Canc. 5, 29–41 (2005).
	56.	 Anacker, J. et al. Human decidua and invasive trophoblasts are rich sources of nearly all human matrix metalloproteinases. Mol. 

Hum. Rep. 17, 637–652 (2011).
	57.	 Lash, G. E. et al. Inhibition of trophoblast cell invasion by TGFB1, 2, and 3 is associated with a decrease in active proteases. Biol. 

Reprod. 73, 374–381 (2005).
	58.	 Jovanović Krivokuća, M. et al. Pharmacological inhibition of MIF interferes with trophoblast cell migration and invasiveness. 

Placenta 36, 150–159 (2015).
	59.	 Curry, T. E. & Osteen, K. G. The matrix metalloproteinase system: changes, regulation, and impact throughout the ovarian and 

uterine reproductive cycle. Endocrine Rev. 24, 428–465 (2003).
	60.	 Birkedal-Hansen, H. et al. Matrix metalloproteinases: a review. Crit. Rev. Oral Biol. Med. 4, 197–250 (1993).
	61.	 Boon, L., Ugarte-Berzal, E., Vandooren, J. & Opdenakker, G. Glycosylation of matrix metalloproteases and tissue inhibitors: present 

state, challenges and opportunities. Biochem. J. 473, 1471–1482 (2016).
	62.	 Sehgal, I. & Thompson, T. C. Novel regulation of type IV collagenase (matrix metalloproteinase-9 and -2) activities by transforming 

growth factor-b1 in human prostate cancer cell lines. Mol. Biol. Cell 10, 407–416 (1999).
	63.	 Delany, A. M. & Brinckerhoff, C. E. Post-transcriptional regulation of collagenase and stromelysin gene expression by epidermal 

growth factor and dexamethasone in cultured human fibroblasts. J. Cell Biochem. 50, 400–410 (1999).
	64.	 Kanekura, T., Chen, X. & Kanzaki, T. Basigin (CD147) is expressed on melanoma cells and induces tumor cell invasion by 

stimulating production of matrix metalloproteinases by fibroblasts. Int. J. Canc. 99, 520–528 (2002).
	65.	 Cruzat, A. et al. Colocalization of galectin-3 with CD147 is associated with increased gelatinolytic activity in ulcerating human 

corneas. Inv. Ophthalmol. Vis. Sci. 59, 223–230 (2018).
	66.	 Mauris, J., Woodward, A. M., Cao, Z., Panjwani, N. & Argũeso, P. Molecular basis for MMP9 induction and disruption of epithelial 

cell–cell contacts by galectin-3. J. Cell Sci. 127, 3141–3148 (2014).
	67.	 Iacono, K. T., Brown, A. L., Greene, M. I. & Saouaf, S. J. CD147 immunoglobulin superfamily receptor function and role in 

pathology. Exp. Mol. Pathol. 83, 283–295 (2007).
	68.	 Tang, W., Chang, S. B. & Hemler, M. E. Links between CD147 function, glycosylation, and caveolin-1. Mol. Biol. Cell 15, 4043–4050 

(2004).
	69.	 Li, W., Alfaidy, N. & Challis, J. R. G. Expression of extracellular matrix metalloproteinase inducer in human placenta and fetal 

membranes at term labor. J. Clin. Endocrinol. Metab. 89, 2897–2904 (2004).
	70.	 Hutter, S. et al. Placental expression patterns of galectin-1, galectin-2, galectin-3 and galectin-13 in cases of intrauterine growth 

restriction (IUGR). Int. J. Mol. Sci. 17, 523 (2016).
	71.	 Capes-Davis, Y. A. et al. Match criteria for human cell line authentication: where do we draw the line? Int. J. Cancer 132, 2510–2519 

(2013).
	72.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. 

Methods 25, 402–408 (2001).
	73.	 Bojić-Trbojević, Ž., Božić, M. & Vićovac, Lj. Steroid hormones modulate galectin-1 in the trophoblast HTR-8/SVneo cell line. Arch. 

Biol. Sci. 60, 11–23 (2008).
	74.	 Stefanoska, I., Jovanović Krivokuća, M., Vasilijić, S., Ćujić, D. & Vićovac, Lj. Prolactin stimulates cell migration and invasion by 

human trophoblast in vitro. Placenta 34, 775–783 (2013).

Acknowledgements
This work was funded through project 173004 of the Ministry of Education, Science, and Technological 
Development, Republic of Serbia. The authors thank Dr Stanislava Stošić-Grujičić, University of Belgrade, 
IBISS, Serbia, for encouragement to use the small chemical inhibitor of galectin-3, and Prof. Toshihiko Kadoya, 
Maebashi Institute of Technology, Japan, for kindly sharing CS-galectin-1 and anti-galectin-1.

https://doi.org/10.1038/s41598-018-38374-w


www.nature.com/scientificreports/

1 5Scientific Reports |          (2019) 9:2136  | https://doi.org/10.1038/s41598-018-38374-w

Author Contributions
Ž.B.-T., M.J.K., N.K., I.S. and A.V. conducted the experiments. L.V. and Ž.B.-T., were responsible for the 
experimental design. Ž.B.-T., M.J.K., N.K., I.S., A.V., F.Z., U.J.N., H.L. and L.V. interpreted the data, L.V. and 
Ž.B.-T. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38374-w.
Competing Interests: H.L. and U.J.N. are shareholders in and F.Z. is an employee of Galecto Biotech AB, a 
company developing galectin inhibitors. Other authors have no conflict of interest to declare.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-38374-w
https://doi.org/10.1038/s41598-018-38374-w
http://creativecommons.org/licenses/by/4.0/

	Human trophoblast requires galectin-3 for cell migration and invasion

	Results

	Galectin-3 detection, localisation and (sub)cellular distribution in HTR-8/SVneo cells. 
	Selective inhibition of galectin binding. 
	Trophoblast cell migration is influenced by availability of galectin-3. 
	Endogenous and added recombinant galectin-3 affect trophoblast cell invasion. 
	Galectin-3 targeted siRNA treatment affects β1 integrin and MMP2 and MMP9 levels in extravillous trophoblast cells. 

	Discussion

	Materials and Methods

	Reagents and antibodies. 
	Cell culture. 
	Galectin-3 siRNA transfection. 
	Immunocytochemistry and flow cytometry. 
	Solid-phase assay. 
	Subcellular fractionation. 
	Dot blot analysis. 
	SDS-PAGE and immunoblot. 
	Gelatin zymography. 
	Quantitative real-time PCR analysis. 
	Cell viability assay (MTT). 
	Cell adhesion. 
	Cell wounding and migration assay. 
	Cell invasion assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Localisation and subcellular distribution of galectin-3 in HTR-8/SVneo cells (abbreviated gal-3 in the figure).
	Figure 2 Effect of inhibitor 47 (I47) on binding of rhgalectin-3, CS-galectin-1 and rhgalectin-8 to Matrigel glycoconjugates in solid phase assay (abbreviated gal-1, -3, -8 in the figure).
	Figure 3 The effect of exogenously added rhgalectin-3 on HTR-8/SVneo cell viability, adhesion and migration (abbreviated gal-3 in the figure).
	Figure 4 Down-regulation of galectin-3 by siRNA in HTR-8/SVneo cells (abbreviated gal-3 in the figure).
	Figure 5 Influence of galectin-3 on trophoblast cell migration and invasion (abbreviated gal-3 in the figure).
	Figure 6 Galectin-3 (abbreviated gal-3 in the figure) silencing reduces ITGB1 and integrin β1 protein level.
	Figure 7 Galectin-3 silencing changes levels of MMP2 and MMP9 in HTR-8/SVneo cells (abbreviated gal-3 in the figure).




