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Abstract 

The disialoganglioside GD3 has been considered to be involved in tumor progression or suppression in 
various tumor cells. However, the significance of the biological functions of GD3 in breast cancer cells 
is still controversial. This prompted us to study the possible relationship(s) between GD3 expression 
and the metastatic potential of a breast cancer MDA-MB231 cells as an estrogen receptor negative (ER-) 
type. The human GD3 synthase cDNA was transfected into MDA-MB231 cells, and G-418 bulk 
selection was used to select cells stably overexpressing the GD3 synthase. In vitro invasion potentials of 
the GD3 synthase over-expressing cells (pc3-GD3s) were significantly suppressed when compared with 
control cells. Expression of intercellular adhesion molecule-1 (ICAM-1; CD54) was down-regulated in 
the pc3-GD3s cells and the decrease in ICAM-I expression is directly related to the decrease in 
invasiveness of the pc3-GD3s cells. Another type of ER negative SK-BR3 cells exhibited the similar level 
of ICAM-1 expression as MDA-MB231 cells, while the ER positive MCF-7 cells (ER+) showed the 
increased expression level of ICAM-1. Then, we investigated signaling pathways known to control 
ICAM-1 expression. No difference was observed in the phosphorylation of ERK and p38 between the 
pc3-GD3s and control cells (pc3), but the activation of AKT was inhibited in pc3-GD3s, and not in the 
control (pc3). In addition, the composition of total gangliosides was changed between control (pc3) and 
pc3-GD3s cells, as confirmed by HPTLC. The pc3-GD3s cells had an accumulation of the GD2 instead 
of the GD3. RT-PCR results showed that not only GD3 synthase, but also GM2/GD2 synthase 
(β4-GalNc T) expression was increased in pc3-GD3s cells. Overexpression of GD3 synthase 
suppresses the invasive potential of human breast cancer MDA-MB-231 cells through down-regulation 
of ICAM-1 and the crucial pathway to allow the apoptotic effect has been attributed to accumulation of 
the GD2 ganglioside. ER has been linked to the ICAM-1 expression with GD3 to GD2 conversion in 
human breast cancer cells. This is the first finding of the endogenous sialyltransferase functions in tumor 
cells. 

Key words: Ganglioside GD3 synthase, Breast cancer, MDA-MB231, Intracellular adhesion molecule-1, 
GM2/GD2 synthase (β4-GalNc T), Invasion. 

Introduction 
Gangliosides are sialylated glycosphingolipids 

which are ubiquitously expressed in mammalian 
plasma membranes and they play crucial roles in 

cellular interaction, adhesion, differentiation and 
apoptosis [1, 2]. To synthesize gangliosides in cells, 
lactosyl ceramide (Lac-Cer) is processed by different 

 
Ivyspring  

International Publisher 



Int. J. Biol. Sci. 2017, Vol. 13 
 

 
http://www.ijbs.com 

266 

pathways composed of various glycosyltransferases 
or sialyltranferases [1, 3]. One of these 
sialyltransferases, GD3 synthase (ST8Sia I), is a key 
enzyme which controls GD3 biosynthesis from its 
precursor ganglioside GM3 [3; 4]. The steady state 
level of GD3 expression also depends on other 
enzymes such as GD2 synthase and GT3 synthase. 
Thus, the relationship between a ganglioside and its 
related enzymes is linked to its glycosylation pattern 
in the cell membrane. The GD3 is expressed weakly in 
normal tissues [5], and expressed almost exclusively 
during development or under pathological conditions 
such as neuronal disorders [6]. In addition, GD3 
promotes tumor progression by influencing cellular 
proliferation, adhesion and metastasis in malignant 
tumors [7, 8]. However, GD3 is also known to induce 
apoptosis [5] by transiently accumulating in the 
cytosol to contribute to mitochondria damage in the 
early stages of apoptosis [5, 9]. Fas-mediated 
apoptosis was also induced by GD3 in lymphoid cells 
[10]. Therefore, the significance of the biological 
functions of the ganglioside GD3 in cancer cells is still 
controversial. 

GD3 has long been reported to be highly 
expressed in breast tumors, the most common 
malignant women’s disease, although at a lower level 
than the ganglioside GM3 [11]. The GD3 synthase was 
also reported to be associated with breast tumor [12]. 
Although the properties of breast cancers and breast 
cancer cell lines are quite different, extensive studies 
on the relationship between GD3 expression and the 
metastatic potential of human breast cancer cells have 
not been reported. The GD3 synthase expression is 
also linked to the activation of the c-Met signaling 
pathway for the metastatic potentials [13]. In a recent 
report [14], it was further demonstrated that the GD3 
synthase expression is regulated by several 
transcription factors which are related to the 
epithelial-mesenchymal transition (EMT) pathway. 
The EMT-mediated cancer cells exhibit the metastatic 
potential in the breast cancer cells. For the 
disialoganglioside GD2, it was previously known that 
the cancer stem cells express the GD2 in the breast 
cancer cells, where GD2 synthesis is dependent on the 
GD3 synthesis [15]. GD2 is synthesized from GD3 by 
the GD2 synthase and GD3 synthase activity is 
prerequisite for GD2 synthesis. Therefore, GD2 has 
been suggested as a breast cancer stem cell marker. 
The expression of GD3 synthase correlates with poor 
prognosis in human breast tumors. Ganglioside GD2 
as a b-series ganglioside has been reported to be 
expressed on bone marrow–derived mesenchymal 
stem/stromal cells [16]. It has also been reported that 
antibodies against GD2 inhibits proliferative 
phenotype of tumor cells, triggering apoptotic cell 

death in small cell lung cancer cell lines (SCLC) [11]. 
Recently, our group reported that the apoptotic 
functions of disialyl GD1b in human breast cancer 
MCF-7 cells [2], where endogenous and exogenous 
GD1b effectively promoted apoptotic cell death in 
human breast carcinoma SKBR3 cells. 

Intercellular adhesion molecule-1 (ICAM-1) is an 
immunoglobulin superfamily glycoprotein located on 
the cell surface. It is well known that ICAM-1 is 
associated with various inflammatory systems and 
immune responses [17, 18]. It was also reported that 
the elevated ICAM-1 expression positively correlates 
with the metastatic and invasive potential of 
pancreatic, gastric and breast cancer cells [19, 20, 21]. 
In addition, inhibition of ICAM-1 function by siRNA 
treatment resulted in a strongly decreased invasive 
potential of breast cancer cell [20]. Recently, Schröder 
et al. (2011) reported that the ICAM-1 expression was 
associated with more aggressive tumor phenotype 
and prognosis in the breast cancer patients [22]. 

The human breast cancer cell line, MDA-MB231, 
is a relative highly metastatic and invasive breast 
cancer model [23, 24]. Although these cells express 
higher levels of ICAM-1 than those of other breast 
cancer cell lines [20], expression levels of GD3 and 
GD3 synthase are very low. In this study, we have for 
the first time studied on the relation of ganglioside 
GD3 and ICAM-1 in breast cancer MDA-MB231 cells. 
The expression levels of GD3 synthase (ST8Sia I) were 
compared in different breast cancer cell lines for the 
effect of overexpression of GD3 synthase on invasive 
potential. Interestingly, the overexpressed GD3 has 
been further converted to the GD2 ganglioside by the 
endogenous GD2 synthase activity. This is a first 
finding of GD2 synthetic pathway during GD3 
synthesis. Thus, the relationship between GD3 
synthase (ST8Sia I) and ICAM-1 expression has been 
discussed in MDA-MB231 cells with the crucial factor 
of GD2 biosynthesis. 

Materials and methods 
GD3 expression plasmid and transfected cells 

The human breast cancer cell lines of ER positive 
MCF-7 (ER+), ER negative SK-BR3 (ER-) and ER 
negative MDA-MB231 (ER-) cells [2, 23] were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% or 5% fetal bovine serum 
respectively. To construct the GD3 synthase 
expressing plasmid, a 1026 bp DNA fragment 
including the human GD3 synthase coding region 
was amplified by PCR using the primers sense 
(5´-GATATCGCCGCCACCATGGCTGTACTGGCGT
GGAAG-3´) and antisense (5´-CTCGAGCTAGGAAG 
TGGGCTGGAGTGA-3´), and human melanoma 
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cDNA as template. The PCR fragment was ligated 
into pcDNA3 vector (pc3), to generate pcDNA3-GD3 
synthase (pc3-GD3s). The pc3-GD3s was transfected 
into the MDA-MB231. The transfected cells were 
plated in 10-cm culture dish for 48 h after transfection. 
Isolation of the stable trasfectants were accomplished 
by adding Geneticin (G418 sulfate; Gibco BRL) to the 
culture medium at 1 mg/ml. G418-resistant 
transfected clones appeared in about 2 weeks, and 
more than clones were pooled later on and expanded. 

Reverse transcription PCR and real time 
quantitative PCR 

Total RNA was extracted from cultured cells and 
cDNA was prepared using first-strand cDNA 
synthesis kit for reverse transcription-polymerase 
chain reaction (RT-PCR) (M-MLV RT) (RexGene 
biotech, Korea). cDNAs were amplified by PCR with 
primer set I (Table 1). The housekeeping gene, β-actin, 
was used as an endogenous control to normalize RNA 
extractions. PCR reactions (20 μl) were performed 
using 2x Super Taq master PCR premix (RexGene 
biotech, Korea). For real-time quantitative PCR, the 
cDNA was amplified with primer set II (Table 2). 
Real-time quantitative PCR assays were controlled by 
analyzing the expression levels of the housekeeping 
gene GADPH. Real-time quantitative PCR was 
performed using the SYBR green system (Bio-RAD, 
USA). The real-time reactions (20 μl) were performed 
with iQTM SYBR®Green Supermix reagent (Bio-RAD, 
USA), and analyzed by Opticon Monitor 3 (Bio-RAD, 
USA).  

 

Table 1. RT-PCR primer sequences 

Genes Primers Anneling 
Temp. (°C) 

PCR 
product 
size (bp) 

GD3 synthase Fwd: atggctgtactggcgtggaagt 55°C 571 bp 
Rev: atgtctttctggaccacagaaggt 

GM3 synthase Fwd: atccagttatcatcaaagagactgc 55°C 373 bp 
Rev: atacatcaagaaggctgtcaaaaac 

ICAM-1 Fwd: cagtgaccatctacagctttccgg 55°C 556 bp 
Rev: gctgctaccacagtgatgatgacaa 

GM2/GD2 synthase Fwd:atcggctacgggctctcatcacc 55°C 478 bp 
Rev:acctcgcgcaccttgtcagtcc 

β-actin Fwd: caagagatggccacggctgct 55°C 247 bp 
Rev: tccttctgcatcctgtcggca 

 

Table 2. Real-time PCR primer sequences 

Genes Primers Anneling Temp. (°C) Ref. 

GD3 synthase Fwd: gcgatgcaatctccctcct 62°C 4 
Rev: ttgccgaattatgctgggat 

ICAM-1 Fwd: cctgatgggcagtcaacagcta 62°C 32 
Rev: acagctggctcccgtttca 

GAPDH Fwd: aggtcatccctgagctgaacgg 62°C 44 
Rev: cgcctgcttcaccaccttcttg 

XTT proliferation assay and Western blot 
analysis 

Cell proliferation has been assayed using XTT 
assay solution (Sodium 3´-[1-(phenyl-amino-
carbonyl)-3, 4-tetrazolium]-bis(4-methoxy-6-nitro) 
benzene sulfonic acid hydrate) [21]. To detect target 
proteins, we incubated the membranes with 
antibodies against ICAM-1(sc-7891), AKT(sc-1618), 
p-AKT(sc-135650), ERK(sc-154), p-ERK(sc-7383), 
p38(sc-535) and p-p38(sc-7973), were purchased from 
Santa Cruz (USA). Glyceraldehydes-3-phospho-
dehydrogenase (GAPDH) (MAB-8145) (Chemicon, 
USA), SARK/JNK(#9252), p-SARK/JNK(#9255) (Cell 
signaling, USA) and GD3 synthase (xw-8145) (ProSci 
incorporated, USA) were purchased. Detection was 
performed using a secondary antibodies and the ECL 
chemiluminescence system (RPN3000) (Amersham, 
UK).  

Invasion assay and flow cytometry 
Cell invasive potentials have been assessed using 

the gelatin-coated invasion chambers, as described 
[21]. For flow cytometry, cell surface expression of 
ICAM-1 (CD54) was analyzed by FACScan (Becton 
Dickinson, USA) using mouse anti-human ICAM-1 
(CD54). The cells were incubated with mouse ICAM-1 
antibodies (Santa Cruz, USA) and stained with 
FITC-conjugated goat anti-mouse IgG (Santa Cruz, 
USA) for 1 h. Control cells were prepared using the 
second antibody alone.  

Reporter gene constructs and luciferase assays 
The ICAM-1 promoter regions spanning –1350 to 

+45 bp (full length) and –485 to +45 (truncated form) 
of the human ICAM-1 promoter were cloned into the 

vector pGL3-basic (Promega, USA). MDA-MB231 
cells were transfected with 1 µg of the plasmids or the 
control pCMV-Renilla plasmid using Wel-Fect EXTM 
Plus reagents (Wel-Gene, Korea). Cell extracts were 
prepared 24 h after transfection, and luciferase assays 
were performed using the Dual-Luciferase Reporter 
Assay System (Promega, USA). Luciferase activities 
were normalized with respect to parallel Renilla 
activities, to correct for differences in transfection 
efficiency. 

High-performance thin-layer chromatography 
(HPTLC) of gangliosides 

Ganglioside isolation has been described 
previously [26]. The ganglioiside fraction was eluted 
with chloroform: methanol : 0.8 M sodium acetate (30: 
60: 8, by vol.; Solvent B) and desalted using a Sep-Pac 
C18 cartridge (Millipore, USA). HPTLC analysis of 
gangliosides was performed using HPTLC silica gel 
plates (No. 113748; Merck, Germany, size 10ⅹ10 cm; 
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thickness of the silica gel, 0.2 mm) as described [27]. 
The TLC plate was stained using 0.2% (w/v) orcinol 
in 20% H2SO4. 

Results 
GD3 synthase gene expression patterns in 
human breast cancer cells 

Three different breast cancer cell lines of 
MDA-MB231, MCF7 and SK-BR3 have been used for 

the GM3 synthase and GD3 synthase gene expression. 
MDA-MB231 cells show an invasive phenotype and 
are hormone-independent [28], and are an aggressive 
breast cancer model compared to MCF7 or SK-BR3 
cells. As shown in Fig. 1A, the breast cancer cell lines 
expressed GM3 synthase mRNA. However, GD3 
synthase mRNA was scarcely detected, while a 
melanoma SK-Mel II expressed largely the GD3 
synthase. 

 

 
Figure 1. A) GD3 synthase gene expression patterns in human breast cancer cells. Total mRNA was isolated from breast cancer and SK-Mel II melanoma cells. The 
bar graphs represent the relative band intensity obtained from RT-PCR results by densitometry. For the expression levels of GD3 synthase mRNA, RT-PCR (B) and real-time 
PCR (C) analyses were performed. The protein expression was analyzed by Western blot (D). The pc3-GD3s cells were cultured with 1 mg/ml G-418. All experiments have 
been performed at least three times and we examined mean differences between groups by using the error bar graph procedure. 
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Over-expression of GD3 synthase in 
MDA-MB231 cells 

MDA-MB231 cells were transfected with the 
human GD3 synthase (pc3-GD3s) or the pcDNA3 
empty vector as a control (pc3) (Fig. 1). RT-PCR and 
qPCR analysis clearly show that the induction of GD3 
synthase mRNA occurred in the pc3-GD3s cells. There 
was a 14-fold induction of GD3 synthase mRNA level 
in pc3-GD3s than in pc3 cells (Fig. 1B and 1C). 
Elevated level of GD3 synthase protein was also 
observed in the pc3-GD3s cells (Fig. 1D). These results 
indicate that the pc3-GD3s cells overexpress the GD3 
synthase mRNA and protein. 

GD3 synthase overexpressing cells show 
changes in morphology but not in cell growth 

We investigated whether GD3 synthase 

overexpression affects the cell growth of breast cancer 
cells. As shown in Fig. 2A, there was no difference 
between the cell growth of pc3-GD3s cells and pc3 
cells when cultured with DMEM-10% FBS or 
DMEM-5% FBS. Although it was examined whether 
the suppressed ICAM-1 levels affect cell growth level 
of MDA-MB231 cells in vitro, no change in growth 
level was observed even by the specific ICAM1-1 
siRNA (data not shown). More specifically, 
MDA-MB231 cells transfected with ICAM-1 siRNA 
exhibited the normal growth pattern as controls. 
Similar results were also obtained for MCF-7 breast 
cells, indicating that ICAM-1 is not related to the cell 
growth. However, significant morphological changes 
were observed in the pc3-GD3s cells compared with 
the pc3 cells. The arm-like projections observed in pc3 
cells disappeared in pc3-GD3s cells, reducing the 

distance between the cells (Fig. 2B). 
The cell surface was observed to be 
smoother, suggesting that 
over-expression of GD3 synthase 
induces phenotype changes in the 
pc3-GD3s cells.  

Inhibition of the invasiveness 
of the GD3 
synthase-transfected breast 
cancer cells 

To investigate the cell motility 
of pc3-GD3s cells, a transwell 
invasion assay was used. Invasion 
activity of the pc3-GD3s cells was 
suppressed 10-fold compared to 
the pc3 cells (Fig. 2C). This result 
indicates that overexpression of 
GD3 synthase in MDA-MB231 cells 
leads to changes in metastatic 
potential. Therefore, we 
hypothesized that the GD3 
ganglioside regulates expression of 
invasion-related molecules in GD3 
synthase-overexpressing cells.  

Downregulation of 
intracellular adhesion 
molecule 1 (ICAM-1) 
expression in pc3-GD3s cells 

The expression of ICAM-1 
protein positively correlates with 
the metastatic potential of various 
human cancer cells [20, 28]. The 
expression of ICAM-1 was 
significantly suppressed in the 
MDA-MB231 cells that 
over-expressed GD3 synthase, as 

 
Figure 2. The pc3-GD3s cells show changes in morphology but not in cell growth Cell were cultured in 
DMEM supplemented with 10% or 5% FBS. The pc3 (◆ ) and pc3-GD3s cells () were plated in triplicates. Cell 
growth in different serum conditions was assessed by the XTT assay after 24 hr (A). The cell morphology was 
observed by phase contrast microscopy (B). Inhibition of invasiveness in GD3 synthase-transfected MDA-MB231 
cells (C). Representative microphotographs of Hematoxylin and Eosin stained cells. Cells that invaded through the 
gelatin and were located on the underside of the filter were counted. All experiments performed at least three times 
and we examined mean differences between groups by using the error bar graph procedure. 
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confirmed by RT-PCR and qPCR (Fig. 3A and 3B). In 
addition, protein expression of ICAM-1 was also 
suppressed by Western blot analysis and FACS 
analysis for the cell surface-localized form (Fig. 3C 
and 3D). We also utilized the cloned ICAM-1 
promoter to assess transcriptional activity [29]. The 
full-length 1.4 kb ICAM-1 promoter contains several 
transcription factor binding sites, including ARE, Ap1 
and TATA sites, while the truncated 0.5 kb promoter 
contains one each of NF-κB, STAT-1, TATA and AP1 

sites. Each ICAM-1 luciferase reporter construct was 
cotransfected with the GD3 synthase gene into 
MDA-MB231 cells, or transfected without GD3 
synthase. 24 h after co-transfection, the transcriptional 
activity of both the full-length and truncated forms of 
ICAM-1 promoter was two-fold downregulated by 
GD3 synthase cotransfection (Fig. 3E). These results 
suggest that the over-expression of GD3 synthase 
downregulates the ICAM-1 promoter activity in 
breast cancer cells.  

 

 
Figure 3. Downregulation of ICAM-1 expression (A, B, C, D, E) in pc3-GD3s cells. Expression levels of ICAM-1 mRNA were checked by RT-PCR (A) and real-time 
PCR (B). Expression of ICAM-1 confirmed by Western blot (C) and FACS analysis (D). A schematic representation of DNA constructions containing two different forms of the 
ICAM-1 promters linked to the luciferase reporter gene is shown. The values represent the mean ±S.D. for three independent experiments with triplicate measurements (E). 
Inhibition of AKT phosphorylation in pc3-GD3s cells (F). Total protein extracts from pc3 and pc3-GD3s cells were examined by Western blot analysis with anti-phospho-AKT, 
anti-AKT, anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-p38 and anti-p38 antibodies. The nonspecific IgG antiserum has been used to block the cell reaction. GAPDH was 
included as an internal control. All experiments performed at least three times and we examined mean differences between groups by using the error bar graph procedure. 
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Figure 4. Differential regulation of ICAM-1 expression in pc3-GD3s-trasnfected SK-BR3 (ER-) and MCF-7 (ER+) cells. Expression levels of GM3 synthase, GD3 
synthase and ICAM-1 mRNAs in the pc3-GD3s-transfected SK-BR3 (ER-) were checked by RT-PCR (A) and relative band intensities were compared with each β-actin control 
(B). β-Actin was included as an internal control. For MCF-7 (ER+) cells, ICAM-1 mRNA level in the pc3-GD3s-transfected MCF-7 cells was examined by Western blot analysis 
(C) and relative band intensity was also compared with GAPDH control (D). All experiments performed at least three times. We examined mean differences between groups by 
using the error bar graph procedure. 

 

Suppression of AKT phosphorylation in 
pc3-GD3s cells 

To better understand the pathways inactivated 
when ICAM-1 is suppressed, we investigated 
signaling-related phosphorylation using protein 
extracts from pc3 and pc3-GD3s cells. Western blot 
analysis on pc3-GD3s cells significantly showed 
down-regulation of AKT phosphorylation under 10% 
serum conditions (Fig. 3F). However, other molecules 
such as p-ERK or p38, which are known to have roles 
in ICAM-1 expression, did not show a change in 
phosphorylation levels between the pc3 and 
pc3-GD3s cells. These results suggest that ICAM-1 
expression is down-regulated in the pc3-GD3s cells 
through the inhibition of AKT phosphorylation. 

Decreased expression of ICAM-1 in 
ER-negative breast cancer SK-BR3 (ER-) and 
ER-positive MCF-7 (ER+) cells when 
transfected with pc3-GD3s 

In order to observe the similar phenomenon in 
another type of human breast cancer cells, estrogen 
receptor (ER) negative breast cancer cell line, SK-BR3 
(ER-) has been examined whether the cells express the 
ICAM-1 mRNA upon transfection with pc3-GD3s by 

RT-PCR (Fig. 4A). As shown by the relative band 
intensities with each β-actin control (Fig. 4B), the level 
of ICAM-1 expression was decreased. In addition, 
when the ER positive (+) breast cancer cell line, 
MCF-7 cells (ER+) has been checked, the expression 
level of ICAM-1 protein was increased (Fig. 3C), 
indicating that the expression of GD3 and resultant 
GD2 conversion regulate the different expression of 
ICAM-1, depending on the ER negative or positive 
human breast cancer cells.  

Accumulation of the GD2 ganglioside in 
pc3-GD3s cells 

According to our previous study on 
MDA-MB231 cells, GD3/GD2 gangliosides belonging 
to the b-series were not expressed, while the a-series 
ganglioside GM3 was expressed at high levels [30]. 
Therefore, we compared the ganglioside composition 
of the pc3 and pc3-GD3s cells by HPTLC. As shown in 
Fig. 5A, the pc3-GD3s cells showed an accumulation 
of the b-series ganglioside GD2, but not GD3. In 
contrast, the levels of the a-series gangliosides GM3, 
GM2 and GM1 were reduced compared to the pc3 
cells. The pc3 cells only expressed the a-series 
gangliosides GM3, GM2 and GM1, as expected. Also, 
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the GM3 levels were decreased in pc3-GD3s cells 
compared to pc3 cells (46.43% vs. 63.77%). In contrast, 
GD2 levels showed a 32% increase in GD3 
synthase-transfected MDA-MB231 cells. These results 
were verified by measuring ganglioside composition 
using densitometry (Fig. 5B),  

The GD2 ganglioside is synthesized from its 
precursor GD3 by N-acetylgalactosaminyltransferase 
(β4 GalNAc T; GM2/GD2 synthase). Therefore, we 
checked the mRNA level of GD2 synthase (β4 GalNAc 
T) by RT-PCR. Although the GD2 synthase mRNA 
was expressed in both of pc3-GD3s and pc3 cells, an 
increased expression level was observed in the 
pc3-GD3s cells (Fig. 5C). The mRNA of GT3 synthase 
(ST8SiaV), an enzyme required for c-series 
ganglioside production was not detected in either cell 

line (data not shown). These results suggested that the 
GD3 synthase-transfected cells accumulated GD2 
ganglioside produced from GD3 precursors. 

Discussion 
Gangliosides on the outer leaflet of the plasma 

membrane of cells play important roles in biological 
processes such as ‘tumor growth control’, ‘masking’, 
‘tumor phenotype’, ‘receptor on-off’ and ‘cell-cell 
recognition’ [31, 32, 33]. Various studies have shown 
that gangliosides and tumor invasion are deeply 
related [34, 35, 36]. For example, gangliosides such as 
GD3 and GD1b were reported to induce apoptosis in 
human breast tumor cells [35].  

 

 
Figure 5. Accumulation of the GD2 ganglioside in pc3-GD3s cells. (A) The total ganglioside on a HPTLC plate. (B) Comparison of ganglioside contents in pc3 and 
pc3-GD3s cells. Percentage of each ganglioside was measured by densitometry with total gangliosides of each lane as 100%. (C) Total mRNA was isolated from pc3 and 
pc3-GD3s cells. GD2 synthase (β4-GalNc T) was detected by RT-PCR (30 cycles). The bar graphs represent the relative band intensity obtained from the RT-PCR results by 
densitometry. 
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The GD3 has been described as the Greek 
goddess Hecate [37], referring to the different 
functions of GD3 in cells. GD3 was reported to be a 
tumor-related antigen [38] and functions as a 
pro-apoptotic molecule [9]. GM3 and GD3 are highly 
expressed in the most common malignant breast 
cancer. The expression of GD3 synthase was also 
reported to be highly associated with breast cancer 
[12]. However, there are fundamental differences 
between human breast cancers and breast cancer cell 
line models such as MDA-MB231 in their 
glycosylation [30, 39]. For example, three different 
breast cell such as MCF-7, SK-BR3 and MDA-MB231 
scarcely expressed GD3 synthase. These results led us 
to attempt to study the relationship between GD3 
expression and breast cancer invasion.  

In this study, we established GD3 
synthase-overexpressing cells (pc3-GD3s) in 
MDA-MB231 cells (Fig. 1B, C, D) and examined cell 
behavior of pc3-GD3s cells under 1 mg/ml G418 bulk 
selection. The growth of pc3-GD3s cells was not 
different from the pc3 cells (Fig. 2A). Cell proliferation 
is not affected by the specific ICAM1-1 siRNA (data 
not shown), when MDA-MB231 cells were transfected 
with ICAM-1 siRNA. Similar results using MCF-7 
breast cells were also observed, indicating that 
ICAM-1 is not related to the cell growth. Interestingly, 
the similar results are also reported in the recent 
report what used the MDA-MB-231 cells [20]. 
However, the morphology of the pc3-GD3s cells 
significantly changed when compared to the control 
(Fig. 2B). This result suggested that the overexpressed 
GD3 synthase can induce phenotypic changes in 
human breast cancer MDA-MB231 cells. 

 Invasion of breast cancer is important during 
the process of metastasis, since cell invasion and 
emigration activity determine the loss and gain of cell 
surface molecules [20, 40]. In breast cancer invasion, 
ICAM-1 is associated with inflammatory and immune 
responses, as well as with epithelial tumorigenesis 
[16, 20] and metastatic potential of breast cancer cells 
[21]. Then, we investigated the anti-metastatic 
potential of GD3 synthase-overexpressing 
MDA-MB231 cells as the ER negative cells. In in vitro 
invasion assay, invasion activity was markedly 
suppressed in the pc3-GD3s cells (Fig. 2C). ICAM-1 
expression was significantly down-regulated in 
pc3-GD3s cells (Fig. 3A, B, C, D, E), suggesting that 
over-expression of GD3 synthase suppresses invasion 
activity by down-regulation of ICAM-1. Interestingly, 
when SK-BR3 cells were used as another type of ER 
negative human breast cancer cell line, the SK-BR3 
(ER-) cells exhibited the reduced level of ICAM-1 
expression likely to MDA-MB231 cells, which are also 
ER negative breast cancer cells [2] (Fig. 4). In contrast, 

the ER positive (+) MCF-7 cells (ER+) [2] showed the 
increased expression level of ICAM-1. This clearly 
suggested that the estrogen receptor is indeed a 
co-regulator to regulate the ICAM-1 expression with 
GD3 to GD2 conversion in human breast cancer cells. 
Thus, it is suggested that GD2 may be a key regulator 
to downregulate the functional ICAM-1, intrinsically 
to cause the downregulated invasive potential in ER 
negative cell lines. As ICAM-1 has recently been 
suggested as a molecular target for triple negative 
breast cancer [41], the relationship between the ER 
and sialylated glycolipids is of interest for further 
elucidation in breast cancer biology. We have further 
tested various signaling pathways for potential 
influence on ICAM-1 expression, since ICAM-1 is 
reported to be regulated through several primary 
pathways: AKT, ERK and p38 activation [42, 43]. 
Phosphorylation of ERK and p38 was not changed in 
pc3-GD3s cells, but the phosphorylation of AKT was 
inhibited in the pc3-GD3s compared to the control 
(pc3) (Fig. 3F).  

In our previous paper [30], the over-expression 
of GD3 synthase in MDA-MB231 cells was shown to 
lead to expression of b- and c-series gangliosides 
including GD3, GD2 and GT3 [30]. Here, our results 
showed the accumulation of the ganglioside GD2 
instead of GD3 in GD3 synthase overexpressed cells 
(pc3-GD3s) (Fig. 5A). During the establishment of the 
stable pc3-GD3s transfectants, many different sialic 
acid-containing gangliosides were observed in the 
pc3-GD3s cells through the enforced GD3 synthase 
expression. Interestingly, our previous result [30] is a 
little bit opposite, as the GD3 synthase gene 
transfectants express and accumulate mainly GD3, 
GD2 and GT3 gangliosides when detected using 
FACS analysis in the initial stage. However, the 
absolute finding of the present study is that 
intracellular ganglioside GD3 is transformed to GD2 
type, probably by intracellular endogenous GD2 
synthase, more specifically Galactose-β1,4-GalNAc 
transferase. This is a new finding of the present study 
and the GD2 synthase or Gal-β1,4-GalNAc 
transferase-mediated GD2 synthesized from GD3 in 
the stably transfected pc3-GD3s cells triggers the 
inhibited expression of the ICAM-1. Therefore, it is 
interest to note that the GD3s transfectants further 
activate the downstream gangliosides synthesis, like 
GD2 in the stable pc3-GD3s cells, accumulating the 
GD2 in the breast cancer MDA-MB231 cells. This 
difference between the two different transfectant is 
caused by the present bulk selection or the previous 
one-colony selection. Therefore, composition of 
gangliosides could be affected by cell selective 
conditions.  
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