
INTRODUCTION

Cancer metastasis encompasses several fundamental bio-
logical processes: cancer initiation, epithelial-mesenchymal 
transition (EMT), breach of the basement membrane bar-
rier, neighbor invasion, intravasation, mesenchymal-epithelial 
transition (MET), extravasation, colonization and subsequent 
adaptation to foreign tissue microenvironments (Eccles and 
Welch, 2007; Valastyan and Weinberg, 2011; Wang et al., 
2013; Kim et al., 2015). Cancer metastasis accounts for ap-
proximately 90% of all cancer-related deaths. Effective ap-
proaches to inhibit cancer metastasis have not yet been de-
veloped (Cao et al., 2013). 

EMT is the first stage among several steps of metastasis. 
EMT is a cellular process during which epithelial cells show 
loss of cell-cell and cell-matrix junction, adopt a mesenchy-
mal cell shape, and acquire a de-differentiated, migratory 

and invasive behavior (Tiwari et al., 2012; Nieto et al., 2016). 
Over the past few decades, activation of an EMT program has 
been proposed as the critical mechanism for the acquisition of 
malignant phenotypes by epithelial cancer cells. But, it is still 
unclear what specific signals induce EMT in carcinoma cells 
(Kalluri and Weinberg, 2009; Nieto et al., 2016). 

Sphingosylphosphorylcholine (SPC) is one of the bioactive 
sphingolipids that have many cellular functions (Nixon et al., 
2008). Increased levels of SPC are found in atopic dermatitis, 
Niemann-Pick disease (NPD), and malignant ascites among 
patients with tumors (Xiao et al., 2001; Kurokawa et al., 2009). 
SPC induces invasion via secretion of matrix metalloprotein-
ase-3 (MMP-3) and perinuclear reorganization of keratin 8 
(K8) filaments that contribute to the viscoelasticity of meta-
static cancer cells (Beil et al., 2003; Kim et al., 2015, 2016).

Thrombospondin-1 (TSP-1) is a matricellular and calcium-
binding glycoprotein which was first discovered in activated 
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platelets (Lawler et al., 1978). Thrombospondin structural 
homology repeats (TSRs) are involved in neurite outgrowth, 
TGF-β-activation, inhibition of proliferation, inhibition of angio-
genesis by CD36 activation, and induction of apoptosis (Ad-
ams and Tucker, 2000; Jimenez et al., 2000). TSP-1 supports 
metastasis of breast cancer cells (Yee et al., 2009). Endothe-
lial cell derived TSP-1 induces sustained breast cancer cell 
quiescence (Ghajar et al., 2013).

However, nothing is known about the relationship between 
SPC and TSP-1 in cancer cells, especially in breast cancer 
and related cells.

In this study, we found that SPC induces EMT and secretion 
of TSP-1 in breast cancer and related cells. We also found that 
ERK2 is involved in SPC-induced TSP-1 secretion.

MATERIALS AND METHODS

Materials and plasmids
D-erythro- SPC and L-threo-SPC were obtained from Ma-

treya (Pleasant Gap, PA, USA). Mouse monoclonal antibody 
specific for thrombospondin-1 was purchased from Abcam 
(Cambridge, UK). Mouse monoclonal antibodies against b-ac-
tin and vimentin were purchased from Santa Cruz Biotechnol-
ogy, Inc (Santa Cruz, CA, USA). Rabbit polyclonal antibodies 
against N-cadherin and E-cadherin, monoclonal antibody spe-
cific for ERK1+ERK2 (phosphor T202+Y204+T185+Y187), and 
goat polyclonal antibody against STAT3 were purchased from 
Abcam (Cambridge, UK). Peroxidase-labeled secondary anti-
bodies were acquired from Santa Cruz Biotechnology. Alexa 
Fluor 488 goat anti-rabbit and 594 goat anti-mouse antibodies 
were obtained from Molecular Probes, Inc (Eugene, OR, USA). 
Dulbecco’s Modified Eagle’s Medium (DMEM) and DMEM-
F12, RPMI 1640 and defined fetal bovine serum (FBS) were 
obtained from Welgene, Inc (Daegu, Korea). Lipofectamine 
2000 Reagent was purchased from Invitrogen (Carlsbad, CA, 
USA), and SB203580, SP600125, and PD98059 were pur-
chased from Calbiochem (La Jolla, CA, USA). 

Cell culture, transfection and siRNA
The immortalized human mammary epithelial cell line MC-

F10A was maintained in DMEM/F-12 medium supplemented 
with 5% heat-inactivated horse serum (Welgene, Inc.), 10 μg/
ml insulin, 20 ng/ml EGF, 0.5 μg/ml hydrocortisone, strepto-
mycin (100 μg/ml), and penicillin (100 U/ml). Serum free me-
dium for MCF10A was DMEM/F12, supplemented with 10 μg/
ml insulin, 0.5 μg/ml hydrocortisone, streptomycin (100 μg/
ml), and penicillin (100 U/ml). MCF7 and MDA-MB-231 and 
HS578T, SKBR3 cells were obtained from ATCC (Rockville, 
MD, USA). The cells were cultured in DMEM without phenol 
red, supplemented with 10% (v/v) heat-inactivated fetal bo-
vine serum (FBS), streptomycin (100 μg/ml), and penicillin 
(100 U/ml) at 37 °C in a 5% CO2 atmosphere. T47D, ZR-75-
1, MDA-MB-453 cells were cultured in RPMI 1640 medium 
supplemented with 10% FBS and 1% penicillin streptomycin 
solution (PS) (Welgene, Inc.). All cells were grown at 37°C in a 
humidified, 5% CO2 atmosphere. The cells were washed three 
times in Dulbecco’s phosphate buffered saline (DPBS) and in-
cubated in serum-free medium for 18 h before the respective 
experiments. 

For transient knockdown of TSP-1, non-targeting siRNA 
and TSP-1 siRNAs were purchased from ST Pharm. Co (Si-

heung, Korea). A small interfering RNA (siRNA) duplex target-
ing human TSP-1, 5’-GGA GUU CAG UAC AGA AAU ATT-
3’ and 5’-GUA CAG AAA UAA CGA GGA ATT-3’ (ST Pharm. 
Co.) was introduced into the cells using Lipofectamine™ 2000 
reagent (Invitrogen), according to the manufacturer’s instruc-
tions. The cells were then cultured with or without SPC (5 μM). 

Western blot
Western blot analysis was performed, as described previ-

ously (Jeong et al., 2016). MCF10A cells were harvested and 
lysed in 50 mM Tris-HCl (pH7.5), 150mM NaCl, 1% triton X-100, 
1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, sterile so-
lution and protease inhibitors, phosphatase inhibitor (Gende-
pot, Barker, TX, USA) (Beil et al., 2003; Park et al., 2010). The 
protein concentrations in the supernatants were determined 
using Coomassie Plus (Pierce Biotechnology Inc., Rockford, 
IL, USA), as recommended by the manufacturer. The protein 
lysates were loaded onto a precast 8 or 10% polyacrylamide 
gradient gel. The proteins were separated by SDS PAGE and 
transferred onto a polyvinylidene fluoride (PVDF) membrane 
(Invitrogen) with glycine transfer buffer [192 mM glycine, 25 
Mm Tris-HCl (pH 8.8), 10% MeOH (v/v)]. After blocking the 
nonspecific site with 3% non-fat dry milk, the membrane was 
incubated with a specific primary antibody in 3% bovine se-
rum albumin (BSA) at 4°C overnight. The membranes were 
washed with TBS+0.1% Tween 20 and further incubated for 60 
min with a peroxidase-conjugated secondary antibody (1:5000, 
Santa Cruz) at room temperature. Immunoactive proteins were 
detected using the PowerOpti-ECL Western blotting detection 
reagent (Animal Genetics Inc., Suwon, Korea).

Confocal microscopy
Confocal microscopy was performed as described previ-

ously (Zheng et al., 2016). MCF10A cells were grown on cov-
erslips and fixed via SPC treatment 48 h later with methanol 
at -20°C. Fixed cells were permeabilized with a 10 min wash 
in 0.1% Triton X-100 at room temperature followed by several 
washes in PBS with 3% bovine serum albumin (PBS/BSA). 
Anti-N-cadherin or anti-E-cadherin or anti-vimentin (1:250) 
was incubated with coverslips overnight at 4°C. Excess an-
tibody was removed with four washes in PBS/BSA. Species-
specific second antibodies conjugated to goat anti-rabbit IgG 
antibody (Alexa Fluor 488, 1:500, Molecular Probes, Inc.) or 
goat anti-mouse IgG antibody (Alexa Fluor 594, 1:500, Mo-
lecular Probes, Inc.) were then reacted with the coverslips for 
1 h at room temperature followed with four washes in PBS/
BSA. The final samples were mounted onto slides and visual-
ized using a Nikon confocal microscope.

Cell migration assay
Migration assays were performed using a multi-well cham-

ber (Neuroprobe Inc., Gaithersburg, MD, USA) coated with 10 
μg/ml fibronectin as a chamoattractant (Park et al., 2013; Lim 
et al., 2015). Briefly, MCF10A cells were suspended in DMEM 
at 1×106 cells/ml, and a 25 μl aliquot of this suspension was 
placed into the upper well of the chamber. Next, the aliquot 
was separated from the 3% serum-containing lower well by an 
8 μm polyhydrocarbon filter. After incubation for 4 h at 37°C, 
non-migrated cells on the upper surface of the membrane 
were scraped off, and the migrated cells on the lower surface 
were stained by Diff-Quick, which were subsequently count-
ed under less than five randomly chosen high power fields 
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(400×). All experiments were repeated at least three times 
with three replicates each.

Cell invasion assay
Cell invasion assay was performed as described previously 

(De et al., 2015). Invasion assays were performed using a 24-
well Transwell unit with polycarbonate filters having a diam-
eter of 6.5 mm and a pore size of 8.0 mm (Corning, NY, USA). 
Briefly, a fixed number of cells (5×104 cells/chamber) were 
used for each invasion assay. The lower and upper parts of 
the Transwell were coated with 20 ml of a 1:2 mixture of Matri-
gel: DMEM. Cells were plated on the Matrigel-coated Tran-
swell. The medium in the lower chambers contained 0.1 mg/
ml of bovine serum albumin. After incubation for 24 h at 37°C, 
cells invading the lower surface of the membrane were fixed 
with methanol, and stained with hematoxylin and eosin (H&E 
stain), which were subsequently counted under five randomly 
selected fields (400×). All experiments were repeated at least 
three times with three replicates each.

Acetone precipitation
Cell culture supernatants were collected and centrifuged at 

1,000 rpm, 5 min. The cell free supernatant was incubated 
with 80% cold acetone at -20°C for 60 min. Subsequently, the 

samples were centrifuged at 15,000 rpm at 4°C for 30 min-
utes. The supernatant was carefully aspirated and the pellets 
were allowed to air dry at 23°C.

Prognostic evaluation of TSP-1
Prognostic evaluation of TSP-1 was done according to in-

struction provided by Goswami and Nakshatri (2014). 

Statistical analysis
The data are expressed as the mean ± SEM of at least 

three independent experiments performed in triplicate. p<0.05 
was considered statistically significant. 

RESULTS

SPC induces EMT in MCF10A cells
SPC was found in patients with malignant tumors (Seuffer-

lein and Rozengurt, 1995; Calcerrada et al., 1999; Bogu-
slawski et al., 2000; Meyer zu Heringdorf et al., 2002; Xu, 
2002). SPC induces invasion of MCF10A cells via secretion of 
MMP-3 and phosphorylation and reorganization of keratin 8. 
Sustained keratin phosphorylation leads to keratin loss (Beil 
et al., 2003; Kim et al., 2015, 2016). These results suggested 

Fig. 1. SPC induces epithelial mesenchymal transition in MCF10A cells. (A) Change of morphology in MCF10A cells treated with the indi-
cated D-erythro-SPC (5 μM) for 48 h under serum free media condition. (B) Expression level of EMT marker proteins under the same condi-
tions. (C) Confocal microscopic examination of N-cadherin and vimentin in MCF10A cells were treated with SPC (5 μM) for 48 h. Immuno-
fluorescence staining was performed using N-cadherin (green), and vimentin (red). 
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that SPC might be involved in EMT. Therefore, we examined 
whether SPC induced epithelial-mesenchymal transition in 
breast related MCF10A cells. SPC induced a mesenchymal 
morphology-long spindle shaped-change in MCF10A, an 
epithelial breast immortalized cell line (Fig. 1A). Loss of E-
cadherin expression was observed in SPC-treated MCF10A 
cells compared with non-treated cells (Fig. 1B). Mesenchymal 
markers including N-cadherin, and vimentin were increased 
in SPC treated MCF10A cells (Fig. 1B). These observations 
were also confirmed by confocal microscopy (Fig. 1C). SPC 
induced migration and invasion of MCF10A cells (Supplemen-
tary Fig. 1, 2).

SPC induces TSP-1 secretion in MCF10A cells
Several studies have reported that TSP-1 promoted cell mi-

gration and invasion of different cells (Sid et al., 2008; Firlej et 
al., 2011). The type 1 repeats of TSP-1 activate latent TGF-b1 
which is a typical EMT inducer (Schultz-Cherry et al., 1994; 
Park et al., 2013). Therefore, we investigated whether SPC 
induced TSP-1 in the course of EMT in breast cancer and re-

lated cell lines. SPC dose-dependently induced secretion of 
TSP-1 in MCF10A cells (Fig. 2A). The TSP-1 secretion was 
first detectable after 16 h and reached a maximum after 48 
h incubation in the presence of SPC (Fig. 2B). SPC-induced 
secretion of TSP-1 was also confirmed in other breast cancer 
cell lines such as MCF-7, T47D, ZR-75-1, SK-BR-3, MDA-
MB-453, and HS578T (Fig. 2C). 

Effects of TSP-1 knock-down on SPC-induced EMT in 
MCF10A cells

We examined the involvement of TSP-1 in SPC-induced 
EMT using a TSP-1 siRNA. Knock-down of TSP-1 inhibited 
SPC-induced EMT in breast cancer cells (Fig. 3A). Gene si-
lencing of TSP-1 in MCF10A cells restored the E-cadherin ex-
pression decreased by SPC and reversed the SPC-induced 
vimentin and N-cadherin expressions (Fig. 3A). Gene silenc-
ing of TSP-1 was confirmed by Western blot (Fig. 3A). These 
findings were also confirmed by confocal microscopy (Fig. 
3B). TSP-1 si-RNA significantly blocked SPC-induced migra-
tion and invasion (Fig. 3C). These observations suggested 
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Fig. 2. Effects of SPC on thrombospondin secretion in MCF10A cells. (A) Dose dependent secretion level of TSP-1 in MCF10A cells stimu-
lated with the indicated concentrations of D-erythro-SPC for 48 h. (B) Time dependent secretion of TSP-1. MCF10A cells were treated with 
5 μM SPC for the times indicated. (C) Secretion level of TSP-1 in various cancer cell lines. In (A) and (B), SPC treatment was conducted 
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that TSP-1 is involved in SPC-induced EMT of MCF10A cells.

Effects of MAP kinase inhibitors on SPC-induced TSP-1 
expression and secretion in MCF10A cells

SPC-induced TSP-1 secretion is involved in SPC-induced 
EMT but the mechanism of TSP-1 secretion remains unclear. 
Therefore, we investigated the signaling pathway involved in 
SPC-induced TSP-1 secretion using MAP kinase inhibitors 
including PD98059 (MEK inhibitor), SB203580 (p38 kinase in-
hibitor), and SP600125 (JNK inhibitor). PD98059 suppressed 
TSP-1 secretion, N-cadherin and vimentin expressions, and 
restored E-cadherin expression (Fig. 4A, 4B). However, 
SP600125 (JNK inhibitor) and SB203580 (p38 kinase inhibi-
tor) did not have any of the effects that PD98059 had (Fig. 4A). 
SPC induced ERK1/2 activation and PD98059 suppressed it 
(Fig. 4B). PD98059 also suppressed the SPC-induced migra-
tion of MCF10A cells (Supplementary Fig. 3).

Involvement of ERK2 in SPC-induced thrombospondin-1 
secretion in MCF10A cells

Inhibition of SPC-induced TSP-1 secretion and EMT by 
PD98059 suggested that the ERK pathway is involved in 
SPC-induced EMT and TSP-1 secretion. Therefore, we ex-
amined the involvement of ERK2 in these processes using 
siRNA against ERK2 since ERK2 but not ERK1 is involved 
in EMT process (Shin et al., 2010). Both of two ERK2 siRNA 
suppressed the SPC-induced TSP-1 secretion and N-cad-
herin and vimentin expressions, and restored the E-cadherin 

expression (Fig. 5A). These observations were confirmed by 
confocal microscopy (Fig. 5B). In contrast, ERK2 overexpres-
sion increased the SPC-induced TSP-1 secretion and EMT in 
MCF10A cells (Fig. 5C). ERK2 siRNA suppressed the SPC-
induced migration and invasion of MCF10A cells (Fig. 5D).

Effect of TSP-1 expression on relapse-free survival and 
metastasis-free survival

We examined the effect of TSP-1 expression on relapse-
free survival and metastasis-free survival in patients with 
breast cancer using the online KMPLOT site, PROGgene V2. 
The breast cancer patients were divided into two subgroups, 
TSP-1high and TSP-1low on the basis of their median expression 
level. The survival curves displayed a significant difference in 
the probability of relapse-free survival (p-value=0.04). The sur-
vival curves in the other microarray set (GSE48408) showed 
a significant difference in the probability of metastasis- free 
survival (p-value=0.014) (Wang et al., 2005; Sørensen et al., 
2013). A high TSP-1 expression was associated with poor 
relapse-free and metastasis-free survivals in patients with 
breast cancer (Fig. 6A, 6B). Using the Cox regression analy-
sis, the estimated hazard ratios for TSP-1high compared with 
TSP-1low in relapse-free survival were 1.27 in one microarray 
(GSE2034) and 1.36 in metastasis-free survival in the other 
microarray set (GSE48408).
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DISCUSSION

Breast cancer accounts for the second highest percentage 
of deaths according to the American Cancer Society and it is 
mostly metastasized to brain, bone, and lungs, liver (Foulkes 
et al., 2010). Especially, triple-negative breast cancer (TNBC), 
which is a subtype of breast cancer that does not express the 
estrogen and progesterone receptors (ER/PR) and HER2, is 
correlated with a poor disease prognosis, high risk of recur-
rence and poor disease-free survival (Foulkes et al., 2010; 
Fosu-Mensah et al., 2015).

SPC induces EMT which plays an important role in cancer 
metastasis because it can promote metastasis to other organs 
(Nieto et al., 2016) (Fig. 1). Several inducers including TGF-
b1 induce EMT in several cancer types. SPC might be added 
to these lists. SPC-induced EMT might be linked with TGF-
b1 signaling since SPC induces differentiation of mesenchy-
mal transition by TGF-b1 dependent mechanism (Jeon et al., 
2006). 

SPC dose- and time-dependently induced TSP-1 secretion 
during the SPC-induced EMT and TSP-1 is involved in SPC-
induced EMT (Fig. 2, 3). The reports which show that TSP-1 
promotes cell migration and invasion suggested that SPC-

induced TSP-1 expression might play a key role in EMT since 
migration and invasion are the key indicators of EMT (Sid et 
al., 2008; Firlej et al., 2011). Furthermore, SPC-induced TSP-
1 secretion suggested that TGF-b1, a typical induce of EMT, 
might be involved in SPC-induced EMT since TSP-1 activates 
latent TGF-b1 (Schultz-Cherry et al., 1994; Murphy-Ullrich and 
Poczatek, 2000). 

PD98059 suppressed SPC-induced TSP-1 secretion and 
EMT (Fig. 4A). ERK is a downstream kinase that is phos-
phorylated by MEK. PD98059 inhibited SPC-induced phos-
phorylation of ERK (Fig. 4B). ERK2 but not ERK1 is involved 
in EMT (Shin and Blenis, 2010; Shin et al., 2010). Therefore, 
we examined the effects of ERK2 in SPC-induced EMT (Fig. 
5). Secretion of TSP-1 was significantly suppressed by ERK2 
siRNA (Fig. 5A, 5B). Overexpression of ERK2 enhanced the 
secretion of TSP-1 (Fig. 5C). It is still unclear whether SPC 
induce expression and secretion of TSP-1 or SPC induce only 
secretion of TSP-1 but not expression of TSP-1. However, it 
is clear that ERK2 seemed to be involved in the SPC-induced 
secretion of TSP-1 (Fig. 2, 5). Actually, ERK1/2 phosphory-
lates the proteins involved in the secretion process (Farhan 
and Rabouille, 2011).

How does SPC induce secretion of TSP-1b In fact, SPC 
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was reported to be a ligand for G protein coupled receptors 
(GPCR) including GPR3, GPR4, GPR12 and OGR1 which are 
important categories for drug development (Xu et al., 2000;  
Zhu et al., 2001; Ignatov et al., 2003; Im, 2003; Schlyer and 
Horuk, 2006; Yang et al., 2012). However, the reports about 
GPR4 and OGR1 were retracted (Retraction, 2005, 2006). 
Recently, we reported that GPR12 might mediate SPC-in-
duced keratin phosphorylation and reorganization (Park et al., 
2016). However, the involvement of GPCR in SPC-induced 
TSP-1 secretion can be checked using pertussis toxin since 
SPC is believed to modulate cellular response via pertussis 
toxin-sensitive GPCR (Lee et al., 2011).

High expression of TSP-1 was related to poor prognosis of 
breast cancer patients in terms of relapse free survival and 

metastasis free survival (Fig. 6). These observations were 
consistent with the reports that TSP-1 promotes an aggres-
sive phenotype through epithelial-to-mesenchymal transition 
in human melanoma and TSP-1 is a bad prognositic marker 
for TNBC (Jayachandran et al., 2014; Campone et al., 2015). 
TSP-1 is highly expressed in desmoplastic components of 
invasive ductal carcinoma of the breast and associated with 
lymph node metastasis (Horiguchi et al., 2013).

Taking together the above results, the increase in TSP-1 
secretion is involved in SPC-induced EMT. ERK activation by 
SPC controls TSP-1 secretion. Therefore, inhibition of SPC-
induced TSP-1 expression might be a new way of controlling 
the SPC-induced EMT.
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Fig. 5. Effects of ERK2 siRNA on SPC-induced TSP-1 secretion in MCF10A cells. (A) Effect of ERK2 gene silencing on TSP-1 secretion 
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