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Abstract: Breast cancer includes biologically distinct subtypes, and the time between rise in distant metastases and 
overall survival for the subtypes are different. The mechanisms involved in these differences in tumor metastasis 
remain to be elucidated. Here, we demonstrated that, luminal type A breast cancer cells, such as MCF7 and T47D, 
when overexpressed with active mutant form of Snail (6SA-Snail) increased in the expression of EMT markers such 
as Vimentin, N-cadherin and Fibronectin but decreased in the expression of E-cadherin, compared to control vectors 
or wild type Snail. Moreover, this mutant increased in migration and invasion ability, while decreased in the capacity 
to survive and form spheres in tumor spheroid medium. Luciferase reporter assay and chromatin immunoprecipita-
tion followed by quantitative PCR (ChIP-qPCR) analysis revealed that Snail downregulated Src by binding to the E-box 
of Src promoter. Human luminal type A breast cancer specimens showed an inverse correlation between Vimentin 
and Src expression. Most importantly, downregulation of Src by Snail was not found in breast cancer cell types other 
than luminal type A. Therefore, elucidation of the differences in signaling pathways involved in controlling migration, 
invasion and colonization may have a therapeutically beneficial effect on breast cancer treatment.
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Introduction

Breast cancer, ranking the most common ma- 
lignant disease in Western women, is classified 
into five biologically distinct subgroups includ-
ing Luminal A (ER+ ck8h/ck18h), Luminal B (ER+ 
ck8l/ck18l), Basal (ER- ck5+/ck17+) and ERBB2+ 
(ER- ERBB2+ GFRBP7+) and normal breast-like 
types. Luminal type has the best prognosis, 
while basal type or ERBB2+ has the worst pro- 
gnosis. Interestingly, basal type or ERBB2+ 
breast cancers relapse and develop metasta-
sis early (less than 5 years from surgery), while 
ER+ cancers have a relative constant rate of 
relapse and metastasis over several years to 
decades, showing latency in cancer progres-
sion [1]. Although targeting ER signaling to mo- 
dulate the DNA repair activities of BRCA1 [2]  
or inhibiting microtubules with 5-arylalkynyl-

2-benzoyl thiophene [3], may induce cancer cell 
toxicity, these strategies may not prevent latent 
metastasis.

In breast cancer, metastasis rather than the  
primary tumor is the leading cause of death. 
According to the widely held model of metasta-
sis, rare subpopulations of cells within the pri-
mary tumor acquire advantageous genetic al- 
terations over time, which enable these cells to 
metastasize and form new solid tumors at dis-
tant sites [4]. Recently, metastasis is demon-
strated as a step-wise process, cooperated by epithe- 
lial-to-mesenchymal transition (EMT) wherein 
epithelial cells depolarize and gain the capacity 
for invasion, intravasation, survival in circula-
tion and extravasation [5], whereas mesenchy-
mal to epithelial transition (MET) manages dis-
seminated cancer cells outgrowth for coloniza-
tion [6].
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Cancer dormancy, known as the latency period 
for cancer progression, in which residual dis-
ease is present but remains asymptomatic, 
may precede the development of recurrent 
metastatic disease for years or even decades 
[7]. There are various mechanisms of cancer 
dormancy including cellular dormancy (G0-G1 
arrest) with reduced mitogenic or PI3K-AKT  
signaling, angiogenic dormancy, activation of 
stress signaling, microenvironmental regula-
tion via secreted BMP4 or BMP7, and immu- 
nosurveillance [8-11]. However, these mecha-
nisms fail to explain the differences in latency 
between different subtypes of mammary can-
cer. It is necessary to provide a new picture of 
how cancer dormancy occurs and how it could 
be a therapeutic target.

Pancreatic cancer cells that have undergone 
EMT and acquired stem cell properties can dis-
seminate from primary neoplastic lesions [12]. 
Moreover, expression of EMT inducer, Snail or 
Twist [13, 14], induction of EMT by TGF-β [15], 
or the expression of jumping translocation 
breakpoint (JTB) gene [16] promotes dissemi-
nation and metastasis of mammary neoplasia. 
These data suggest that EMT may be responsi-
ble for dissemination. However, disseminated 
cancer cells (DCCs) still go through a latency 
period in which they acquire additional genetic 
or epigenetic changes to adapt and colonize. 
The metastatic microenvironments, in which 
metastatic lesions almost invariably display 
epithelial features, suggests that DCCs sh- 
ould undergo MET to adopt epithelial pheno-
types before colonization [17]. 

Here, we hypothesized that cancer dormancy in 
different subtypes of mammary tumors may 
occur during EMT development. We first show- 
ed that prolonged latency in luminal A breast 
cancer was associated with loss of epithelial 
markers following EMT induction, which was 
not observed in other breast cancer subtypes. 
In luminal type A breast cancer, Snail+ cells 
underwent EMT but lost the ability to colonize, 
which was attributed to Snail-induced Src do- 
wnregulation. Only when the active form of Src 
was overexpressed, Snail+ DCCs started to sur-
vive in suspension culture and form spheroids. 
Collectively, these data demonstrate that tar-
geting the mechanisms of metastatic dorman-
cy in breast cancer may lead to the develop-

ment of new strategies for the treatment of this 
disease.

Materials and methods

Cell lines and reagents

MCF7, T47D and MDA-MB-231 cell lines were 
obtained from ATCC and grown in DMEM/F12 
(Gibco, Grand Island, NY) containing 10%  
FBS. Other breast cancer cell lines AU-565  
and BT-474 were obtained from ATCC and cul-
tured in RPMI-1640 (Gibco) containing 10% 
FBS. All cells were cultured at 37°C in a humi- 
dified incubator containing 5% CO2. Cell lines 
used in the study were confirmed to be myco-
plasma-negative before experiments. The fol-
lowing reagents were purchased from commer-
cial companies: PP2 (10 μM, Sigma-Aldrich, 
Saint Louis, MO), U0126 (20 μM, Sigma-Aldri- 
ch) and S3I-201 (100 μM, Merk, Schwalbach, 
Germany).

Western blotting assay

Cells (8×105) were rinsed with PBS and lysed  
by M-PER Mammalian Protein Extraction Rea- 
gent (Pierce, IL) with Halt™ Protease Inhibitor 
Cocktail Kit (Pierce, IL). Protein levels were 
determined using the BCA assay (Pierce, IL). 
After being heated for 5 min at 95°C in Laem- 
mli Sample Buffer (Bio-rad, Richmond, CA), 
equal aliquots of the cell lysates were run on a 
10% SDS polyacrylamide gel. Proteins were 
transferred to PVDF membrane, blocked with 
5% milk, probed with primary antibodies and 
reacted with corresponding secondary antibod-
ies, then detected with the enhanced chemilu-
minescence system (Millipore, Billerica, MA). 
Membranes were exposed to an X-ray film to 
visualize the bands (Amersham Pharmacia 
Biotech, Piscataway, NJ). Primary antibodies 
contained Snail (#3879), E-cadherin (#4065), 
N-cadherin (#4061), Src (#2108), pSrc (Y527, 
#2105) pAkt (T308, #9275), pAkt (S473, 
#9271), FAK (#3285), pFAK (Y925, #3284), 
STAT3 (#9132), pSTAT3 (Y705, #9131), ERK 
(#9102) and pERK (T202/T204, #9101) which 
was purchased from Cell Signaling Technology 
(Beverly, MA), and vimentin (MAB3400), β-tu- 
bulin (#05-661) were purchased from Millipo- 
re (Billerica, MA), and Fibronectin (sc-8422), 
pPP2A (sc-12615), were purchased from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA), and 
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cleaved-caspase 3 (1476-1) was purchased 
from Epitomics (Burlingame, CA). 

In vitro migration and invasion assay

Cells were labeled with a vital dye, either 
CMFDA (green, 492 ex, 516 em, Molecular 
Probes) or CMTMR (red, 540 ex, 566 em, 
Molecular Probes; Eugene, OR; http://www.
probes.com) at a final concentration of 1-10 
mM in pre-warmed Hank’s Balanced Salt 
Solution (HBSS) for 10 min at 37°C. The medi-
um was replaced with pre-warmed medium and 
incubated for 30 min at 37°C. Cells were then 
washed three times with PBS, dislodged with 
0.5 mM EDTA and dispersed into homogeneous 
single-cell suspensions in serum-free and phe-
nol red-free DMEM to a concentration of 105 
cells/300 ml. To assess migration or invasion, 
a modification of the Boyden chamber meth- 
od was used. CMFDA-labeled cells (105) were 

added to each insert of 24-Multiwell plate (BD 
FalconTM HTS FluroBlockTM Insert System, 8-µm 
pore size) with or without 100 μl Matrigel (2 
mg/ml) (Becton, Dickinson and Company, Bi- 
llerica, Massachusetts), and 1 ml of phenol 
red-free DMEM with increasing concentrations 
of FBS was added to the lower compartments. 
Migration was allowed to proceed for 14 to  
20 h and invasion was allowed to proceed for 
24 to 48 h at 37°C. Cells that had migrated to 
the lower surface of the filter were counted 
under a fluorescence-equipped microscope at 
100× magnifications. The average number of 
migrating cells per field was assessed by count-
ing at least four random fields per filter. Data 
points indicate the mean obtained from three 
separate chambers within one representative 
experiment.

Spheroid culture assay

For spheroid suspension culture, cancer cells 
were suspended in a tumorsphere medium 
consisting of DMEM/F12 (Corning, Manassas, 
VA), N2 supplement (Gibco Life Technologies, 
Paisley, UK), human recombinant epidermal 
growth factor (EGF) (20 ng/mL, PeproTech, 
Rocky Hill, NJ), and basic fibroblastic growth 
factor (bFGF) (10 ng/mL, PeproTech) in the 
ultra-low dish (Corning, Manassas, VA). For- 
mation of spheres, defined as cell colonies >50 
µm in diameter and >50% in an area showing  
a 3-dimensional structure and blurred cell mar-

gins [18], was assessed at indicated time 
periods.

TUNEL assay for suspension apoptosis

Detection of apoptosis in spheroid suspension 
culture was performed at 48 h according to the 
manufacturer’s instructions (Roche Molecular 
Biochemicals, Indianapolis, IN). Cells were first 
fixed with 4% paraformaldehyde, rinsed with 
PBS, incubated with blocking solution (3% H2O2 
in methanol) for 10 min, rinsed with PBS, per-
meabilized by 0.1% Triton X-100 in 0.1% sodium 
citrate for 2 min at 4°C, and incubated with 
reaction mixture for 60 min at 37°C in the dark. 
Then the cells were rinsed with PBS and coun-
terstained with 4,6-diamidino-2-phenylindole 
(DAPI). Immunofluorescence was observed with 
fluorescence microscope.

Transfection of gene overexpression con-
structs

The pCMV-Tag 2B-Snail WT or 6SA plasmids 
were provided by Dr. Mien-Chieh Hung [19]. For 
transfection of cells with control pmaxGFP or 
experimental gene silencing or overexpression 
constructs, Nucleofector technology (AMAXA 
Biosystems, Cologne, Germany) was used with 
each nucleofection sample containing 4 μg of 
DNA, 5×105 cells, and 100 μl of Human Can- 
cer Cell Nucleofector Solution. The transfection 
was carried out under the program C-17 of the 
Nucleofector device, as described previously 
[20]. The transfected cells were then suspend-
ed in an appropriate volume of 20% FBS sup-
plemented medium and seeded for further  
culture. After 48 h of incubation, protein was 
extracted by M-PER Mammalian Protein Ex- 
traction Reagent with Halt™ Protease Inhibitor 
Cocktail Kit for western blot.

Lentiviral production and cell infection

The lentiviral-based expression plasmids, pLO-
VE-c-Src WT or Y527F plasmids, were obtained 
by Dr. Dihua Yu from Departments of Molecu- 
lar and Cellular Oncology, University of Texas M. 
D. Anderson Cancer Center [21]. Lentiviral pro-
duction for Src WT or Y527F overexpression 
were performed by transfection of 293T cells 
using Lipofectamine 2000 (LF2000; Invitrogen) 
[22]. Cells were infected in the presence of 8 
µg/mL polybrene (Sigma-Aldrich) and selected 
with puromycin (1 µg/mL).
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Transcriptome analysis

Total RNA was isolated using the RNeasy kit 
(Qiagen, Hilden, Germany). The generation of 
labelled cRNA and its hybridization to Human 
U133 Plus 2 GeneChip arrays (Affymetrix, 
Santa Clara, CA) were carried out at the geno- 
mic core facilities in the National Yang-Ming 
University (Taipei, Taiwan) according to the 
standard procedures. Functional annotation 
and identification of over-represented function-
al themes were performed using Reactome 
database of GSEA [23]. Data were submitted 
and approved by Gene Expression Omnibus 
(GEO; accession number GSE206046).

Quantitative real-time PCR

The method of quantitative real-time RT-PCR 
was performed as described [26]. Total RNA  
(2 μg) of each sample reversely transcribed in 
20 μl using 0.5 μg of oligo (dT) (Invitrogen, 
Carlsbad, CA) and 200 U Superscript III RT 
(Invitrogen, Carlsbad, CA). Amplification was 
carried out in a total volume of 20 μL, with 
SYBR Green PCR MasterMix (Applied Biosys- 
tems, Foster City, CA), the cDNA and 500 nM  
of each primer. All of Primer sequences are list 
in Table S1. The reaction conditions were one 
cycle at 95°C for 10 min followed by 40 cycles 
of denaturation at 95°C for 15 sec, annealing 
at 56°C for 15 sec, and extension at 72°C for 
40 sec. Standard curves (cycle threshold val-
ues versus template concentration) were pre-
pared for each target gene and for the endoge-
nous reference (GAPDH) in each sample. The 
quantification of the unknown samples was 
performed by the ABI Applied Biosystems 
(Foster City, CA) with StepOne software v2.0.

ChIP-PCR

Expression of 3rd E-box was confirmed by PCR 
using forward Src primer and as internal control 
(Table S1). The amplification was carried out  
in a total volume of 25 μL containing 500 ng 
genomic DNA, 0.4 μM of each primer, 200 μM 
dNTP (Takara Biochemicals, Otsu, Japan), 1.5 
mM MgCl2 (Roche), 1 U FastStart Taq poly-
merase (Roche) and 1× PCR reaction buffer 
(Roche). The entire mixture of 25 μL was sub-
jected to 35 cycles of 1 min denaturation at 
95°C, 1 min to allow annealing at 63°C, and 2 
min of extension at 72°C. During the last cy- 
cle, the extension time was increased by 7 min. 

Amplified products were analyzed by 1.5% aga-
rose gel electrophoresis

Luciferase activity assay

A 610-bp fragment containing the functional 
promoter region of the human c-Src gene [24] 
was cloned into pGL3 Luciferase reporter plas-
mid (Promega, Madison, Wisconsin). For gener-
ation of Src promoters containing mutation 
sites, site-directed mutagenesis method using 
PCR was applied. Luciferase assay was per-
formed using the Dual Luciferase Reporter 
Assay kit, according to the manufacturer’s  
protocol (Promega, Madison, WI, USA). Briefly, 
MCF7-CV and MCF-6SA cells were cultured in 
serum-free medium in 96-well assay plates  
and transfected with 200 ng/well reporter plas-
mid, plus 20 ng/well control plasmid, Renilla 
luciferase plasmid (pRL-TK). After 24 hours of 
incubation, cells were replenished with fresh 
medium. After 48 hours of treatment lucifera- 
se assays were performed. All transient trans-
fections were performed using Lipofectamine 
2000 (Invitrogen).

Immunohistochemical staining

Paraffin-embedded tumor blocks including 
ER+/-, PR+/- and HER2+/- samples were provided 
by Tissue Bank in Taipei VGH after IRB app- 
roval (No. 2020-07-025CC). Paraffin-embedd- 
ed tumor sections were deparaffinized in xy- 
lene, dehydrated through graded alcohols, and 
pretreated with 0.4 mg/ml proteinase K (DAKO, 
Carpinteria, Calif., USA) in TRIS-HCl for 15 min 
at room temperature for optimal antigen retriev-
al. Residual enzymatic activity was removed by 
washing in phosphate-buffered saline (PBS), 
and non-specific staining was blocked with  
PBS containing 10% normal horse serum for 20 
min at room temperature. The sections were 
then reacted with mouse monoclonal antibod-
ies against Src (#2110, Cell Signaling) and 
vimentin (MAB3400, Millipore) for 1 h at room 
temperature. After extensive washes with PBS, 
a secondary antibody of biotinylated horse  
anti-mouse (1:200; Vector Laboratories, Mass., 
USA) was placed on the sections for 30 min  
at room temperature. Immunostaining was 
detected by Vectastain ABC reagent (Vector 
Laboratories, Burlingame, Calif., USA), followed 
by diaminobenzidine staining. Counterstaining 
was performed with Mayer’s hematoxylin.
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Statistical analysis

All values are expressed as mean ± SD. An- 
alysis of variance (ANOVA) and the unpaired 
student’s t-test were used for statistical com-
parisons in groups greater than and equal to 
two, respectively (GraphPad Prism 8.0; Graph- 
Pad Software, CA). A value of P<0.05 is consid-
ered to be statistically significant.

Results

EMT-induced by Snail increases migration and 
invasion of luminal type A breast cancer cells

To investigate the role of EMT in promoting 
migration, invasion and metastasis of luminal 
type A breast cancer cells, we overexpressed 
an active mutant of Snail, 6SA-Snail, which has 
been demonstrated to be resistant to protea-
some-dependent degradation [19]. Luminal 
type A tumor cell line, MCF7, when overex-
pressed with 6SA-Snail gene (referred to as 
MCF7-6SA) adopted the fibroblastic-like mor-
phology (Figure 1A), and increased in the ex- 
pression of EMT markers, such as Vimentin, 

N-cadherin and Fibronectin, but decreased in 
the expression of E-cadherin compared to cells 
overexpressed with control vectors (referred to 
as MCF7-CV) (Figure 1B). Moreover, these cells 
increased in the capacity of migration (Figure 
1C) and invasion (Figure 1D). As expected, 
MCF7 cells overexpressed with wild type (WT) 
Snail gene (referred to as MCF7-WT), which 
contains the phosphorylation site for ubiquiti-
nation [19], did not obviously increase the pro-
tein level of Snail and the EMT phenotypes 
(Figure 1B-D). Similar findings were also ob- 
served in another luminal type A breast cancer 
cell line, T47D (Figure S1A-D). These data sug-
gest that Snail-induced EMT increases migra-
tion and invasion in luminal type A breast can-
cer cells.

Snail-induced EMT reduces breast cancer cell 
colonization and spheroid formation

Because the next step of metastasis follow- 
ing extravasation is colonization [25], we next 
examined the effect of Snail-induced EMT on 
colonization ability by using a suspension 
spheroid culture assay [26, 27]. We observed 

Figure 1. Overexpression of 6SA-Snail in MCF7 increases EMT phenotype. MCF7 cells were transfected with control 
vector (CV) or vector carrying wildtype (WT) Snail or 6SA-Snail mutant (6SA), followed by (A) morphological observa-
tion, (B) analysis of protein expression by western blotting, (C) migration, and (D) invasion assay. The quantification 
results are shown as mean ± SD. Asterisks indicate significant differences as determined by the One Way ANOVA 
(**P<0.01, ***P<0.001, ****P<0.0001 versus CV). Scale bar, 100 μm.
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that MCF7-CV and MCF7-WT but not MCF7- 
6SA cells formed spheres in suspension culture 
(Figure 2A), suggesting Snail-induced EMT de- 
creases colonization in luminal type A breast 
cancer cells. The ability to survive in suspen-
sion culture is a key factor in determining colo-
nization of cancer stem cells [26, 27]. We th- 
us examined the suspension survival ability for 
these cells and found that, MCF7-CV and  
MCF7-WT but not MCF7-6SA survived in sus-
pension culture (Figure 2B). T47D cells overex-
pressed with 6SA-Snail also decreased in sp- 
here formation and suspension survival, com-
pared to cells overexpressed with control vec-
tor (Figure S2A, S2B). Moreover, the decreased 
suspension survival in MCF7-6SA was associ-
ated with an increased level of active caspase 
3 (Figure 2C). Together these data suggest th- 
at Snail-induced EMT reduces the suspension 
viability of luminal A breast cancer cells, there-
by inhibiting their colonization and spheroid 
formation.

Snail induces apoptosis in suspension condi-
tions via Src downregulation 

There are many mechanisms or molecules that 
drive DCCs to colonize distant tissues, includ-
ing BMP antagonists [28, 29], MET inducers 
[30], factors suppressing EMT inducer, such as 
Prxx1 [6], loss of dependency on anchorage for 
growth [31], activation of stem cell signaling 
[32, 33], and metabolic reprogramming [34, 
35]. To elucidate the downstream signaling by 
which 6SA-Snail suppresses colonization, we 
first compared the expression profiles of MCF7-
CV and MCF7-6SA with the use of microarray 
data. Through gene set enrichment analysis 
(GSEA), we found that several pathways were 
upregulated or downregulated in MCF7-6SA, 
compared to MCF7-CV (Figure S3A). Of these, 
estrogen-dependent gene expression and es- 
trogen receptor (ESR)-mediated signaling were 
among the most downregulated pathways in 
MCF7-6SA (Figure S3B), which may contribute 
to the previously observed phenotypic changes 

Figure 2. Overexpression of 6SA-Snail in MCF7 reduces the capacity for 
spheroid formation and survival in suspension culture. MCF7 cells were 
transfected with control vector (CV) or vector carrying wildtype (WT) Snail 
or 6SA-Snail mutant (6SA), followed by (A) analysis of spheroid forma-
tion at 15 days, (B) TUNEL assay, (C) and analysis of active caspase 3 
levels by western blotting in suspension for 48 h. (A and B right) The 
quantification results are shown as mean ± SD. Asterisks indicate sig-
nificant differences as determined by the One Way ANOVA (**P<0.01, 
***P<0.001, ****P<0.0001 Versus CV). Scale bar, 100 μm.



Snail downregulates Src

3938 Am J Cancer Res 2022;12(8):3932-3946

in these ER+ cancer cell lines. Interestingly, Src, 
an important colonization master gene that 
plays an important role in distant metastasis  
of luminal A breast cancer [36], was listed in 
ESR-mediated signaling and downregulated in 
MCF7-6SA (Figure S3C). We further confirm- 
ed that 6SA-Snail downregulated Src both as 
mRNA (Figure 3A) and protein levels (Figure 
3B). However, phosphorylation levels of Akt at 
serine 308 and threonine 473 were increased 
in MCF7-6SA compared to MCF7-CV, suggest-
ing that Akt, an important factor for supporting 
cancer stemness and sphere formation in other 
cancer types [37, 38], did not play a role in sus-
pension survival and sphere formation of MCF7. 
We then examined whether overexpressing a 
WT or an active mutant of Src, Y527F (Figure 
5A), could overcome 6SA-Snail-induced apop-
tosis and reduction in sphere formation in sus-
pension condition. Overexpression of either WT 
or Y527F mutated Src in MCF7-6SA decreas- 
ed apoptosis in suspension condition, while the 
degree of reduction in apoptosis was greater 
with Y527F mutated Src than WT Src (Figure 
3C). However, there was no effect of overex-
pression of both constructs on the inhibition  
of apoptosis in MCF7-CV. Furthermore, both  
of overexpression with WT or Y527F mutated 
Src induced an increase in sphere formation 
(Figure 3D). Moreover, we observed a more pro-
nounced degree of colonization capacity and 
increased suspension sphere formation in vitro 
with Y527F Src compared to WT Src (Figure 
3D). Notably, both of WT or Y527F mutated Src 
did not induce changes in the protein levels of 
EMT markers in MCF7-6SA (Figure S4). These 
data suggest that Src behaves as a down-
stream signaling of Snail and is important for 
the suspension survival, sphere formation and 
in vitro colonization ability. 

Snail inhibits Src promoter activity

We then examined whether Snail downregu-
lates Src through direct binding to the promoter 
of Src. We found that the four putative E-box 
binding DNA motifs (CANNTC) that Snail may 
bind in the promoter of Src (Figure 4A). Us- 
ing chromatin immunoprecipitation (ChIP)-PCR 
(Figure 4B) or quantitative PCR (qPCR) assay, 
we demonstrated that 6SA-Snail bound to the 
3rd E-box (Figure 4C). Overexpression of 6SA- 
Snail greatly inhibited the luciferase activity of 
the Src promoter construct (Figure 4D). More- 

over, overexpression of two constructs that 
contained mutated 3rd Src E-box reduced 6SA- 
Snail-mediated suppression of luciferase activ-
ity (Figure 4E). These data suggest that Snail 
downregulates Src through direct binding to its 
promoter.

Src regulates the phosphorylation of FAK, ERK 
and STAT3

To understand the mechanism by which Src, a 
tyrosine kinase, mediates the increase of sus-
pension survival and colonization, we further 
screened the phosphorylation levels of several 
important signaling molecules. As mentioned 
previously, we found that 6SA-Snail induced 
the downregulation of Src, but more interest-
ingly, we found that Snail suppressed the phos-
phorylation levels of FAK (Y925), ERK (T202/
Y204) and STAT3 (Y705). Furthermore, simul- 
taneous overexpression of WT or Y527F Src 
mutant overcame 6SA-Snail-mediated dephos-
phorylation of FAK, ERK and STAT3 (Figure 5A). 
Similar data were obtained for T47D luminal 
type A cancer cell line (Figure S5A). As expect-
ed, inhibition of Src activity by Src family kinase 
inhibitor PP2 [39] also dephosphorylated FAK, 
ERK and STAT3 (Figure 5B). In addition, inhibi-
tion of Src, ERK and STAT3 with PP2, U0126 
[40] and S31-201 [41], respectively, also sup-
pressed suspension survival and sphere forma-
tion of MCF7-CV (Figure 5C, 5D) and T47D-CV 
(Figure S5B, S5C). Together, these data sug-
gest that Src plays an important role in suspen-
sion survival and sphere formation via phos-
phorylation of FAK, ERK and STAT3 in luminal 
type A breast cancer cells.

Downregulation of Src by Snail was not ob-
served in breast cancer cells other than lumi-
nal type A

To examine whether downregulation of Src by 
Snail found in luminal type A breast cancer 
cells was also observed in other breast can- 
cer cell type, we overexpressed 6SA-Snail in 
BT474, a luminal type B cell line, AU565, an 
ERBB2+ cell line, and MDA-MB231, a triple ne- 
gative cell line. Overexpression of 6SA-Snail 
caused a slight morphological change (data not 
shown) and increased sphere formation ability 
(Figure 6B). However, protein (Figure 6A) and 
mRNA (Figure 6C) levels, as well as promoter 
activity of Src (Figure 6D), did not change with 
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Figure 3. Overexpression of 6SA-Snail in MCF7 induces apoptosis in suspension culture via Src downregulation. 
MCF7 cells were transfected with control vector (CV) or vector carrying 6SA-Snail mutant (6SA), followed by (A) 
analysis of mRNA expression by real-time RT-PCR, (B) and analysis of protein levels by western blotting. (C, D) MCF7 
cells transfected with control vector (CV) or vector carrying 6SA-Snail mutant, were further transfected with control 
vector (Ctr), vector carrying wildtype (WT) Src or SrcY527F mutant, and subjected to (C) TUNEL assay in suspension 
culture for 48 h, and (D) spheroid formation at 15 days. (C and D right) The quantification results are shown as 
mean ± SD. Asterisks indicate significant differences as determined by the One Way ANOVA (*P<0.05, ***P<0.001, 
****P<0.0001 versus CV or Ctr). Scale bar, 100 μm.
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overexpression of 6SA-Snail. Similar findings 
were also observed in another non-luminal type 
A breast cancer cell line, MDA-MB-231 (Figure 
S6). These data suggestthat downregulation of 
Src by Snail was not found in breast cancer cell 
types other than luminal type A.

gene increased in the expression of EMT mark-
ers, such as Vimentin, and N-cadherin but de- 
creased in the expression of E-cadherin com-
pared to cells overexpressed with control vec-
tors or wild type Snail gene. Moreover, these 
cells increased in the capacity of migration and 

Figure 4. Snail reduces Src expression through direct binding to the 3rd E-
box. (A) The illustration for the four proximal E-boxes locating close to the Scr 
core promoter. Regions flanked by paired primer sets are indicated by dou-
ble-headed arrows. ATG indicates Transcription start site. (B, C) MCF7 cells 
were transfected with control vector (CV) or vector carrying 6SA-Snail mutant 
(6SA), followed by (B) ChIP-PCR or (C) ChIP-qPCR assay. The chromatin was 
incubated without or with antibodies against Snail, or its isotype IgG antibod-
ies. Fragments of E1, E2, E3, and E4 on the Src promoter were amplified by 
(B) PCR and (C) qPCR (upper) and its quantification (lower). The results are 
mean of three independent experiments. (D) Luciferase assay showing that 
6SA-Snail decreased the Src promoter activity in MCF7 cell line (n=3). (E) 
The repressive activity of 6SA-Snail binding 3rd-E box were confirmed with two 
mutants of 3rd-E box by luciferase assay. The quantification results are shown 
as mean ± SD. Asterisks indicate significant differences as determined by 
the One Way ANOVA (*P<0.05, ***P<0.001 versus CV or WT).

Inverse correlation between 
Src and a mesenchymal 
marker expression in patient 
samples of luminal type A 
breast cancer

To extend the finding that 
Snail regulates Src expres-
sion levels in luminal A breast 
cancer cell lines, we further 
analyzed some human lumi-
nal A breast cancer samples 
by immunohistochemical an- 
alysis. As known in the litera-
ture [19], Snail is unfortunate-
ly not suitable for histological 
evaluation due to its greater 
instability. Instead, we exam-
ined the correlation between 
Src and the mesenchymal 
marker Vimentin, one of the 
downstream targets of Snail-
induced EMT [42]. Strikingly, 
Src and Vimentin were found 
to be inversely correlated in 
these set of samples (Figure 
7A). Interestingly, we also ob- 
served a transition of Src+/
Vimentin- (epithelial status) to 
Src-/Vimentin+ (mesenchymal 
status) or Src-/Vimentin- as 
breast cancer staging pro-
gressed from stage I to III 
(Figure 7B). Taken together, 
these data demonstrate an 
inverse correlation between 
the expression of Src and the 
expression of mesenchymal 
markers in luminal A breast 
cancer patient samples.

Discussion

In the current study, we dem-
onstrated that luminal type  
A tumor such as MCF7 and 
T47D when overexpressed wi- 
th active mutant form of Snail 
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invasion. In contrast, MCF7 or T47D overex-
pressed with active Snail had reduced ability  
to survive and form spheroids in serum-free 
medium. 

The mechanism is that down-regulation of Src 
by Snail affects in vitro colonization of Luminal 
type A breast cancer; however, Snail-mediated 
down-regulation of Src was not found in other 
breast cancer cell types, such as BT474 lumi- 
nal type B, ERBB2+ AU565, and triple negative 
MDA-MB-231 cells. The current study success-
fully identified the molecular mechanism or sig-
naling pathways involved in controlling dorman-
cy in luminal type A breast cancer, and help 

explaining the differences of latency period in 
different subtypes of breast cancer. 

Here, we found that luminal type A breast  
cancer cells when overexpressed with active 
mutant Snail but not wild type Snail, acquired 
EMT phenotypes, including the expression of 
EMT markers, increased migration and inva-
sion. Our data reproduce previous findings that 
wild type Snail is sensitive to protease-depen-
dent degradation [19] and also reinforce the 
concept that EMT is responsible for invasion 
and early dissemination of primary tumor, gen-
erating DCCs in distant organs. Our data are 
the first to demonstrate that a master regulator 

Figure 5. Overexpression of 6SA-Snail in MCF7 induces apoptosis in suspension culture via downregulation of Src 
downstream pathways. MCF7 cells were transfected with control vector (CV) or vector carrying 6SA-Snail mutant 
(6SA), further transfected with control vector (Ctr), vector carrying wildtype (WT) Src or SrcY527F mutant, and sub-
jected to (A) western blotting analysis. (B-D) Furthermore, control cells were treated with PP2 (10 μM), U0126 (20 
μM) or S3I-201 (100 μM), and subjected to (B) western blotting analysis, (C) TUNEL assay in suspension culture 
for 48 h, and (D) analysis of spheroid formation at 15 days. The quantification results are shown as mean ± SD. 
Asterisks indicate significant differences as determined by the One Way ANOVA (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 versus CV). Scale bar, 100 μm.
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of MET, Src [36], is direct- 
ly inhibited by EMT inducer, 
Snail. Compared to other EMT 
transcription factors (TFs), 
Snail is the EMT trigger, while 
other EMT-TFs, such as Twi- 
st1, reinforce and maintain 
the mesenchymal state [43-
45]. Interestingly, downregu-
lation of Src by EMT inducer 
was only observed in Snail 
but not in Twist1, further sug-
gesting that Snail is a major 
regulator between EMT and 
MET.

The involvement of EMT in 
metastasis is still controver-
sial, due to the invariable dis-
play of epithelial features, su- 
ch as well-organized adhesion 
junctions, and the lack of a 
mesenchymal phenotype in 
human carcinoma metasta-
ses [17]. These data suggest 
tumor cells that have dissemi-
nated via acquiring EMT need 
to revert to an epithelial phe-
notype to form macrometas-
tases. In a spontaneous squ- 
amous cell carcinoma mou- 
se model, expression of Twist 
promotes tumor cell invasion 
and dissemination, however, 
spatiotemporal inactivation of 
this factor is essential for 
inducing metastasis [46]. BT- 
549 human breast cancer ce- 
lls express Prrx1 and Twist1 
but not Snail to induce EMT. 
However, when BT-549 cells 
were injected into the tail vein 
of immunocompromised mi- 
ce, they colonized the lungs 
and induced metastasis, wh- 
ich required Prrx1 silencing to 
revert EMT to MET [6]. How- 
ever, the downstream path-
way of Prxx1 responsible for 
EMT-MET reversal has not be- 
en well explored. In contrast, 
we found that when Snail was 
expressed, MCF7 lost its abil-
ity to colonize distant tissues 

Figure 6. Overexpression of 6SA-Snail in BT474 and Au565 does not reduce 
spheroid formation in suspension culture, or induce Src downregulation. 
BT474 and Au565 cells transfected with control vector (CV) or vector car-
rying wildtype (WT) Snail or 6SA-Snail mutant (6SA), followed by (A) protein 
expression by western blotting, (B) spheroid formation in suspension culture 
at 15 days, (C) analysis of Src mRNA expression by real-time RT-PCR, and (D) 
Luciferase assay for the repressive activity of 6SA-Snail on Src promoter. The 
quantification results are shown as mean ± SD. Asterisks indicate significant 
differences as determined by the unpaired Student’s t-test (**P<0.01 ver-
sus CV).
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by suppressing the expression of Src, the mas-
ter gene of MET [36].

Similarly, the mechanism of early dissemina-
tion and metastasis in Her2+ mammary cancer 
has been identified [47]. In MMTV-Her2 mice,  
a sub-population of invasive Her2+ p-p38lo 
p-Atf2lo Twist1hi E-cadlo early disseminated can-
cer cells (eDCCs) are non-replicative and quies-
cent, whereas DCCs found in animals with overt 
tumors are replicative, suggesting that eDCCs 
remain dormant and require downregulation of 
Twist for release from dormancy. In BALB-NeuT 
mice, a large proportion of metastases are 
derived from eDCC ancestors, whose migration 
was triggered by progesterone-induced sig- 
naling shortly after HER2 activation [48]. In- 
terestingly, cells from early-stage, low-density 
lesions exhibited more stemness features, 

more migration, and more metastasis than 
cells from dense, advanced tumors with in- 
creased proliferation.

In conclusion, we showed in luminal type A 
breast cancer that when cells acquired an EMT 
phenotype, especially caused by Snail, they 
decreased the expression of the MET master 
gene Src, lost the ability to colonize, and be- 
came long-term dormant cells. These data  
may help to explain the long latency of luminal 
breast cancer in cancer progression [1], and to 
develop new strategies to prevent recurrence 
and metastasis.
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Table S1. Primer sets for real-time PCR and ChIP-PCR
Name Primer sequence Size (bp) NCBI reference sequence
Real-time PCR
    Src F: CCTCGTGCGAGAAAGTGAG 68 NM_005417

R: TGGCGTTGTCGAAGTCAG
    GAPDH F: GAAGGTGAAGGTCGGAGTC 206 NM_002046

R: GAAGATGGTGATGGGATTTC
ChIP PCR
    1st E-box F: CAAAGGGCTCAAACGTTACC 215 NC_000020.11

R: CCCTTTCTCTCTCGATCTGTC
    2nd E-box F: CGGGAGAGACAGATCGAGAG 163 NC_000020.11

R: CGGCGGGGAATCCGTCCCCG
    3rd E-box F: AGGAGGAGGAAGGAGGAAGC 202 NC_000020.11

R: TAGAAGGTGGGTGGGTTGG
    4th E-box F: AACCCACCCACCTTCTACG 149 NC_000020.11

R: TACCGAGCTCTTACGCGTG

Figure S1. Overexpression of 6SA-Snail in T47D increases EMT phenotype. T47D cells were transfected with control 
vector (CV) or vector carrying wildtype (WT) Snail or 6SA-Snail mutant (6SA), followed by (A) morphological obser-
vation, (B) analysis of protein levels by western blotting, (C) migration, and (D) invasion assay. The quantification 
results are shown as mean ± SD. Asterisks indicate significant differences as determined by the unpaired Student›s 
t-test (*p<0.05, ***p<0.001 versus CV). Scale bar, 100 μm.
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Figure S2. Overexpression of 6SA-Snail in T47D reduces the capacity for spheroid formation, and survival in suspen-
sion culture. T47D cells were transfected with control vector (CV) or vector carrying 6SA-Snail mutant (6SA), followed 
by (A) analysis of spheroid formation at 5 days, (B) TUNEL assay in suspension for 48 h. (A and B Right) The quan-
tification results are shown as mean ± SD. Asterisks indicate significant differences as determined by the unpaired 
Student›s t-test (**P<0.01 versus CV). Scale bar, 100 μm.
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Figure S3. Gene set enrichment analysis (GSEA) reveals several pathways upregulated or downregulated in MCF7-
6SA, compared to MCF7-CV. MCF7 cells were transfected with control vector (CV) or vector carrying 6SA-Snail mu-
tant (6SA), followed by (A) gene expression profile analysis using microarray data and subsequent GSEA pathway 
analysis to obtain normalized enrichment scores (NES, negative scores indicate downregulated pathways in MCF7-
6SA, while positive scores indicate upregulated pathways in MCF7-6SA). (B) Estrogen Dependent Gene Expression 
and ESR-Mediated Signaling are examples of pathways downregulated in MCF7-6SA compared to MCF7-CV. (C) 
Downregulated genes of ESR-Mediated Signaling in MCF7-6SA were found through Reactome database analysis.
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Figure S4. Overexpression of SrcY527F in 6SA-Snail MCF7 does not induce reduction of EMT markers. MCF7 cells 
transfected with control vector (CV) or vector carrying 6SA-Snail mutant (6SA), were further transfected with control 
vector (Ctr), vector carrying wildtype (WT) Src or SrcY527F mutant, and followed by analysis of EMT marker expres-
sion by western blotting.
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Figure S5. Overexpression of 6SA-Snail in T47D induces apoptosis in suspension culture via Src downregulation. 
T47D cells transfected with control vector (CV) or vector carrying 6SA-Snail mutant (6SA) were further transfected 
with control vector (Ctr), vector carrying wildtype (WT) Src or SrcY527F mutant, followed by (A) analysis of protein 
levels by western blotting. (B, C) Control cells were further treated PP2 (10 μM), U0126 (20 μM) or S3I-201 (100 
μM), and subjected to (B) TUNEL assay in suspension culture for 48 h, and (C) spheroid formation at 5 days.

Figure S6. Overexpression of 6SA-Snail in MDA-MB231 does not induce Src downregulation. MDA-MB231 cells 
transfected with control vector (CV) or vector carrying wildtype (WT) Snail or 6SA-Snail mutant (6SA), followed by (A) 
morphological observation, (B) analysis of protein levels by western blotting, (C) migration, and (D) invasion assay. 
The quantification results are shown as mean ± SD. Asterisks indicate significant differences as determined by the 
One Way ANOVA (**P<0.01, ***p<0.001, ****p<0.0001 versus CV). Scale bar, 100 μm.


