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Abstract
We have characterized two highly tumorigenic 
and metastatic basal B TNBC cell lines, 
XtMCF and LmMCF, with the additional val-
ues of having the normal and early-stage 
counterparts of them. This model allows the 
study of the evolution of TNBC, and investi-
gates molecular pathways at different stages 
of transformation and progression in a rela-
tively constant genetic background. This con-
stitutes an ideal model for developing targeted 
therapy in two important fields in cancer biol-
ogy which are the epithelial mesenchymal 
transition (EMT) and cancer stem cells (CSC).
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�17ß-Estradiol Induces 
Transformation and Tumorigenesis 
in Human Breast Epithelial Cells

Breast cancer is a malignancy whose dependence 
on estrogen exposure has long been recognized, 
even though the mechanisms through which 
estrogens cause cancer are not clearly understood 
[1–17]. Our work was performed in order to 
determine whether 17ß-estradiol (E2), the pre-
dominant circulating ovarian steroid, is carcino-
genic in human breast epithelial cells and whether 
non-receptor mechanisms are involved in the ini-
tiation of breast cancer. For this purpose, the 
effect of four alternating 24 h treatment periods 
with 70  nM E2 of the estrogen receptor alpha 
(ER-α) negative MCF-10F cell line on the in vitro 
expression of neoplastic transformation was eval-
uated [7, 8, 11] (Fig. 1).

E2-treatment induced the expression of 
anchorage-independent growth, loss of ductulo-
genesis in collagen, invasiveness in Matrigel, and 
loss of 9p11-13. Tumorigenesis in SCID mice 
was expressed only in invasive cells that in addi-
tion exhibited a deletion of 4p15.3-16. Tumors 
formed in SCID mice were poorly differentiated 
adenocarcinomas that were estrogen receptor α 
and progesterone receptor negative, expressed 
keratins, EMA, and e-cadherin. The relationship 
between cell motility in vitro and the ability of 
neoplastic cells to invade and metastasize in vivo 
is well known. This led us to evaluate the 
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migratory behavior of the human breast epithelial 
cell line MCF-10F after neoplastic transforma-
tion with 70  nM of 17ß-estradiol (E2), 4 OH 
estradiol (4-OH-E2) and 2-OH estradiol (2-OH-
E2). Cells thus transformed express colony for-
mation in agar methocel, loss of ductulogenic 
capacity in collagen matrix, and invasiveness in a 
Matrigel artificial membrane [7, 8, 11]. We set up 
a time-lapse video microscopy system to directly 
observe and capture the cells’ images using a 
Nikon DXM digital camera attached to an 
Olympus IMT-2 microscope that was equipped 
with a Plexiglas incubation chamber. From each 
cell line, a random number of cells were selected 
for tracking at 1-hour intervals. Cell motility was 
evaluated by determining the speed of the tracked 
cell expressed in mm/min (S), the direction per-
sistence in time (P), and the random motility 
coefficient (μ) that provides a measure of how 

fast a cell population will grow to cover a surface. 
Our findings [1] indicated that the transformation 
of HBEC by estrogen and its metabolites induces 
changes in cell motility in vitro, 4-OH-E2 being 
the one inducing the most significant changes, its 
effect correlated to the expression of phenotypes 
indicative of cell transformation.

�Epithelial to Mesenchymal 
Transition in Human Breast 
Epithelial Cells Transformed 
by 17-Beta-Estradiol

We have demonstrated that 17ß-estradiol (E2) 
induces complete neoplastic transformation of 
the human breast epithelial cells MCF-10F [7, 
8, 11]. E2-treatment of MCF-10F cells pro-
gressively induced high colony efficiency and 

Fig. 1  Schematic representation of the experimental pro-
tocol. MCF-10F cells were treated with 70  nM 17ß-
estradiol (17ß-E2 70 nM) for 24-h periods, twice a week 
during 2 weeks. After the last treatment the cells were pas-
saged 7–9 times before being tested for colony efficiency, 
ductulogenesis in collagen, invasion in Matrigel and 
tumorigenesis in SCID mice. For the invasion assay, the 
cells were trypsinized and seeded in the invasion cham-
bers at a concentration of 2.5 × 104 cells/well, incubated 
for 22 h and then the membranes of the inserts were cut 
and invasive cells (bsMCF) were cultured in 24-well 
plates. The invasive cells were expanded and evaluated for 

the expression of tumorigenesis in SCID mice. Nine out 
of ten mice injected with bsMCF developed tumors. 
Tumors from four of the animals were dissected in 
0.5–1  mm size fragments, incubated in culture medium 
until confluent, generating cell lines from each tumor that 
were subsequently injected to five mice per cell line for 
the evaluation of their tumorigenic potential. All injected 
animals developed tumors. All tumors and cell lines were 
analyzed histopathologically and immunocytochemically 
as well as for fingerprint and CGH analyses. None of the 
animals injected with MCF-10F control cells or trMCF 
developed tumors
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loss of ductulogenesis in early transformed 
(trMCF) cells, invasiveness in a Matrigel inva-
sion chambers. The cells that crossed the 
chamber membrane were collected and identi-
fied as bsMCF, and their subclones designated 
bcMCF, and the cells harvested from carci-
noma formation in SCID mice designated 
(caMCF) (Fig. 2) [11]. These phenotypes cor-
related with gene dysregulation during the pro-
gression of the transformation. The highest 
number of dysregulated genes was observed in 
caMCF cells, being slightly lower in bcMCF 
cells, and lowest in trMCF cells. This order 
was consistent with the extent of chromosome 
aberrations (caMCF  >  bcMCF  >>>  trMCF). 
Chromosomal amplifications were found in 
1p36.12-pter, 5q21.1-qter, and 13q21.31-qter. 
Losses of the complete chromosome 4 and of 
8p11.21-23.1 were found only in tumorigenic 
cells. In tumor-derived cell lines, additional 
losses were found in 3p12.1-14.1, 9p22.1-pter, 
and 18q11.21-qter [11].

Functional profiling of deregulated genes 
revealed progressive changes in the integrin sig-
naling pathway, inhibition of apoptosis, acquisi-
tion of tumorigenic cell surface markers, and 

epithelial to mesenchymal transition. In tumori-
genic cells, the levels of E-cadherin, EMA, and 
various keratins were low and CD44E/CD24 
were negative, whereas SNAI2, vimentin, 
S100A4, FN1, HRAS and TGFβ1, and CD44H 
were high (Fig. 3) [11].

The phenotypic and genomic changes trig-
gered by estrogen exposure that lead normal 
cells to tumorigenesis confirm the role of this 
steroid hormone in cancer initiation. Our work 
emphasizes the importance of being able to 
make a normal cell-like MCF-10F neoplastically 
transformed by a treatment with a natural hor-
mone. More importantly the cell is estrogen 
receptor negative, indicating that the traditional 
pathway of action for estrogen and its receptors 
is not the main pathway of the neoplastic pro-
cess. It is known that prolonged exposure to 
estrogen is a risk factor for human breast cancer, 
but the role of estrogen in the development of 
human breast cancer has been difficult to ascer-
tain. There are three mechanisms that have been 
considered responsible for the carcinogenicity of 
estrogens: a receptor-mediated hormonal activ-
ity, cytochrome P450-mediated metabolic acti-
vation, and induction of aneuploidy. The 
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Fig. 2  Transformation of MCF-10F cells by 
17ß-estradiol treatment. Experimental protocol: MCF-
10F cells treated with 70  nM 17ß-estradiol (E2) that 
expressed high colony efficiency (CE) and loss of ductu-
logenic capacity in collagen matrix were classified as 
transformed (trMCF). Transformed cells that were inva-
sive in a Matrigel Boyden-type invasion chambers were 
selected (bsMCF) and plated at low density for cloning 

(bcMCF). MCF-10F, trMCF, bsMCF, and bcMCF were 
tested for carcinogenicity by injecting them into the 
mammary fat pad of 45-day-old female SCID mice. 
MCF-10F and trMCF cells did not induce tumors (can-
celed arrow); bsMCF and bcMCF formed solid tumors 
from which four cell lines, identified as caMCF, were 
derived and proven to be tumorigenic in SCID mice 
(reprinted from [11])
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Fig. 3  (a) A list of EMT markers and promoting genes was 
generated a priory by literature search. Hierarchical clustering 
of cell lines and genes was performed using dChip software. 

Two sample clusters (κ and λ) and two gene clusters (α and β) 
were identified. The red, white, and blue colors represent 
level above, at, and below mean expression, respectively. 
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receptor-mediated hormonal activity of estrogen 
has generally been related to stimulation of cel-
lular proliferation, resulting in more opportuni-
ties for accumulation of genetic damages leading 
to carcinogenesis. Since local synthesis of estro-
gen in the stromal component can increase the 
estrogen levels and growth rate of breast carci-
noma, a paracrine mechanism is likely to account 
for interactions between aromatase-containing 
stromal cells and ER-containing breast tumor 
epithelial cells. More importantly, estrogen may 
not need to activate nuclear receptors alpha to 
initiate or promote breast carcinogenesis. We 
have evidence that ERP may also be involved in 
this process and that oxidative catabolism of 
estrogens mediated by various CYP complexes 
constitutes a pathway of their metabolic activa-
tion and generates reactive free radicals and 
intermediate metabolites reactive intermediates 
that can cause oxidative stress and genomic 
damage directly. Estrogen-induced genotoxic 
effects include increased mutation rates, MSI, 
and LOH in chromosomes 3 and 11. 
Compromised DNA repair system allows accu-
mulation of genomic lesions essential to 
estrogen-induced tumorigenesis. Metabolic bio-
transformation of estrogen does occur in human 
mammary explant culture. Increased formation 
of catechol estrogens as a result of elevated 
hydroxylation of 17β-estradiol at C-4 and C-16a 
positions has been observed in human breast 
cancer patients and in women at a higher risk of 
developing this disease. There is also evidence 
that formation of superoxide and hydrogen per-
oxide, as a result of the metabolism of estrogen, 
might also be involved in estrogen-mediated oxi-
dative stress. In fact, a substantial increase in 

base lesions observed in the DNA of invasive 
ductal carcinoma of the breast has been postu-
lated to result from the oxidative stress associ-
ated with metabolism of 17β-estradiol. 
Altogether the data thus far accumulated indi-
cate that more than one pathway may be neces-
sary to initiate neoplastic transformation and 
maintaining of the transformation phenotypes 
leading to tumorigenesis.

�Developing a Unique Model 
of Triple Negative Breast Cancer

Triple-negative breast cancer (TNBC) represents 
a heterogeneous group of cancers characterized 
by a lack of ER, PgR, and HER2 expression. 
Cluster analysis of human TNBC identified six 
subtypes displaying unique gene expression and 
ontologies [18]. Approximately 80% of TNBC 
show features of basal-like cancers [19]. 
Transcriptional profile analysis assigned 21 
TNBC cell lines into three clusters: luminal, 
basal A, and basal B [20–22]. Basal A contains 
cell lines such as BT-20, Sum149, and 
MDA-MB-468, which preferentially express 
genes such as CK5/6, CK14, and EGFR. Basal B 
includes cell lines such as MDA-MB-231, 
Sum159pt, and Hs578t, which preferentially 
express genes such as CD44, VIM, and SNAI2, 
and exhibits a stem-cell-like profile [20]. This 
classification of TNBC cell lines is closely asso-
ciated with cell morphology and invasive poten-
tial. Basal B cells have a more mesenchymal-like 
appearance and are less differentiated and much 
more invasive compared to the other two clusters. 
Analysis of the relationship between TNBC cell 

Fig. 3  (coninued) (b) Detection of epithelial and mesenchy-
mal markers by immunocytochemistry: (a) Histological sec-
tions of MCF-10F cells, reacted with pre-immune mouse 
serum, were used as the negative control (×100); (b) MCF-
10F reacted for EMA (×100); (c) MCF-10F reacted for 
E-Cadherin (×100); (d) MCF-10F reacted for vimentin 
(×100); (e) trMCF cells reacted with pre-immune mouse 
serum used as negative control (×100); (f, g, and h) trMCF 
cells reacted for EMA, E-cadherin, and vimentin, respectively 
(×100); (i) bsMCF cells reacted with pre-immune mouse 

serum as a negative control (×100); (j, k, l) bsMCF cells 
reacted for EMA, E-cadherin, and vimentin, respectively 
(×100); (m) caMCF tumor cell line cells reacted with pre-
immune mouse serum used as negative control (×100); (n, o, 
p) caMCF tumor cell lines reacted for EMA, E-cadherin, and 
vimentin, respectively (×100); (q and r) invasive ductal carci-
noma of the breast as positive control and immunoreacted for 
EMA and E-cadherin, respectively (×100); (s) histological 
section of an invasive adenocarcinoma immunoreacted for 
vimentin (×100) (Reprinted from: [11])
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lines and tumor subtypes showed that most of 
basal A and basal B cell lines resemble basal-like 
tumors [20], indicating that TNBC cell lines are 
suitable for investigations of subtype-specific 
cancer cell biology.

Although there are over 20 commercially 
available TNBC cell lines, MDA-MB-231 is the 
most widely used in vitro and in vivo. In BALB/
CAJCI-nu/nu mice, it took 5  weeks to form a 
xenograft around 6.5  mm in diameter with the 
subcutaneous injection of 5 × 106 MDA-MB-231 
cells [23]. MDA-MB-468 cells had a growth 
speed similar to MDA-MB-231  in the same 
mouse strain [23].

The growth speed of MDA-MB-231 xenograft 
in CB17/SCID was almost the same as in nude 
mice, while BT-549 cells grew a little bit slower 
than MDA-MB-231 cells in CB17/SCID mice 
[24]. Sum149 and Sum159 are two highly tumor-
igenic cell lines; it was reported that the injection 
of 1 × 105 cells in nonobese diabetic SCID mice 
could produce tumors in 3/4 and 5/6 mice, respec-
tively [25]. But these two cell lines are mainly 
used for the study of inflammatory breast cancer 
[26, 27].

We have established [28] a progressive TNBC 
model (Fig.  4) consisting of normal MCF-10F, 
transformed cell line trMCF, and tumorigenic cell 
lines bsMCF, XtMCF, and LmMCF. Compared to 
the other nine tumorigenic TNBC cell lines, our 
cell lines XtMCF and LmMCF are the most tumor-
igenic and metastatic.

The expression of cytokeratin 18 (CK18) 
confirmed the epithelial origin of this cell model, 
and we observed that CK18 was down-regulated 
in bsMCF cell line and its derivatives. 
Furthermore, CK18 was lost in the lung metasta-
ses, whereas still present in the xenografts of 
both XtMCF and LmMCF cells, suggesting 
down-regulation of CK18 may be related to 
breast tumor progression [29]. Our study also 
showed that CK5-positive cell number was 
inversely correlated to clinical stage of TNBC 
[30, 31], suggesting that our cell model reflects 
features of TNBC progression.

The EMT process is not only closely related 
to cancer invasion and metastasis but also con-
ferred to the generation of cancer stem cells 
(CSC) [32–34]. As bsMCF-luc, XtMCF, and 
LmMCF have undergone EMT, we evaluated 
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Fig. 4  Schematic representation of the establishment of a TNBC model
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their CSC properties and the results showed that 
they could form tumorspheres, and the number 
of tumorspheres was progressively increasing 
from bsMCF-luc to XtMCF and LmMCF cells, 
consistent with in  vivo tumorigenic and meta-
static potential.

In this work [30], we postulated that the evalua-
tion of CSC markers would give us a rationale 

for  the high tumorigenic and metastatic potential 
of these two cell lines (Figs. 5 and 6). Our results 
showed that the bsMCF-luc and XtMCF cells 
were  CD24low/CD44+, whereas LmMCF cells 
were  CD44+ with moderate CD24 expression. 
CD24−/low/CD44+ has been frequently used as CSC 
markers of breast cancers [35–37]. However, it was 
shown that the percentage of CD24−/low/CD44+ 

Fig. 5  XtMCF and LmMCF cells display high tumorigenic and metastatic potential. Representative pictures of xeno-
grafts and lungs fixed with Bouin’s solution. Magnification: 6.3× for xenografts, 8× for lungs (Reprinted from: [28])

Fig. 6  H&E staining of lungs from the injection of 1 × 106 cells into tail vein. LmMCF cells are more metastatic than 
XtMCF cells. Arrows indicate the metastases. Magnifications are shown in figure (Reprinted from: [28])
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associates with a basal-like phenotype, not tumori-
genicity, but CD24−/low/CD44+/EpCAM+ cells 
enrich for tumorigenicity [31, 36]. EpCAM induces 
expressions of reprogramming factors and EMT 
genes, regulates EMT progression, and tumorigen-
esis [38]. In addition, EpCAM can be cleaved at 
several sites, and the nuclear translocation of cyto-
plasmic domain (EpCID) associates with Wnt 
pathway and promotes cell proliferation and tumor 
formation in mice [39]. One of the EpCAM cleav-
age sites between two arginine residues (AA80 and 
AA81) was detected and described in the late 
1980s, but the functional consequence is still 
unknown [40]. Interestingly, we observed the 
expression of EpCAM in the cell lines we exam-
ined by immunofluorescence staining and WB, but 
the EGF-like domain of EpCAM was absent in 
mesenchymal-like cells, suggesting the EGF-like 
domain might be cleaved off from the cleavage site 
between AA80 and AA81. This was supported by 
other workers [41–47]. The majority of commer-
cial antibodies for EpCAM react with overlapped 
or partly overlapped epitope at EGF-like domain 
[48]. This may result in failing detection of EpCAM 
in cells which have undergone EMT. Our study 
indicates that the EGF-like-domain-cleaved-off 
EpCAM may be associated with the EMT process. 
Furthermore, although the total level of EpCAM is 
low in mesenchymal-like cells, the subcellular 
localization of EpCAM may be more important to 
the EpCAM nuclear indicating a strong activation 
of Wnt signaling in these cells.

�Chromatin Remodeling 
During Human Breast Epithelial Cell 
Transformation

We have shown that treatment of the human breast 
epithelial cells MCF-10F with 17β-estradiol (E2) 
induces transformation and tumorigenesis. DNA 
amounts and chromatin supraorganization change 
in E2-transformed MCF cells [49]. Feulgen-DNA 
content and chromatin supraorganization were 
involved during E2-induced transformation and 
tumorigenesis of the MCF-10F cells. Image anal-
ysis was performed for non-transformed and 
E2-transformed MCF cells, highly invasive cells 

(C5), and for cell lines (C5-A6-T6 and C5-A8-T8) 
derived from tumors generated by injection of C5 
cells in SCID mice (Fig. 1). A decrease in Feulgen-
DNA amounts and nuclear sizes induced by E2 
treatment was accented with selection of the 
highly invasive tumorigenesis potential. However, 
in the tumor-derived cells, a high variability in 
cellular phenotypes resulted inclusive in near-
polyploidy. Significant changes in textural param-
eters, including nuclear entropy, indicated 
chromatin structural remodeling with advancing 
tumorigenesis. An increased variability in the 
degree of chromatin packing states in the 
E2-transformed MCF cells was followed by 
reduction in chromatin condensation and in con-
trast between condensed and non-condensed 
chromatin in the highly invasive C5 cells and 
tumor-derived cell lines. These observations con-
firmed previous data [11], showing the role of 
chromatin remodeling and epigenetic control in 
the transformation of human breast epithelial 
cells. We found that a network of several signaling 
pathways affecting the expression and/or function 
of a complex hierarchical network of transcription 
factors (TFs) has been partially elaborated. 
Known signaling pathways include multiple tyro-
sine kinase receptors leading to Ras-mediated 
activation of MAPK and PI3K pathways, TGF-β, 
Notch, and Wnt. Evidence for enhanced TGF-β 
and Wnt signaling pathways was found in the 
EMT expressing bcMCF and caMCF cells. TGF-β 
acting through Smad transcriptional complexes 
can repress expression of the Id TFs (Id1, Id2, 
Id3) and activate HMGA2, a DNA binding pro-
tein important for chromatin architecture. 
Expression of HMGA2 is known to regulate sev-
eral EMT controlling TFs including TWIST1, 
SNAI1, and SNAI2 (Slug) (Fig.  7). TGF-β and 
Wnt signaling also affect the expression of several 
additional EMT-regulating TFs including ZEB1 
(TCF8), TCF3 (E2A encoding E12 and E47), and 
LEF1. Analysis of the EMT expressing bcMCF 
cell line revealed the absence of expression of the 
secreted frizzled-related protein 1 (SFRP1), a 
repressor of Wnt signaling. One allele of SFRP1 
was deleted in these cells, with the remaining 
apparently silenced by methylation, accounting 
for the 28-fold reduction of this transcript. Loss 
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and epigenetic inactivation of SFRP1 occurs often 
in invasive breast cancer and is associated with 
poor prognosis. Inspection of the SFRP1 expres-
sion levels in Basal B cell lines showed absent 
calls for four of the eight invasive cell lines, and 
eightfold decreases in another three invasive cell 
lines relative to the non-invasive MCF-10A cells 
(data not shown). Inspection of the expression 
files for bcMCF cells and the eight invasive Basal 
B cell lines revealed that LEF1 was always absent, 
while TCF 3 and TCF 8 were expressed.

As we have described above the TNBC cell 
consisting of normal like breast epithelial cell 
line MCF10F, the trMCF cell line that was trans-
formed from MCF10F cells, the tumorigenic 
bsMCF cell line derived from trMCF, and two 
highly tumorigenic and metastatic cell lines 
XtMCF and LmMCF established from bsMCF 
cells have undergone epithelial mesenchymal 
transition (EMT), exhibiting a mesenchymal-like 
feature, providing a good cell model for identify-
ing new treatments for TNBC.

�Concluding Remarks

The relevance of this work is the development 
and characterization of two highly tumorigenic 
and metastatic basal B TNBC cell lines, XtMCF 
and LmMCF. To the best of our knowledge, they 
are the most tumorigenic and metastatic TNBC 
cell lines compared to all reported cell models 
used for TNBC studies. In addition, the normal 
and early-stage counterparts of these two cell 
lines are also available. Altogether, these cell 
lines can be used to study the evolution of TNBC, 
investigate molecular pathways at different stages 
of transformation and progression in a relatively 
constant genetic background, and most impor-
tantly, identify new treatments for TNBC.  In 
addition, XtMCF and LmMCF cell lines present 
CSC properties and can be used for developing 
CSC-targeted therapy. The finding that the EGF-
like domain of EpCAM is cleaved off in cancer 
cells which have undergone EMT also provides 

Fig. 7  Heat map showing the EMT (Reprinted from: [11])
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new insights in the research of EMT and CSC, 
two important fields in cancer biology.
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