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Novel model of triple-negative breast cancer produces viable circulating tumor 
cells and rapid lung metastasis for functional testing in vivo 
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Breast cancer metastases are the main reason for women´s highest cancer mortality. Even though tumor cell dissemina-
tion via circulating tumor cells (CTC) released from the primary site is a very ineffective process, distant metastases appear 
in 46% of triple-negative breast cancer (TNBC) patients corresponding to the disease aggressiveness. Laboratory models 
for functional testing which mimic the spread of metastatic cells are needed for efficient investigation of the underlying 
mechanisms and therapeutic intervention. Here, we describe novel isogenic variants LMC3 and CTC3 of human TNBC cell 
line MDA-MB-231 that were derived by repeated injection of tumor cells into the tail vein of immunodeficient mice and 
subsequent selection of metastatic cells from lung metastases. These variants have increased migration potential, altered 
expression profiles, and elevated tumorigenic potential. Moreover, cell line CTC3 readily produces metastases in the lungs 
and bone marrow and detectable viable circulating tumor cells in the blood. This model enables rapid and cost-efficient 
strategies for biomarker exploration and novel intervention approaches to limit the CTC presence in the blood and hence 
tumor dissemination.
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In women, breast cancer is the most commonly diagnosed 
cancer and the leading cause of cancer death. In numbers, 
breast cancer accounts for 1 in 4 cancer cases and 1 in 6 
cancer deaths, ranking first in incidence in the vast majority 
of countries (159 of 185 countries) and for mortality in 
110 countries [1]. While the primary tumors are quite well 
manageable, metastatic disease is the main problem leading 
to the patient’s death. The most common sites of distant 
metastasis in breast cancer remain the lungs and bone 
marrow, followed by the liver and brain [2]. Identification of 
predictive and prognostic biomarkers as well as a therapeutic 
intervention to limit metastatic spread at an early stage would 
have a major impact on the survival of breast cancer patients.

The metastatic process is a complicated cascade mediated 
by the complex crosstalk between cancer cells and their 
supporting stroma, mostly known as the tumor microenvi-
ronment [3]. This multi-step process requires the dissemi-
nation of cancer cells from the primary tumor, intravasation 

into the vascular system, transition to a distant site, extravasa-
tion from the vasculature into the secondary site, and coloni-
zation in the secondary organ [4]. The entire process cannot 
be fully mimicked under the in vitro conditions, specifically 
the key attributes of circulating tumor cells (CTC) capable 
to survive the whole process. Hence, the research on breast 
cancer metastasis has benefited greatly from the use of mouse 
models of experimental metastasis and CTC [5].

In recent years, numerous breast cancer cell lines have 
been injected intravenously into the tail vein [6], carotid 
artery [7], iliac artery [8], or even intracardially [8] into 
the immunodeficient mice, leading to different metastatic 
outcomes. Lately, the method of orthotopic injection into 
the mammary fat pad has been used to produce in vivo 
metastatic models. PDX (Patient-Derived Xenografts) 
models, in which cultured or even never-cultured patient 
biopsies are engrafted directly into mice, have been found 
to capture molecular features and heterogeneity of origi-
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nating patients’ tumors and serve as a resource of minimally 
manipulated human tumor cells [10, 11].

These approaches have different benefits and limitations 
for metastatic cancer research. Injection of the cancer cells 
directly into the bloodstream leads to a shorter duration 
of the experiment, and it is accepted as a valuable model 
mimicking the metastatic process from the step of intrava-
sation of cancer cells. Orthotopic injection remains an ideal 
model to study the metastatic process from the first step, 
which requires cancer cell dissemination [12]. However, 
the generation of such models requires months to create 
metastatic sites and depends on the availability of biopsies 
from suitable donors. The main drawback of all these models 
is the reliance on immune-compromised mice, which leads 
to the limited impact of the immune system on metastasis 
even though we know that tumor stroma greatly affects 
the whole process. Despite these limitations, experimental 
mouse models of metastasis have provided an irreplace-
able approach to interrogating all aspects of the metastatic 
cascade.

In our in vivo metastatic cancer cell line derivation, 
we injected triple-negative breast cancer (TNBC) cell line 
MDA-MB-231 together with mesenchymal stromal cells 
(MSC), which are greatly represented in the tumor stroma 
of breast cancer patients, into the immunodeficient mice. 
According to Rowan and colleagues [13] and also our 
previous work [14], MSC can promote the migration of 
cancer cells and increase their metastatic potential. Using 
MSC in our experimental design gives us higher chances to 
increase the number of cancer cells with the ability to metas-
tasize into the lung. The lungs are among the first sites of 
metastasis in almost one-quarter of metastatic breast cancer 
patients [2].

Here, we established novel isogenic variants of aggressive 
human TNBC cell line MDA-MB-231 initiated by subcuta-
neous injection of tumor cells in combination with stromal 
cells followed by repeated intravenous injection. Hence, the 
tumor cells initially completed the metastatic cascade in vivo 
mimicking the clinical situation. The established variants 
were tested for basic functional and molecular character-
istics. They represent valuable models for the investigation 
of approaches that intervene with the dissemination of cells 
from the primary tumor, decrease/eliminate CTC in the 
blood, and metastatic burden.

Materials and methods

Cell culture. Human mammary gland adenocarcinoma 
cell lines MDA-MB-231 (ATCC® HTB-26™) and JIMT-1 
(DSMZ no.: ACC 589) were transduced with IncuCyte® 
NucLight Lentivirus Reagents (Essen BioScience, Ann Arbor, 
MI, USA) to express a nuclear red fluorescent protein mKate2 
and carry puromycin resistance (further as NLR-MDA and 
NLR-JIMT). More aggressive variants of these cell lines 
were derived using immunodeficient SCID/Beige mice 

(see below). Cells were cultured in high-glucose (4.5 g/l) 
Dulbecco’s modified Eagle medium (DMEM, PAA Labora-
tories GmbH, Pasching, Austria) supplemented with 10% 
fetal bovine serum (FBS, Biochrom AG, Berlin, Germany), 
2 mM glutamine (PAA Laboratories GmbH), 10,000 IU/ml 
penicillin (Biotica, Part. Lupca, Slovakia), 5 µg/ml strepto-
mycin (PAA Laboratories GmbH) and 2.5 µg/ml amphoter-
icin B (Sigma-Aldrich, Taufkirchen, Germany).

Mesenchymal stromal cells (MSC) were isolated and 
characterized according to the protocol published in 
Kucerova et al. [15] and were maintained in low-glucose 
(1 g/l) DMEM supplemented with the same concentration of 
serum and antibiotics. All cells were cultured at 37 °C in a 
humidified atmosphere and 5% CO2.

Adipose tissue donor provided informed consent and all 
procedures were approved by the Ethics Committee of the 
Ruzinov University Hospital and the National Cancer Insti-
tute (TRUSK-003), Bratislava, Slovakia.

Derivation of metastatic cancer cells in vivo. All 
animals in this study were used in accordance with insti-
tutional guidelines and approved protocols. The mixture 
of 1×106 NLR-MDA and 5×105 MSC re-suspended in 100 
µl of serum-free DMEM diluted 1:1 with ECM gel (Sigma-
Aldrich) were bilaterally subcutaneously injected onto 
the back of 6-weeks old SCID/Beige mice (n=2; Charles 
River, Germany). The animals were sacrificed according 
to the ethical guidelines when the tumor volume exceeded 
1 cm3. Lungs were dissociated into the cell suspension 
using a human Tumor Dissociation Kit (Miltenyi Biotec, 
Bergisch Gladbach, Germany) according to the manufac-
turer’s protocol. Isolated cells were cultured in the complete 
tumor cell media supplemented with 0.5 µg/ml puromycin 
(InvivoGen, San Diego, CA, USA) to select metastatic and 
expand viable NLR-MDA cells. These cells are further 
mentioned as LMC1 (Lung Metastatic Cells 1). Afterward, 
two million of metastatic LMC1 cells were intravenously 
injected in 100 μl of PBS into the tail vein of 6-weeks old 
SCID/Beige mice. Mice were sacrificed when they exhib-
ited weight loss, ruffled fur, breathing difficulties, or other 
signs of distress. The lungs were homogenized and isolated 
cells selected on puromycin were marked as LMC2. Two 
million of these cells were intravenously injected into the 
tail vein of 6-weeks old SCID/Beige mice. The lung was 
homogenized and isolated cancer cells were named LMC3. 
Blood samples were lysed for the possible presence of CTC, 
further mentioned as CTC3. Briefly, blood samples were 
collected into the EDTA-coated blood collection tubes, 
lysis buffer (0.8% NH4Cl, 0.1mM EDTA, 0.1% KHCO3, 
pH 7.4–7.6) was added to the samples in the ratio 9:1 (9 
parts lysis buffer:1 part blood), samples were centrifuged 
5 min at 150×g, washed with PBS, centrifuged again and 
pellets were seeded onto culture plates. Afterward, only 
1×105 of LMC3 or CTC3 were intravenously injected in 100 
μl of PBS into the tail veins of SCID/Beige mice. Metastatic 
cells isolated from the lungs were named LMC4.
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To monitor the tumorigenicity of derived cell lines, 
NLR-MDA (n=3), LMC3 (n=3), and CTC3 (n=3) were bilat-
erally subcutaneously injected (1×106 cells in 100 µl serum-
free DMEM diluted 1:1 with ECM gel) into the 6-weeks 
old SCID/Beige mice. Animals were regularly inspected 
for tumor growth and the tumor volume was calculated 
according to the formula: volume = length × width2/2. In 
accordance with the ethical guidelines, animals were sacri-
ficed when the tumors exceeded 1 cm3.

To analyze the metastatic potential of these cells, 
NLR-MDA (n=3), LMC3 (n=3), and CTC3 (n=6) were intra-
venously injected into the tail veins of 8-week-old female 
NSG mice (2.5×105 cells in 100 µl PBS). Mice were sacri-
ficed after 3 weeks – blood (lysed) and bone marrow from 
the femur were processed and seeded on the Petri dishes for 
the detection of fluorescent red cancer cells; lung, liver, and 
brain were fixed in formalin for subsequent histological and 
immunohistochemical analyses.

All in vivo experiments were performed in an autho-
rized animal facility under license No. SK UCH 02017 and 
approved by the institutional ethics committee and by the 
national competent authority of the State Veterinary and 
Food Administration of the Slovak Republic (Registration 
Number Ro:1976/17-221) in compliance with Directive 
2010/63/EU of the European Parliament and the European 
Council and Regulation 377/2012 for the protection of 
animals used for scientific purposes.

Morphology, proliferation, and migration. Basic 
morphology and red fluorescence of cells were captured using 
IncuCyte ZOOM™ kinetic imaging system (Essen BioSci-
ence). After short-term cultivation, immunocytochemistry 
was used to stain the cytoskeleton. Cells were washed with 
PBS and fixed with 4% PFA for 20 min. After incubation 
with an anti-F-actin antibody (Alexa Fluor® 488-Phalloidin, 
Molecular Probes, OR, USA), cells were mounted with 
Fluoromount-G® (SouthernBiotech, Birmingham, AL, USA). 
Stained cells were analyzed with Zeiss Axiolab 5 fluorescent 
microscope (Zeiss, Germany). For proliferation monitoring, 
1,500 cells/well were seeded on the 96-well plate and were 
monitored every 2 h for 5 days until they reached conflu-
ence. The tumor cell number was evaluated using Phase 
Object Confluence Mask (IncuCyte ZOOM kinetic imaging 
system). Cell migration was evaluated in the 96-well Image 
Lock plates, where 35×103 cells/well were seeded and 
analyzed by IncuCyte® Scratch Wound Cell Migration and 
Invasion System and documented by the IncuCyte ZOOM™ 
kinetic imaging system.

Drug sensitivity. To evaluate the chemosensitivity to 
5-fluorouracil (5-FU), cyclophosphamide (CPX), cisplatin 
(CisPt), doxorubicin (DOX), and paclitaxel (PTX), cells were 
seeded in the 96-well plates in triplicates (1.5×103 cells/well) 
and let attached overnight. Next day, the cells were exposed 
to 5-FU (1 µg/ml; Sigma-Aldrich), CPX (50 µg/ml, Selleck 
Chemicals, Houston, USA), CisPt (0.5 µg/ml, Hospira UK 
Ltd, Warwickshire, UK), DOX (25 ng/ml, Sigma-Aldrich), or 

PTX (4 ng/ml; Selleck Chemicals) and cultured for 5 days. 
Cell viability after exposure was measured using CellTiter-
Glo® Luminescent Cell Viability Assay (Promega Corpo-
ration, Madison, WI, USA) according to the manufactur-
er’s protocol and measured on GloMax® Discover System 
(Promega Corporation). The luminescence of unexposed 
cells was used as a reference. Values were expressed as the 
means of replicates ± SD. Experiments were repeated 3× and 
representative results are shown.

Gene expression analysis. RNA from 1×106 NLR-MDA, 
LMC3, and CTC3 were isolated using RNeasy® Mini Kit 
and transcribed to cDNA by RT2 First Strand Kit (both 
Qiagen, Hilden, Germany). To analyze the expression of 84 
metastasis-related genes in LMC3 cells, The Human Tumor 
Metastasis RT² Profiler™ PCR Array (PAHS-028ZD, Qiagen) 
was used. The Human Extracellular Matrix and Adhesion 
Molecules RT2 Profiler™ PCR Array (PAHS-013ZD, Qiagen) 
was used to identify differences between parental and CTC3 
cells in 84 different genes. Quantitative real-time PCR was 
performed using SYBR® Green qPCR Mastermix (Qiagen) 
and Bio-Rad CFX96™ Touch Real-Time PCR Detection 
system (Bio-Rad Laboratories Ltd). The CT cut-off was set 
at 35, and targets expressed at very low levels or undetected 
in the control group (= NLR-MDA) were excluded from the 
relative expression calculations.

Histology and immunohistochemistry. The material was 
fixed in a 10% neutral buffered formalin solution (Sigma-
Aldrich) for 24 h, processed, and embedded into paraffin 
blocks. All the blocks were cut on a Hyrax M40 rotary 
microtome (Zeiss, Germany), and tissue sections were 
placed on specialized Star Frost® glass slides (Waldemar 
Knittel, Germany). The first series of sections were stained 
with standard hematoxylin-eosin staining (Bamed, Czech 
Republic). The next series of cuts were processed by special 
immunohistochemical techniques using the following 
antibodies: Monoclonal Mouse Anti-Human Cytokeratin 
7 Clone OV-TL 12/30 Ready-to-Use Link (Dako Omnis, 
Denmark), Monoclonal Mouse Anti-Human Cytoker-
atin 20 Clone KS 208 Ready-to-Use Link (Dako Omnis, 
Denmark), Monoclonal Mouse Anti-Human Ki-67 Antigen 
Clone MIB-1 Ready-to-Use Link (Dako Omnis, Denmark). 
Before immunostaining, heat-induced antigen retrieval was 
performed by 20 min treatment in a PT Link (Dako Omnis, 
Denmark), using pH 9.0 buffer (EnVision Flex Target 
Retrieval Solution, High pH, Dako Omnis, Denmark). The 
slices were allowed to cool and incubated for 30 min at room 
temperature with antibodies. Tissue sections were washed 
with conventional wash buffer (EnVision Flex Wash Buffer, 
Dako Omnis, Denmark). For visualization, an LSAB2 System-
HRP (Dako Omnis, Denmark) has been applied according 
to instructions. The reaction was visualized with EnVision 
Flex DAB+chromogen (Dako Omnis, Denmark). In the 
end, sections were stained with Mayer hematoxylin (Bamed, 
Czech Republic). The samples were evaluated and described 
using a microscope (Axiovert 200, Zeiss, Germany).



CTC-PRODUCING METASTATIC TNBC VARIANTS 517

however viable adherent red fluorescent cells were detected. 
Cells were subsequently treated by puromycin to select for 
tumor cell population and these cells were named LMC1. 
Two millions of these cells were injected into the tail veins 
of 6-week-old female mice in the second round of in vivo 
selection. Mice were sacrificed after one month; lungs were 
processed and cancer cells expanded as above and named 
LMC2. The same procedure was used in the third round 
of selection and the LMC3 line was established. In one of 
the animals from this cohort, we observed macroscopically 
metastatic spread all over the lungs and kidneys during 
necropsy, plus the abdomen was filled with an ascitic fluid 
containing tumor cells. Cells obtained from the lysed blood 
adhered and we detected propagating viable red flores-
cent tumor cells. We named these cells CTC3 (Figure 1B). 
We concluded, that repeated in vivo passaging resulted 
in the selection of highly aggressive variants of tumor 
cells capable of very efficient lung engraftment associated 
with CTC presence in the mouse blood and proceeded to 
downstream analysis. The aggressiveness of the cells was 
confirmed in the next round of testing when even a 10-fold 
lower cell dose resulted in sudden animal death within 4–5 
weeks (n=6/group). Post-mortem analysis of the material 
by PCR confirmed the presence of human sequences in 
pleural effusion (data not shown). Of note, the derivation 
of cell line variants from animals was performed in parallel, 
however, no significant differences were observed among 

Statistical analysis. GraphPad Prism 6.0.1. software 
(La Jolla, CA, USA) was used for statistical analysis. The 
normality of data distribution was assessed by the Shapiro-
Wilk test. According to the Gaussian distribution of data, 
one-way analysis of variance (ANOVA) with Dunnett T3 
multiple comparison test or non-parametric Kruskal-Wallis 
with Dunn’s multiple comparison test was used to compare 
differences in measured variables between derived and 
control groups. The p-values <0.05 were considered to be 
statistically significant.

Results

Derivation of novel isogenic cell line variants LMC3 and 
CTC3 of MDA-MB-213. To derive novel LMC3 and CTC3 
models, we bilaterally subcutaneously injected NLR-MDA or 
NLR-JIMT1 together with MSC into the 6-week-old female 
SCID/Beige mice. When the tumors exceeded 1 cm3, mice 
were sacrificed and their lungs were dissociated to isolate 
fluorescently labeled tumor cells that were capable to form 
lung metastasis spontaneously (Figure 1A). Cell suspensions 
were seeded as standard adherent cultures. We were not 
able to isolate any viable cancer cells from the lungs of the 
mice injected with the mixture of NLR-JIMT and MSC, even 
though we tried repeatedly.

No visible (macroscopic) metastases were observed 
in the mice injected with NLR-MDA mixed with MSC, 

Figure 1. Experimental design of the study. A) Schematic representation of the experimental design of aggressive cell line derivation B) Example pho-
tographs of the parental cell line, mouse lung used for cell isolation, lung-derived and blood-derived cancer cells.
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the variant in the given selection round, thus the represen-
tative data are shown.

Characterization of LMC3 and CTC3 variants in vitro. 
Herein, we compared the basic characteristics of LMC3 and 
CTC3 in vitro. Basic cell morphology was compared using 
IncuCyte ZOOM™ kinetic imaging system (Figure 2A). For 
deeper morphology evaluation, actin filaments (F-actin) 
were stained with a green fluorescent antibody (Figure 2B). 
We did not detect any significant changes in cytoskeletal 
actin filaments in derived cells. The proliferation of these cells 
was similar to the parental cell line NLR-MDA (Figure 2C). 
Moreover, the cells were tested for chemosensitivity using 
5-fluorouracil (5-FU), cyclophosphamide (CPX), pacli-
taxel (PTX), and cisplatin (CisPt). No significant changes 
were observed except for sensitivity to doxorubicin (DOX), 
both variants showed significantly higher resistance to this 
compound (Figure 2D).

Migration capacity was tested in a standard wound healing 
assay (Figure 3). Relative wound density was determined by 
counting wound confluence percentage (Figure 3A). Here, 

we tested more parallel-derived variants (LMC3/1 = mouse 1, 
LMC3/2 = mouse 2, etc.) to demonstrate their higher migra-
tion capacity in comparison to the parental NLR-MDA cell 
line in vitro. In the case of CTC3/2, we cultured cells on two 
different Petri dishes (CTC3/2a and CTC3/2b) to compare 
possible characteristic’s alteration caused by passaging but 
the migration potential remains the same. Images taken 
24 hours after wounding were selected as representatives 
(Figure 3B).

To analyze metastatic cell lines on the molecular level, 
we used The Human Tumor Metastasis RT² Profiler™ PCR 
Array to analyze 84 genes associated with the metastatic 
process to compare LMC3 cells with parental NLR-MDA 
line. Although the derived line gained high metastatic poten-
tial, only 5 out of 84 tested genes had changed expression 
(cut off 3). We observed upregulation of gene expression of 
MMP9 and downregulation of CDH11, CST7, CXCR4, and 
TNFSF10 (Figure 4).

As previously observed, metastatic isogenic cell line 
variants differed substantially in the expression of the 

Figure 2. Functional changes in metastatic cancer cell lines A) Phenotype of breast cancer cell lines were documented using bright field and red fluo-
rescence by the IncuCyte ZOOM™ kinetic imaging system and B) actin fluorescence staining (actin-green, nucleus-red, due to the permanent mKate 
staining) was documented by Zeiss Axiolab 5 FL (magnification ×40). The morphology of parental and derived cells did not differ. C) 7-day prolifera-
tion curve showing slightly faster proliferation of lung- (LMC3) and blood- (CTC3) derived cancer cells compared to parental NLR-MDA, although 
the effect is not significant. D) Luminometric measurement of ATP level after 5-day treatment with 5-FU, CPX, PTX, and CisPt did not show any 
significant differences in chemosensitivity between tested cell lines. We observed significantly higher resistance to DOX in LMC3 (p=0.0014) and in 
CTC3 (p=0.0003). Statistically significant results are highlighted with asterisks at *p<0.05, **p<0.01, ***p<0.001.
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adhesion molecules and the extracellular matrix composition 
[16]. Based on these data, we used The Human Extracellular 
Matrix and Adhesion Molecules RT2 Profiler™ PCR Array 
covering 84 different genes associated with extracellular 
matrix and adhesion molecules for CTC3 cell line analysis. 
We identified 5 upregulated genes – COL6A1, COL6A2, 
MMP9, SPARC, SSP – and 11 downregulated – ADAMTS1, 
COL12A1, COL15A1, COL8A1, ECM1, FN1, ICAM1, ITGB5, 
MMP11, THBS1, and THBS2 (cut off 3, Figure 5).

Characterization of LMC3 and CTC3 variants in vivo. 
To evaluate the tumorigenicity of LMC3 and CTC3 cell lines 
in vivo, immune-compromised female SCID/Beige mice 
were bilaterally subcutaneously injected with parental, lung- 
or blood-derived cells. We observed faster tumor growth in 
mice injected with metastatic LMC3 and CTC3 (Figure 6A). 
Tumor volumes in mice injected with both derived cell lines 
were significantly higher than in the case of the parental 
line before the termination of the experiment. Final average 
tumor volumes in mice injected with the parental NLR-MDA 
cells were 75.76 mm3 (+/– 41.54), in the group injected with 
LMC3 were 351.47 mm3 (+/– 255.01), and in the group 
injected with CTC3 were 407.68 mm3 (+/– 179.49; Figure 6B). 
Average tumor weight in the NLR-MDA group was 21 mg 
(+/– 19.06), in the LMC3 group 122 mg (+/– 88.79), and in 
the CTC3 group 159.83 mg (+/– 75.68; Figure 6C). All these 
results showed significant differences and increased tumori-
genicity of novel cell variants.

To assess the metastatic potential of derived cells, parental 
NLR-MDA and metastatic LMC3 and CTC3 cell lines were 
intravenously injected into the tail vein of female NSG mice, 
because these animals have more severe immunodeficiency. 
Blood and bone marrow were checked for the presence of 
viable red fluorescent cells (Table 1). We found cancer cells 
in the blood of all animals but with a higher number in 
mice injected with derived cell lines compared to parental 
NLR-MDA. No cancer cells were detected in the bone marrow 
of mice injected with parental cell line. Viable tumor cells in 
bone marrow were detected only in one mouse injected with 
a lung-derived cell line and in all six out of six mice injected 
with blood-derived cancer cells within 3 weeks after inocu-
lation. Importantly, our CTC3 model cells produce detect-
able metastases in the lungs, bone marrow, and a detectable 
amount of viable CTC in the blood within 3 weeks, which 
makes them unique candidate to test the effect of therapeu-
tics of gene alteration on the tumor burden in vivo.

Histological staining of the lungs, livers, and brains with 
hematoxylin and eosin (Table 1) showed metastases in 11 

Figure 3. Increased migration potential in the lung- and blood-derived 
cancer cells in vitro. A) Migration potential analysis based on relative 
wound density showed higher migration of all lung- (LMC3/x) and 
blood- (CTC3/x) derived cancer cells in comparison with the parental 
cell line (NLR-MDA). More than one isolate was used to declare a high-
er metastatic potential. B) Example pictures of NLR-MDA, LMC3, and 
CTC3 cell migration 24 h after scratch demonstrating increased migra-
tion capacity of IV-derived cells.

Figure 4. Altered expression profile of metastasis-related genes in LMC3 RT² Profiler™ PCR Array Human Tumor Metastasis was used to assess gene 
expression changes in lung-derived LMC3 cell line. Only five out of 84 metastasis-related genes (shown in the table with accurate fold change value) 
showed higher than 3-fold up- or down- regulation compared to the parental NLR-MDA cell line.
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out of 12 analyzed lung samples, while only small isolated 
groups of metastatic cancer cells were found in mice injected 
with the parental cells (3 out of 3) and mice isolated with 
lung-derived cells (2 out of 3). Massive metastatic carcinoma 
was identified in one mouse with lung-derived cells and in 
all mice injected with blood-derived cells (6 out of 6). In one 
of these cases, we were able to identify metastatic spread also 
in the liver. No animals exhibited metastases in the brain 
according to this staining. The percentage of the lung area 
covered by cancer cells in each mouse is shown in Table 2. 
Representative pictures of lungs stained with HE from each 
group of injected mice are shown in Figure 6D. Lungs were 
additionally immunohistochemically stained with Ck7, 
Ck20, and Ki-67 – percentage results confirming the highest 
metastatic potential of blood-derived cancer cells are shown 
in Table 2 and representative pictures in Figure 6E. Ck20 was 
negative in all tested samples.

Discussion

The molecular mechanism of the metastatic processes is 
not fully understood yet and needs to be further elucidated. 
To be able to study these mechanisms, laboratory metastatic 
models need to be available. Here, we derived highly aggres-
sive metastatic and CTC-producing cell lines for rapid and 
cost-efficient functional testing.

TNBC treatment involves mainly conventional cytotoxic 
systemic chemotherapy. Therefore, there is a great clinical 
need to study CTC dissemination and metastatic outbreak. 
In general, for exploring the molecular mechanisms of 
cancer biology as well as developing better clinical models 
to test novel therapeutic strategies, mouse models provide 
critical insights into cancer research. Indeed, there are many 
laboratory models for investigating breast cancer (reviewed 
in Roarty and Echeverria [12]). There was a great trend to 
use orthotopic metastasis mice models, which, unfortu-
nately, require months to metastasize to distant organs. On 
the other hand, intravenous (IV) injection of cancer cells 
directly into the mouse bloodstream mimics the advanced 
stages of metastatic cascade and takes only a few weeks to 
develop metastasis. Early in 2013, Rashid et al. published 
the genomic profile comparisons of lung metastases derived 
from orthotopic and IV breast cancer cell injection [17]. 
They did not find significant differences between them and 
thus, lung metastases formed after IV injection are consid-
ered as a relevant breast cancer metastatic model.

Fidler with his colleague found out that only subpopula-
tions of cancer cells possess metastatic abilities, and these 
could be clonally selected to derive lines with enhanced 
metastatic seeding to a particular organ [18]. There is an 
estimation that in animal models only 0.02% of cancer cells 
develop metastatic abilities [19]. We were able to isolate 
metastatic breast cancer cells from mice lungs after the first 
co-injection with MSC. The selection was based on the red 
fluorescence and puromycin resistance of the injected fluores-

Figure 5. Altered expression profile of ECM-related genes in CTC3 RT² 
Profiler™ PCR Array Human Extracellular matrix and adhesion mole-
cules were used to assess gene expression changes in blood-derived CTC3 
cell line. Sixteen out of 84 metastasis-related genes (shown in the table 
with accurate fold change value) showed higher than 3-fold up- or down-
regulation compared to the parental NLR -MDA cell line.

cently labeled MDA-MB-231 cells (mentioned above as 
NLR-MDA). LMC3 metastatic cells were derived by repeated 
injection of tumor cells into the tail vein of immunodeficient 
mice and subsequent selection of metastatic cells from lung 
metastases. It is well known, that in the blood of stage IV 
breast cancer patients CTC can be frequently found [20]. 
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Therefore, we also processed blood in addition to the lung to 
isolate CTC and established a CTC3 line without any special 
isolation technique (CTC isolation techniques are reviewed 
in Sharma et al. [21]). Even though we injected cancer cells 
directly into the bloodstream, it is very unlikely that those 
cells were able to survive in the blood for such a long time. 
According to Meng et al., CTC have a very short survival 
time in the bloodstream, estimated in the range from 1 to 
3 hours [22]. Therefore, we assume that the injected cells first 
needed to colonize tissues or organs in the mice shortly after 
the injections, and cells found in the blood were the result of 
the advanced metastatic process.

The cell line models were tested for various functional and 
molecular characteristics. Under the phase-contrast micro-
scope, there were no shape differences between the parental 
and lung- or blood-derived cells. We did not observe any 
major changes in actin filaments either. Metastatic cancer 
cells for many different cancers are known to have altered 
cytoskeletal properties – usually more deformable and 
contractile. There are cases, where metastatic cancer cells 
have more mesenchymal cell shape than parental ones. On 
the contrary, some metastatic cells have a rounder shape 
than their non-metastatic versions [23]. In our case, parental 
NLR-MDA cells are metastatic per se, therefore their even 
more metastatic derivates can easily keep their original shape.

We did not observe any significant differences in cell 
proliferation or sensitivity to the panel of 4 different chemo-
therapeutics, namely 5-FU, CPX, PTX, and CisPt. However, 
lung- and blood-derived cells were significantly more resis-
tant to DOX. As mentioned before, systematic chemotherapy 
is the most common treatment option for TNBC patients. 
Although DOX is currently considered to be one of the 
most effective chemotherapeutic agents in breast cancer 
treatment, its resistance leads to an unsuccessful outcome 
in many patients. Although the mechanisms of DOX resis-
tance remain unclear, it is accepted that its development is 
a multifactorial phenomenon. Investigations into the factors 
triggering the observed DOX resistance revealed that a 
decrease in cell-to-ECM adhesion played a pivotal role [24], 
which we observed in decreased expression of different types 
of collagens, integrins, and various adhesion molecules. Also, 
an increased expression of MMP9 was correlated with the 
advancement of resistance to higher concentrations of DOX 
[25], which is also in correlation with our results.

We observed the higher migration capacity of LMC3 and 
CTC3 compared to the parental cell line in vitro, which was 
in accordance with our in vivo data and also expected in 
highly metastatic cell lines.

We also examined the expression of genes associated 
with signaling pathways related to the metastasis in our 
metastatic lung-derived cell line LMC3. An RT-PCR array 
of 84 different genes identified the largest expression differ-
ences in 5 genes. The only upregulated gene was MMP9, 
which has several important roles in processes such as extra-
cellular matrix (ECM) remodeling, metastasis, and angio-
genesis [26]. In breast cancer, Owyong and colleagues have 
shown that MMP9 is a crucial component of the metastatic 
niche and promotes CTC to colonize the lungs [27]. We 
observed the downregulation of CDH11, CST7, CXCR4, and 
TNFSF10 genes. Cadherin-11 (CDH11) has been for a long 
time recognized as a protein expressed in invasive breast 
cancer. There are cancer cells that lost CDH11 – they are 
either poorly invasive with a rounded phenotype, or highly 
invasive with a mesenchymal phenotype [28]. Later, an alter-
natively-spliced variant of CDH11 was identified in breast 
cancer cell lines to promote invasiveness [29]. Nevertheless, 
there are many scientific papers that recognize the higher 
expression of CDH11 in invasive cancers. Therefore, in our 

Table 1. Detection of breast cancer cells in the blood, bone marrow, lung, brain, and liver of mice injected with parental NLR-MDA, lung-derived 
LMC3, and blood-derived CTC3 cells.

NLR-MDA LMC3 CTC3
mouse 1 mouse 2 mouse 3 mouse 1 mouse 2 mouse 3 mouse 1 mouse 2 mouse 3 mouse 4 mouse 5 mouse 6

Blood + + + + + +++ +++ ++ + ++ ++ +
Bone marrow – – – – – + ++ + ++ +++ ++ +++
Lung + + + + – +++ +++ +++ + +++ +++ +++
Brain – – – – – – – – – – – –
Liver – – – – – – – – – – + –

Notes: semi-quantitative evaluation of cancer cells occurrence: – no cancer cells present; +, ++, +++ apparent amount of cancer cells (from the lowest to the 
highest)

Table 2. Results of H&E and IHC staining of lung tissues.
H&E staining (%) IHC staining (%)

tumor 
tissue

healthy 
lung tissue Ck7 Ki-67

NLR-MDA mouse 1 5 95 70 70
NLR-MDA mouse 2 5 95 60 60
NLR-MDA mouse 3 5 95 70 50
LMC3 mouse 1 5 95 50 50
LMC3 mouse 2 0 100 70 60
LMC 3 mouse 3 70 30 10 60
CTC3 mouse 1 60 40 60 70
CTC3 mouse 2 40 60 40 50
CTC3 mouse 3 10 90 20 60
CTC3 mouse 4 70 30 20 70
CTC3 mouse 5 70 30 0 90
CTC3 mouse 6 70 30 40 50
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Figure 6. Increased tumorigenic and metastatic effects of LMC3 and CTC3 in vivo. A) Tumor volume evaluation in time – we observed faster tumor 
growth in both, LMC3 and CTC3, cell lines compared to the parental NLR-MDA line. Tumor volumes were calculated according to the formula volume 
= (length × width2)/2. B) Tumor volumes from the last measurement before the ending of the experiment were statistically evaluated (lung-derived 
LMC3 cell line, p=0.0346; blood/derived CTC3, p=0.0119) C) Tumor weights measured after the experiment termination. We observed significantly 
higher tumor mass in both tested groups (lung-derived LMC3 cell line, p=0.0394; blood/derived CTC3, p=0.0058). D) Representative pictures of 
hematoxylin-eosin (H&E) staining and E) immunohistochemically Ck7, Ck20, and Ki-67 staining of mice lungs intravenously injected with parental 
NLR-MDA, lung-derived LMC3, and blood-derived CTC3 cells showed the higher metastatic potential of blood-derived cell line compared to the pa-
rental and lung-derived cells (magnification 20×). Statistically significant results are highlighted with asterisks at *p<0.05, **p<0.01.
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case, downregulation of CDH11 could either mean high 
invasiveness because of the mesenchymal phenotype of the 
cells or may be misleading as there are many splice variants 
that induce invasiveness and the expression array does not 
recognize some of these variants (out of which some may 
be still overexpressed). The rest of the genes that we found 
downregulated were often found upregulated during the 
metastatic process in other studies. Although it may sound 
a little controversial, one needs to be careful when making 
generalized conclusions. For example, CXCR4 is known to 
be highly expressed in MDA-MB-231 cells [30]. Therefore, 
CXCR4 downregulation in LMC3 could still mean that the 
CXCR4 receptor is highly upregulated in comparison to the 
healthy cells or that CXCR4 signaling pathways are not the 
ones that make these metastatic cells so aggressive.

To analyze CTC3, we used a panel of 84 genes related 
to the ECM and adhesion molecules. As mentioned above, 
cancer cells need to undergo EMT, which involves rearrange-
ment in the ECM and changes in their adhesion, to enter the 
bloodstream and metastasized into distant organs. Change of 
expression above the predetermined threshold was observed 
in sixteen of the tested genes, and the change in two of them 
(SPARC and THBS2) greatly exceeded the others. The secreted 
protein acidic and rich in cysteine (SPARC) is a matricellular 
glycoprotein that has been extensively associated with breast 
cancer aggressiveness although the underlying mechanisms 
are still not completely clear. It is frequently overexpressed 
in breast tumors with the highest expression rates in TNBC 
[31]. Even in primary breast tumors, a high level of SPARC 
protein is associated with worse disease-free survival and 
overall survival than patients with low SPARC level [32]. 
Therefore, increased SPARC expression may serve as an 
indicator of greater aggressiveness, and as a prognostic factor 
for TNBC. In the study of Ma et al., increased expression of 
SPARC correlated with a low rate of bone metastasis [33]. 
In total, 60–70% of patients with metastatic breast cancer 
have bone metastases [34]. Even though TNBC usually does 
not metastasize into the bone marrow [12], and even despite 
high gene expression of SPARC, we were able to detect bone 
marrow metastases in mice injected with lung-derived LMC3 
and blood-derived CTC3 cells.

The role of thrombospondin 2 (THBS2, TSP-2) in breast 
cancer remains controversial. Firstly, TSP-2 acts as an impor-
tant naturally occurring angiogenesis inhibitor. Naturally, 
tumor growth depends on the angiogenic process (reviewed 
in Koch [35]). In the study of Lin et al., THBS2 was indicated 
to inhibit the proliferation, migration, and invasion abili-
ties of TNBC cells in vitro [36]. Therefore, our cancer cell 
lines increase their proliferation rate, tumor growth, and 
metastatic spread by downregulating the THBS2 expression. 
On the other, there are few studies (mostly newly submitted 
preprints) that showed higher expression of THBS2 in breast 
cancer tissue compared to healthy tissue. The survival analysis 
published by Weng et al. indicated that increased THBS2 
expression levels were associated with poor survival rates 

in breast cancer [37]. One way or another, different proteins 
could have different roles in different processes. In our case, 
it is probably the inhibition role of THBS2 in angiogenesis.

In summary, here we describe the molecular and biolog-
ical comparison of the newly derived isogenic variants of 
the TNBC cell line MDA-MB-231 that enlarge the pool of 
established cell lines valuable for rapid and cost-efficient 
functional testing of novel interventions to block dissemi-
nation and appearance of viable CTC in the blood as well 
as preventive strategies to limit metastatic outgrowth in the 
lungs and bone marrow.
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