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Abstract
Aim: Fibulins and ADAMTSs are two families of extracellular matrix proteins implicated in key functional and 
pathological processes. The fact that the fibulin-1 and ADAMTS-1 proteins interact raises new questions about the 
roles of these extracellular matrix proteins in modulating tumor progression. Herein, we described the functional 
implications of the interaction between fibulin-1 and ADAMTS-1 on the behavior of breast cancer cell lines. 

Methods: Fibulin-1 and ADAMTS-1 were exogenously expressed in MCF-7 and MDA-MB-231 cell lines to assay the 
effect of their interaction in  cellular properties. 

Results: ADAMTS-1 expression exacerbates tumor effects in terms of proliferation, invasion and mammosphere 
formation. In contrast, the simultaneous expression of ADAMTS-1 and fibulin-1 impairs these effects. The analysis of 
the expression of both proteins in human breast cancer tissue arrays provides new insights into the complex roles of 
fibulin-1 and ADAMTS-1 in this type of tumor. 



Conclusion: Our results suggests that the interaction between ADAMTS-1 and fibulin-1 induces a pronounced anti-
tumoral effect. 

Keywords: ADAMTS-1, fibulin-1, cell migration, cell proliferation, breast cancer, MCF-7, MDA-MB-231

INTRODUCTION
The extracellular environment is a dynamic niche in which multiple molecular interactions occur that 
govern cell fate. Several families of extracellular proteins function in this molecular dance, influencing cell 
properties and thus regulating either physiological or pathological processes[1,2]. In addition, stromal cells are 
considered especially important in the extracellular environment as they induce extracellular modifications 
that can promote dysfunction in processes such as in cancer progression[3].

In general, proteases are considered to be responsible for altering tissues and initiating the extracellular 
remodeling of tissues. Among proteases, members of the ADAMTS family have been widely implicated 
in different steps of cancer development. The ADAMTS family consists of 19 members, all of which have 
several domains, including a metalloprotease, a disintegrin and a variable number of thrombospondin 
motifs, which allow them to interact with different components of the extracellular matrix (ECM)[4]. 
ADAMTS-1 was the first identified member of this family of matrix metalloproteases due to its association 
with inflammation processes[5]. Since its discovery, ADAMTS-1 has been described to participate in several 
other processes, such as organogenesis, vessel formation and ovulation[6-8]. The participation of ADAMTS-1 
in cancer is underlined by its implication in some of the most important features of cancer development and 
progression[9]. Thus, ADAMTS-1 has positive effects on cell survival, invasion and migration processes and, 
in general, does not participate in cell proliferation[10,11]. Furthermore, ADAMTS-1 promotes angiogenesis in 
breast xenografts, but it is also able to inhibit angiogenesis in lung and hepatic metastasis as well as in other 
cell-based angiogenic experiments[11,12].

Several studies provide conf licting associations of ADAMTS-1 with breast cancer; ADAMTS-1 has 
been reported to be both a pro- and anti-tumorigenic factor[10,13-15]. This dual function of ADAMTS-1 
depends on the conditions in which the ADAMTS-1 pathway is functioning, i.e., microRNAs such as 
miR-365 or peroxisome proliferator-activated receptor (PPARδ)[16,17]. The tumor promotion or tumor 
inhibition properties associated with ADAMTS-1 can also depend on the fragmentation of ADAMTS-1 
or the interactions of ADAMTS-1 with other components of the ECM[18]. One of the known partners of 
ADAMTS-1 in the ECM is fibulin-1; the interaction of these two proteins was described as a result of a yeast 
two-hybrid screen for potential interactions of ADAMTS-1. As a result of this interaction, the proteolytic 
activity of ADAMTS-1 towards aggrecan is increased; thus, fibulin-1 is considered a cofactor of ADAMTS-1 
aggrecanase activity[19].

Fibulin-1 was the first identified member of the fibulin family of matrix proteins[20]. The members of 
this family each contain a fibulin-like domain at the carboxy terminal of the protein. The fibulin family 
consists of seven members of different lengths that contain different motifs with varying functions, such 
as anaphylatoxin domains (fibulin-1 and fibulin-2), epidermal growth factor ( EGF)-like modules (fibulin-3 
and fibulin-4), thrombospondin-like and von Willebrand factor domains (fibulin-6) or a sushi domain 
(fibulin-7)[21]. In particular, fibulin-1 and fibulin-2 are closely related and characterized by the presence of 
anaphylatoxin and calcium-binding EGF (cbEGF) modules. However, only fibulin-2 contains two additional 
modules: cysteine (cys)-rich and cys-free domains. In addition, fibulin-1, fibulin-2, fibulin-3, fibulin-4 and 
fibulin-5 are considered elastogenic fibulins since they are important components of elastic fibers that are 
particularly abundant in the dermis, lungs and arterial walls[21,22].
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The roles of fibulins in tumor development have been widely discussed, and they show both pro- and anti-
tumor activities[23]. In particular, fibulin-1 has been described to be overexpressed in various human cancers 
and associated with processes such as invasion, migration, and in vivo tumor growth[24-26]. The role of 
fibulin-1 in breast cancer depends on multiple factors. For example, four alternative forms of fibulin-1 have 
been described (fibulin-1A, fibulin-1B, fibulin-1C and fibulin-1D), which differ at the carboxy terminal[27]. 
Fibulin-1D acts as a product of a tumor suppressor gene, whereas fibulin-1C (lacks only 21 amino acids of 
the fibulin-like domain) behaves as an oncogenic protein[25,28]. Furthermore, the identification of fibulin-1 
localization or fibulin-1-expressing cells are also important metrics since fibulin-1 is one of the genes 
specifically expressed in normal fibroblasts but not in breast cancer-associated fibroblasts[29]. The epigenetic 
downregulation of fibulin-1 has also been described in various cancers, such as gastric cancer, colorectal 
cancer, hepatocellular carcinoma, and bladder cancer, but this downregulation has not been described in 
breast cancer[30-33].

Herein, we describe the effects of the ADAMTS-1/fibulin-1 interaction on breast cancer cell properties 
related to cancer progression and development. We found that cell proliferation, invasion and migration 
are susceptible to being affected by this interaction as well as the capacity of tumorsphere formation, which 
reflects the capability of cancer cells to form tumor focus. Finally, we detected very low levels of ADAMTS-1 
expression and high levels of fibulin-1 expression in a human tissue array from breast cancer patients, which 
can be considered a deviation towards a cancerous phenotype.

METHODS
Cells lines and cell culture conditions
Human MDA-MB-231 and murine MCF-7 breast cancer cell lines were kindly provided by Dr. Carlos 
López-Otín (University of Oviedo, Spain). Cells were routinely maintained in Dulbecco’s Modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum, 50 μg/mL streptomycin and 100 U/mL penicillin (Life 
Technologies). For transfection experiments, vectors containing the full-length human cDNAs for fibulin-1 
(kindly provided by Dr. Tatako Sasaki, Oita University, Japan) and Flag-tagged ADAMTS-1 (Origene) were 
transfected into cells at 75% confluence using TransIT-X2 (Mirus) as recommended by the manufacturer. 
Cells transfected with an empty vector were used as a control. Stably expressing transfectants were selected 
with 500 μg/mL G418 (Sigma-Aldrich) and used for all the experiments.

Western blotting and immunoprecipitation
For western blot analysis, proteins were resolved by 10% polyacrylamide gel electrophoresis, transferred to 
a nitrocellulose membrane and subsequently probed with the indicated antibodies. Primary antibodies for 
the detection of ADAMTS-1 were purchased from Sigma-Aldrich (FLAG M2, for immunoprecipitation) 
and Bioss (bs-1208R-A488, for immunohistochemistry and western blotting), and those used for the 
detection of fibulin-1 were obtained from Novus (NBP1-84725, for immunohistochemistry) and Santa Cruz 
Biotechnology (H-190, for western blotting). 

The anti-actin antibody used as the load control was purchased from Sigma-Aldrich (AC-15). Immunoreactive 
proteins were visualized using HRP-peroxidase-labeled anti-rabbit or anti-mouse secondary antibodies and 
an electrochemiluminescence (ECL) detection system (Pierce). For immunoprecipitation, MCF-7 double-
transfected cells (ADAMTS-1 and fibulin-1) were resuspended in lysis buffer (100 mM Tris-HCl at pH 7.4, 
150 mmol/L NaCl, 10 mmol/L EDTA, 1% desoxycholic acid, 1% Triton X-100, and 0.1% SDS containing one 
complete protease inhibitor cocktail (one tablet/50 mL buffer; Roche Molecular Biochemicals) and incubated 
for 2 h on ice with eventual stirring. Cell debris was removed by centrifugation in a bench-top centrifuge 
for 15 min at 4 °C. Protein concentration was quantified using the BCA Protein Assay Kit from Pierce 
Technology. For immunoprecipitation, 1 mg of protein extract was incubated with anti-FLAG M2 affinity gel 
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(Sigma-Aldrich) for 16 h at 4 ºC following the manufacturer’s instructions. After three washes in lysis buffer, 
the immunoprecipitates were resolved by western blotting.

Invasion assays
In vitro invasion potential was evaluated using 24-well Matrigel-coated invasion chambers with an 8-µm 
pore size (BD Biosciences). For MCF-7 cells, 5 × 105 cells were allowed to migrate for 96 h using 10% fetal 
bovine serum as a chemoattractant. Cells that reached the lower surface were stained with crystal violet. At 
least three independent experiments were performed in triplicate for each condition. Cells were counted in eight 
randomly selected microscopic fields. In the case of MDA-MB-231 cells, invasion was evaluated after 24 h.

Migration assays
The migratory capacity of cells on the ECM components fibronectin, laminin I, and type-I collagen was 
examined using the RadiusTM 24-Well Cell Migration Assay kit (Cell Biolabs) following the manufacturer’s 
instructions. Brief ly, 5 × 105 cells were seeded per well, and migration was monitored by time-lapse 
microscopy using a Zeiss Axio Observer Microscopy. Experiments were performed in triplicate, and the 
covered area was quantified at different times using ImageJ. For MCF-7 cells, the results were obtained after 
24 h of migration. In the case of MDA-MB-231 cells, we used a barrier-migration assay over a period of 24 h 
and the same ECM components[34].

Cell proliferation determination by Ki-67 staining
Cell proliferation was estimated by the quantification of Ki-67-positive nuclei in MCF-7 and MDA-MB-231 
cell cultures, including controls and the different transfectants. Cells were fixed with 4% paraformaldehyde, 
blocked with 10% fetal bovine serum and incubated overnight with an anti-Ki67 antibody (Santa Cruz 
Biotechnologies). After three washes in phosphate buffered saline (PBS), the cells were incubated with a 
secondary Alexa 546-conjugated antibody (Life Technologies) for 1 h. In all samples, DAPI (100 ng/mL) 
was added to visualize the DNA in the cell nucleus. Images were obtained using a fluorescence microscope 
(Axiovert). After quantification, the data were plotted as an average of Ki-67-positive nuclei in relation to the 
total number of nuclei per microscopic field.

Mammosphere cultures
A total of 4 × 104 MCF-7 cells were plated in 6-well ultralow attachment plates (Costar) and grown in 
MammoCult Basal Medium (Stem Cell Research) supplemented with 10% MammoCult Proliferation 
Supplement, 4 µg/mL heparin and 0.5 µg/mL hydrocortisone. After 7 days, mammospheres were collected 
and enzymatically dissociated as previously described[35]. The individual dissociated cells were cultured in 
96-well ultralow attachment plates at a density of 20 cells/well. Mammosphere formation was microscopically 
monitored daily to ensure that the mammospheres were derived from single cells and not from aggregates. 
The number of mammospheres was determined after 7 days of culture.

Human breast cancer tissue array
A breast cancer tissue array containing samples from different tumor stages was employed to evaluate 
ADAMTS1 and FBLN1 expression in human breast cancer samples. The tissue array was obtained from the 
Institute of Oncology of Asturias Tumour Bank. Written informed consent was obtained from all patients 
prior to sample collection. The study was approved by the appropriate institutional review board according 
to national and EU guidelines.

Slides were processed for indirect peroxidase immunohistochemistry as follows: sections were deparaffinized, 
rehydrated and then rinsed in PBS containing 1% Tween-20. For the detection of fibulin-1 and ADAMTS-1, 
the sections were heated in an Envision FLEX target retrieval solution at high pH and 80 °C for 20 min 
and then incubated for 20 min at room temperature in the same solution. Endogenous peroxidase activity 
(3% H2O2) and nonspecific binding (33% fetal calf serum) were blocked, and the sections were incubated 
overnight at 4 °C with primary antibodies diluted 1:100. We used labeled polymer-HRP (ready for use) 
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antibodies from DAKO as the secondary antibodies. 3-3’-Diaminobenzidine was employed as a chromogen. 
Selected slides were counterstained with hematoxylin to ascertain structural details. As immunostaining 
controls, representative sections were processed in the same way as described above using nonimmune 
rabbit or mouse sera instead of the primary antibodies or by omitting the primary antibodies during the 
incubation. Furthermore, when available, additional controls were carried out using specifically preabsorbed 
antisera.

Fibulin-1 immunostaining intensity was semiquantitatively evaluated by two independent observers directly 
under the microscope using ten randomly selected fields (20x objective and a 20x ocular). The intensity of 
the immunoreaction was evaluated as strong (+++), moderate (++), weak (+) or negative (-).

Survival analysis
To assess the effect of ADAMTS-1 and fibulin-1 on breast cancer prognosis, survival probability was 
determined using the data available at www.kmplot.com[36]. The results are presented as Kaplan-Meier long-
rank test survival plots.

Statistical analysis
Statistical analysis was carried out using Microsoft Office software. Data are presented as mean ± SE. The 
occurrence of significant differences was determined with the Student-Welch t test. P values under 0.05 were 
considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.005).

RESULTS
ADAMTS-1 and fibulin-1 interact in breast cancer cell lines
Fibulin-1 has been described as an ADAMTS-1 cofactor because of its proteolytic activity towards aggrecan 
degradation[19]. Fibulin-1 is not an ADAMTS-1 substrate; instead, it is an interacting partner that can affect 
cancer-associated properties such as the migration, invasion and proliferation of breast cancer cell lines. 
Thus, we used two common human breast cancer cell lines, MCF-7 and MDA-MB-231. First, we quantified 
the endogenous expression of both proteins in cell extracts obtained from both cell lines [Figure 1]. No 
detectable levels of fibulin-1 or ADAMTS-1 were visualized by western blotting in either the MCF-7 or the 
MDA-MB-231 cell extracts [Figure 1A]. Thus, we transfected both cell lines with the corresponding cDNAs 
(ADAMTS-1, fibulin-1 or both simultaneously) to obtain transfectants expressing one of the proteins or both 
proteins together. For control purposes, we used an empty vector as a negative control [Figure 1A, control]. 
Once we obtained all the transfectants, we tried to probe the in vivo interaction of ADAMTS-1 and fibulin-1 
in MCF-7 extracts by immunoprecipitation. To this end, we took advantage of the Flag epitope present in 
the exogenously expressed ADAMTS-1 protein. Fibulin-1 western blotting following Flag (ADAMTS-1) 
immunoprecipitation showed a 100 kDa reactive band only in extracts from the ADAMTS-1/fibulin-1 
double-transfected cells [Figure 1B, top], which demonstrated the existence of this interaction in the MCF-
7 double transfectants [Figure 1B]. To probe the presence of ADAMTS-1 in the same immunoprecipitate, we 
carried out a Flag western blot that showed the presence of a 100 kDa reactive band that corresponded to the 
size of ADAMTS-1 [Figure 2, bottom].

Effect of the fibulin-1/ADAMTS-1 interaction on invasion properties
After we demonstrated the fibulin-1/ADAMTS-1 interaction in breast cancer cells, we decided to explore 
the functional consequences of this event by first checking the effects of this interaction on the invasion 
properties of both cell lines. To address invasion properties, we used Matrigel-coated invasion chambers 
[Figure 2], and we observed that the fibulin-1/ADAMTS-1 interaction resulted in a significant reduction 
in the invasion capability of both cell lines. Thus, the invasive potential of the double transfectants of both 
the MDA-MB-231 and the MCF-7 cell lines was decreased compared with that of the control cell lines 
(MDA-MB-231: average of 112 double transfectants cells/field vs. 240 control cells/field; MCF-7: 65 double 
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Figure 1. Selection of MCF-7 and MDA-MB-231 stable transfectants and coimmunoprecipitation of fibulin-1 with ADAMTS-1. A: Western 
blot analysis of MCF-7 and MDA-MB-231 expressing exogenous fibulin-1, ADAMTS-1 or both proteins simultaneously (Fibulin-1/
ADAMTS-1). Control, cells transfected with an empty vector. Actin was used as a loading control. Molecular weight marker is indicated on 
the right. Independent gels were performed for each western blot; B: immunoprecipitation of MCF-7 control cell extracts or extracts from 
cells expressing fibulin-1 and ADAMTS-1 (Fibulin-1/ADAMTS-1) using an anti-FLAG M2 affinity gel. IP, immunoprecipitated. Top, detection 
with an anti-fibulin-1 antibody. Bottom, detection with an anti-FLAG (ADAMTS-1) antibody. Intervening irrelevant lanes are not shown

A

B
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transfectants cells/field vs. 90 control cells/field). The expression of fibulin-1 alone had the ability to reduce 
the invasiveness of MDA-MB-231 cells (an average of 175 vs. 240 cells/field) but not the invasiveness of 
MCF-7 cells. In contrast, and in agreement with the previously described tumor-promoting properties of 
ADAMTS-1, the invasion capabilities of the ADAMTS-1 transfectants of both cell lines showed an important 
increase compared with those of the control cell lines (averages of 340 vs. 240 cells/field for the MDA-MB-231 
cell line and 275 vs. 90 cells/field in MCF-7 cells).

Effect on the migration properties of the fibulin-1/ADAMTS-1 interaction
Next, we analyzed the migration potential of both cell lines over two components of the extracellular matrix, 
type-I collagen and fibronectin. After 24 h, we measured the covered area and graphed the results for a better 
interpretation of the results. In all cases, substrates and cell lines, we observed that the migration properties 

Figure 2. Coexpression of ADAMTS-1 and fibulin-1 reduces the invasion properties of the breast cancer cell lines MCF-7 and MDA-
MB-231. Cell invasion assay using Matrigel-coated invasion chambers. A: representative microscopic pictures of MDA-MB-231 cells 
expressing exogenous fibulin-1, ADAMTS-1 or both proteins simultaneously. Cells transfected with an empty vector were used as a 
control. Cells that reached the lower surface were counted and are graphically shown; B: representative microscopic pictures of MCF-7 
cells expressing exogenous fibulin-1, ADAMTS-1 or both proteins simultaneously. Cells transfected with an empty vector were used as a 
control. Cells that reached the lower surface were counted and graphically represented. P  values under 0.05 were considered statistically 
significant (*P  < 0.05, **P  < 0.01, ***P  < 0.005)

A

B
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of the double transfectants (fibulin-1 and ADAMTS-1) were significantly compromised compared with those 
of their respective controls. We observed that the control MCF-7 cells were able to cover 79% of the area on 
type-1 collagen-coated dishes, whereas the double transfectants only were able to cover 25% of the area. In 

Figure 3. Coexpression of ADAMTS-1 and fibulin-1 reduces the migration properties of the breast cancer cell line MCF-7 over type-I 
collagen and fibronectin. Top, Representative images of the migration of MCF-7 transfectants on wells coated with type-I collagen and 
fibronectin using the RadiusTM 24-Well Cell Migration Assay kit (Cell Biolabs). MCF-7 cells transfected with an empty vector were used 
as a control. Pictures of the initial (t: 0 h) and final (t: 24 h) times are included. The starting point is indicated with a thin dotted line, and 
the final point is indicated with a thick dotted line. Bottom, graphical representation of percentages of the area covered after 24 h (from 
three independent experiments)
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the case of fibronectin, the control cells could cover 65% of the dish area, and the double transfectants could 
cover 18% of the dish area [Figure 3]. The data for the control and double transfectants cells of the MDA-
MB-231 cell line were somewhat similar; the control cells covered 90% of the areas of the type-1 collagen- 
and fibronectin-coated plates, while the double transfectants covered 35% and 25% of the type-1 collagen- 
and fibronectin-coated plates, respectively [Supplementary Figure 1]. The expression of ADAMTS-1 alone 
also showed significant effects on migration only over the fibronectin substrate compared with the control 
cells and double transfectants of the MCF-7 and MDA-MB-231 cell lines [Figure 3 and Supplementary 
Figure 1, respectively]. The overexpression of fibulin-1 alone showed significant effects compared with the 
double-transfected and ADAMTS-1-overexpressing MDA-MB-231 cells over fibronectin and type-1 collagen 
[Supplementary Figure 1].

Effects of the fibulin-1/ADAMTS-1 interaction on cellular proliferation
Ki-67 nuclear staining is a good marker to measure the proliferative state of any given cell line. In this study, 
we used Ki-67 nuclear staining to evaluate the proliferative properties of all the transfectants generated. In 
both cell lines, MDA-MB-231 and MCF-7, ADAMTS-1 overexpression increased cell proliferation, as shown 
in Figure 4. The number of Ki-67-positive nuclei in the ADAMTS-1-expressing and control cells of the 
MDA-MB-231 cell line was 63 and 48, respectively, whereas that in the ADAMTS-1-expressing and control 
cells of the MCF-7 cell line was 82 and 64, respectively. On the other hand, fibulin-1 overexpression was able 
to significantly reduce proliferation in only the MCF-7 cells; 49 and 64 Ki-67-positive nuclei were detected in 
the fibulin-overexpressing and control cells, respectively. When ADAMTS-1 and fibulin-1 were transfected 
together, a reduction in the cell proliferation of both cell lines was observed. Specifically, in MDA-MB-231 
cells, 35 and 48 Ki-67-positive nuclei were detected in the double transfectants and control cells, respectively, 
whereas in MCF-7 cells, 45 and 64 Ki-67-positive nuclei were detected in the double transfectants and 
control cells, respectively [Figure 4].

Effects of the fibulin-1/ADAMTS-1 interaction on mammosphere formation
One way of mimicking a tissue environment using 3D cell culture in vitro is through the formation of 
mammospheres, allowing the quantification of the size of these structures as well as the self-renewal 
capacity of the cell. In this context, we were able to examine the influence of fibulin-1 and ADAMTS-1 on 
the mammosphere formation of breast cancer cells. The fibulin-1/ADAMTS-1 interaction resulted in fewer 
and smaller mammospheres than did the other three combinations [Figure 5]. Furthermore, significant 
differences in mammosphere forming units (MFUs) were observed among all possible combinations. 
It is remarkable that the ability to develop MFUs was almost completely abolished when fibulin-1 and 
ADAMTS-1 were coexpressed (no MFUs were detected). Compared with the control cells, cells expressing 
fibulin-1 also exhibited a diminished ability to develop MFUs (11 MFUs vs. 4 MFUs). In contrast, 
ADAMTS-1 expression slightly increased this capacity. Taken together, our data indicate that fibulin-1 and 
ADAMTS-1 affect the ability of this cell line to form mammospheres.

Analysis of ADAMTS-1 expression in breast cancer tissue samples
We performed an immunohistochemical analysis of the expression of ADAMTS-1 and fibulin-1 in a tissue 
array containing 69 breast cancer tissue samples, including 18 ductal carcinomas, 3 poorly differentiated 
ductal carcinomas, 12 moderately differentiated ductal carcinomas, 1 well-differentiated ductal carcinoma, 
20 lobular carcinomas, 6 mucoid carcinomas, 3 colloid carcinomas, 3 apocrine carcinomas, and 3 
medullary atypical carcinomas [Supplementary Table 1]. Overall, using serial slides, the results indicated 
no colocalization of the proteins regardless of the tumor type or stage [Figure 6]. Consistently, ADAMTS-1 
immunoreactivity was almost absent or expressed at residual levels in all types of carcinoma samples [Figure 6]. 
On the other hand, positive immunostaining for fibulin-1 was distributed in both the tumor cells and the 
stromal spaces with the exception of the colloid carcinoma, in which fibulin-1 expression was restricted to 
the tumor cells [Figure 6, Top].
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We next assessed the association of ADAMTS1 and FBLN1 expression with clinical outcome using data 
available at www.kmplot.com. Overall survival Kaplan-Meier analysis revealed that the high expression 
of FBLN1 and ADAMTS1 correlated with the best prognosis for breast cancer patients (Figure 6, Bottom; 
measured as a mean of expression of both genes, P < 0.001). Similarly, high levels of FBLN1 can be considered 
a marker for good breast cancer prognosis (P < 0.005). On the other hand, this analysis also showed no 
influence of ADAMTS1 expression level on overall survival rate [Figure 6, Bottom]. We also evaluated 
progression-free survival and metastasis-free survival and found no significant differences in any of the 
cases analyzed (each gene alone or both together; data not shown). These data suggest that factors other than 
these two genes could modulate the pro- or anti-tumor activities of both fibulin-1 and ADAMTS-1.

Taken together, our results suggest that the inhibitory effect on the invasion, migration or mammosphere 
formation processes exhibited by breast cancer cell models cannot be fully extended to breast cancer tissue 
samples. Therefore, it cannot be ruled out that other factors can influence tumor cell behavior, such as 
the presence of protease inhibitors or the generation of bioactive fragments due to proteolytic activities. 
Additionally, the presence of fibulins other than fibulin-1, such as fibulin-5, can inf luence context-

Figure 4. Coexpression of ADAMTS-1 and fibulin-1 reduces the proliferation of the breast cancer cell lines MCF-7 and MDA-MB-231. The 
proliferative state of breast cancer cell lines was measured by quantifying the proliferative nuclear marker Ki-67 by immunocytochemistry. 
Top Left: representative images of Ki-67 staining in the indicated MDA-MB-231 transfectants; bar, 10 µm. Top Right: quantification of Ki-
67-positive nuclei (as a percentage of total nuclei labeled by DAPI staining). Bottom Left, representative images of Ki-67 staining in the 
indicated MCF-7 transfectants; bar, 10 µm. Bottom Right, quantification of Ki-67-positive nuclei (as a percentage of total nuclei labeled by 
DAPI staining)
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specific effects on breast cancer cells[37]. In this sense, fibulin-5 inhibits these same cellular properties; it 
was detected in a tissue array analysis of breast cancer samples and was inversely correlated with Ki-67 
immunostaining[38].

Figure 5. Coexpression of ADAMTS-1 and fibulin-1 abolishes mammosphere formation. Left: representative images of the mammospheres 
derived from MCF-7 transfectants in two consecutive generations. Control, MCF-7 cells transfected with an empty vector. Top row, 
mammosphere appearance before dissociation. Bottom row, mammosphere appearance 6 days after dissociation. Right: mammospheres 
were dissociated and passaged at a density of 20 cell/well in 96-well plates, and MFUs were counted and calculated as a percentage of 
the mammospheres formed from the number of cells seeded. White bar: 100 µm

Figure 6. Different patterns of ADAMTS-1 and fibulin-1 expression in a breast cancer tissue array. Top: representative images of tissues 
used for the detection of ADAMTS-1 and fibulin-1 in different stages of breast carcinoma. Top two lines: fibulin-1 pattern at ×4 and ×20 
magnifications. Bottom line: ADAMTS-1 pattern at ×4 magnification. Negative controls were performed by omitting primary antibodies. 
The intensity of fibulin-1 immunostaining is indicated as strong (+++), moderate (++), weak (+) or negative (-). Bottom: Kaplan-Meier 
overall survival plots for FBLN1, ADAMTS1 and FBLN1/ADAMTS1
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DISCUSSION
ECM proteins can be considered as important players in tissue homeostasis as it is considered the cellular 
component. Interactions among different components of the ECM have crucial roles in normal and 
pathological processes such as bone remodeling or tumor development[1,39]. The components of the ECM that 
contain multiple motifs within the same protein unit are good candidates to establish various interactions 
and build bridge connections between cells and other components of the ECM. Such is the case for the 
members of two extracellular families of proteins, the fibulins and ADAMTSs[4,21]. Members of both families 
have been associated with cancer development and progression and have been reported on many occasions 
to interact with other components of the ECM, acting as pro- or anti-tumor agents[18,23].

Fibulin-1 has been previously described to be an ADAMTS-1 cofactor and to stimulate the proteolytic 
activity of ADAMTS-1 towards aggrecan and versican[19,40]. Herein, we have been able to describe the 
significance of this fibulin-1/ADAMTS-1 interaction in the proliferation, migration and invasion properties 
of breast cancer cell lines. Overall, our data support the idea that ADAMTS-1 is a pro-tumor agent in breast 
cancer, whereas fibulin-1 is able to block this effect and acts as an anti-tumor agent. We have been able to 
show that the presence of both proteins reduces the migration and invasion properties of two breast cancer 
cell lines, MCF-7 and MDA-MB-231. The participation of ADAMTS-1 in cancer has been associated with 
mammary tumor growth and progression to metastasis in the MMTV-PyMT model in an Adamts1-/- 
background[10], whereas it has also been reported to be a tumor suppressor gene through proteolysis of 
nidogen-1 and nidogen-2 in an HEK293T tumor xenograft assay[41]. In our study, ADAMTS-1 expression was 
not detected by tissue array analysis in samples of different stages of breast cancer. Additionally, the Kaplan-
Meier plots reflect the absence of an influence of ADAMTS-1 on expected patient overall survival. However, 
the ectopic expression of ADAMTS-1 in breast cancer cell lines increased the tumorigenic potential of these 
cell lines in terms of proliferation, migration, invasion and mammosphere formation. Initially, breast cancer 
profiles showed the downregulation of ADAMTS-1 in malignant tumors compared to normal tissues[42]. 

However, other studies indicated the participation of ADAMTS-1 in aiding breast cancer development[10,11,13,43]. 
Thus, the participation of ADAMTS-1 in breast cancer development and progression might depend on 
substrates it is able to act upon, such as versican to facilitate spreading of tumor cells or semaphorin 3C, 
which is known to promote metastatic potential of breast cancer cells[10,44]. Interestingly, ADAMTS1 was 
the third most overexpressed gene in highly metastatic MDA-MB-231 clones, and the knockdown of 
ADAMTS-1 in these clones regressed disease spread and reduced secondary tumor burden[45,46]. The effect 
of this protein might also be dependent on which cell type produces and secretes ADAMTS-1, similar to the 
paracrine effect of breast cancer cells over cancer-associated fibroblasts of the vicinity[15]. Finally, the impact 
of ADAMTS-1 might also depend on other ECM proteins that interact and bind with ADAMTS-1 and, as 
result, are able to modulate ADAMTS-1 activity.

The fact that fibulin-1 has been described as an ADAMTS-1 cofactor able to modulate ADAMTS-1 activity 
further implies the roles of both proteins in tumor development. 

Fibulin-1 can interact with various ECM components, including known ADAMTS-1 substrates, such as 
nidogen-1 and versican[2,21,27]. Fibulin-1 has also been implicated in cellular transformation and, similar 
to ADAMTS-1, can behave as both a tumorigenic factor or tumor suppressor depending on the tissue 
environment[23]. Our results showed that the ectopic expression of fibulin-1 in breast cancer cell lines was 
able to block the tumorigenic properties of these cell lines. Furthermore, fibulin-1 expression was able 
to dramatically block these properties even in the presence of ADAMTS-1. Similar properties have also 
been described in our laboratory in the interaction of two related components of the ECM, fibulin-2 and 
ADAMTS-12. In this interaction, the expression of ADAMTS-12 alone exerted pro-tumoral activities, 
whereas the coexpression of both ADAMTS-12 and fibulin-2 showed an important anti-tumoral effect[47].
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It is noteworthy that fibulin-1 expression was initially associated with improved survival in patients with 
a lymphoid infiltrate at the tumor site[48]. Similarly, the Kaplan-Meier analysis showed better prognosis for 
patients with high levels of fibulin-1 than for those with low fibulin-1 expression. In fact, the low expression 
of fibulin-1 has been described in various tumor types, such as gastric cancer, bladder cancer, colorectal 
cancer and hepatocellular carcinoma. In all these cases, low expression correlates with the hypermethylation 
of the FBLN1 promoter and can be used as a prognosis marker[30-33,49]. Thus, our data are in accordance 
with all these studies in which it seems feasible that the presence of fibulin-1 might have a prevalent anti-
tumor activity. In our immunohistochemical analysis, we could detect the presence of only fibulin-1; no 
ADAMTS-1 was observed. From our cellular experiments, it is clear that the presence of both proteins has 
a pronounced effect on the tumorigenic properties of both cell lines. The downregulation of ADAMTS-1 
might be a mechanism of escape towards tumor progression, avoiding binding with fibulin-1 and thus 
eliminating the anti-tumoral properties of their interaction.

In summary, the interactions between members of both families of ECM proteins, fibulins and ADAMTSs, 
seem to be important for cancer development, as is the case for ADAMTS-12/fibulin-2 and ADAMTS-1/
fibulin-1. Furthermore, we have also been able to demonstrate the cleavage of fibulin-2 by ADAMTS-4 and 
ADAMTS-5, which increased the tumorigenic potential of breast cancer cell lines[50]. Therefore, it is tempting 
to speculate the existence of similar mechanisms that control fibulin-1 participation in breast cancer 
development and its interaction with other ECM components, a hypothesis that warrant further study.
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