

  ijms-20-03952




ijms-20-03952







Int. J. Mol. Sci. 2019, 20(16), 3952; doi:10.3390/ijms20163952




Article



Expression of Alpha-Enolase (ENO1), Myc Promoter-Binding Protein-1 (MBP-1) and Matrix Metalloproteinases (MMP-2 and MMP-9) Reflect the Nature and Aggressiveness of Breast Tumors



Patrizia Cancemi 1,2,*[image: Orcid], Miriam Buttacavoli 1[image: Orcid], Elena Roz 3 and Salvatore Feo 1,2





1



Department of Biological Chemical and Pharmaceutical Sciences and Technologies (STEBICEF), University of Palermo, 90128 Palermo, Italy






2



Centro di OncoBiologia Sperimentale (COBS), 90145 Palermo, Italy






3



La Maddalena Hospital III Level Oncological Department, 90145 Palermo, Italy









*



Correspondence: patrizia.cancemi@unipa.it







Received: 1 July 2019 / Accepted: 7 August 2019 / Published: 14 August 2019



Abstract

:

Breast cancer is a complex and heterogeneous disease: Several molecular alterations cause cell proliferation and the acquisition of an invasive phenotype. Extracellular matrix (ECM) is considered essential for sustaining tumor growth and matrix metalloproteinases (MMPs) have been identified as drivers of many aspects of the tumor phenotype. Mounting evidence indicates that both α-enolase (ENO1) and Myc promoter-binding protein-1 (MBP-1) also played pivotal roles in tumorigenesis, although as antagonists. ENO1 is involved in cell growth, hypoxia tolerance and autoimmune activities besides its major role in the glycolysis pathway. On the contrary, MBP-1, an alternative product of ENO1, suppresses cell proliferation and the invasive ability of cancer cells. Since an important task in personalized medicine is to discriminate a different subtype of patients with different clinical outcomes including chances of recurrence and metastasis, we investigated the functional relationship between ENO1/MBP-1 expression and MMP-2 and MMP-9 activity levels in both tissues and sera of breast cancer patients. We focused on the clinical relevance of ENO1 and MMPs (MMP-2 and MMP-9) overexpression in breast cancer tissues: The association between the higher ENO1, MMP-2 and MMP-9 expression with a worse prognosis suggest that the elevated ENO1 and MMPs expression are promising biomarkers for breast cancer. A relationship seems to exist between MBP-1 expression and the decrease in the activity levels of MMP-9 in cancer tissues and MMP-2 in sera. Moreover, the sera of breast cancer patients grouped for MBP-1 expression differentially induced, in vitro, cell proliferation and migration. Our findings support the hypothesis of patient’s stratification based on ENO1, MBP-1 and MMPs expression. Elucidating the molecular pathways through which MBP-1 influences MMPs expression and breast cancer regression can lead to the discovery of new management strategies.
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1. Introduction


Normal cells progressively evolve towards a neoplastic state through a multistep process, during which they acquire new traits or capability, defined as “cancer hallmarks”, including: Deregulation of cell growth and death, sustained angiogenesis, tissue invasion and metastasis. All these aspects contribute to the development of a tumorigenic and ultimately malignant, cell phenotype. Underlying these hallmarks are genome instability, tumor-promoting inflammation, reprogramming of energy metabolism and evading immune destruction [1]. Moreover, tumors represent a complex ecosystem, in which normal cells can contribute to the acquisition of hallmark traits by creating the “tumor microenvironment” [2]. New molecular insights into cancer progression pointed also to extracellular matrix (ECM) turnover, which results quantitatively and qualitatively deregulated [3,4,5]. Remarkably, increased expression and/or activity of proteolytic enzymes, especially the matrix metalloproteinases (MMPs), are frequently associated with poor prognosis in cancer patients [6]. MMP-mediated ECM remodeling can promote the release of matrix-associated growth factors, or cytokines, modulating the activity or bioavailability of signaling molecules. In addition MMP activities also result in the generation of matrix fragments displaying novel biological activity [7]. The c-MYC proto-oncogene is considered a driver oncogene, being to be involved in 20% of all human cancers. More recently, it is suggested that c-MYC could regulate as many as 15% of genes in different genomes, with more than 3.000 genes in human [8]. The pivotal role of c-MYC in regulating cell proliferation and cell death is consistent with the observations that its expression is tightly controlled by several mechanisms, including changes in transcription initiation and transcript elongation, as well as stability, turnover and translational state of mRNA [9]. The Myc promoter-binding protein-1 (MBP-1), has been identified as a protein of 37-38 kDa that binds the human c-MYC P2 promoter and negatively regulates c-MYC transcription by preventing the formation of the transcription initiation complex [8]. MBP-1 is a short form of the 48 kDa alpha-enolase protein, lacking the first 96 amino acid [9].



ENO1, a key glycolytic enzyme, contributes to the known “Warburg effect” that is the high glycolytic rate of cancer cells, even in presence of oxygen, and necessary to support the biosynthetic requirements of uncontrolled proliferation [10]. Moreover, the microenvironment acidification and other metabolic crosstalk alter the tumor-stroma interface, allowing the enhanced invasiveness of tumors [11,12]. It is evident that the cooperation of multiple factors rather than the involvement of a single factor is needed to induce malignancy. This hypothesis is widely considered to be more likely to define therapeutic avenues directed at multiple molecular targets for more effective cancer treatment. MBP-1 expression has been correlated with the inhibition of proliferation, migration, invasion and epithelial–mesenchymal transition (EMT) [13,14,15]. On the other hand, MMP-9 is rapidly induced and activated in response to c-MYC [16] and it was demonstrated that MBP-1 modulates MMP expression and inhibits the in vitro angiogenesis [17].



Among tumors, breast cancer is a highly heterogeneous disease, both at histological and molecular level. Patients diagnosed at the same stage of the disease and who received the same treatment, often show very different clinical responses and survival periods [18]. In this scenario, the main concern is to identify clinically homogeneous patient subgroups to evaluate the risk-benefit balance of treatment, maximizing the therapeutic efficacy, but avoiding to a significant number of subjects to be treated without receiving any benefit.



Advances in genomics/proteomics technologies provide unprecedented opportunities for rapid advancement in translational medicine [19,20].



Here, we investigated the functional relationship, in a cohort of breast cancer patients, between ENO1/MBP-1 expression and MMP-2 and MMP-9 activity levels in both tissues and sera. We also analyzed in vitro the clinical relevance on predicting two important aspects of cancer: Growth and migration. Our results showed that ENO1, MMP-2 and MMP-9 are overexpressed in breast cancer tissues compared to the non-tumoral adjacent one, and how their higher expression level is associated with a worse prognosis. A relationship seems to exist between MBP-1 expression and the decrease of the activity levels of MMP-9 in tumoral tissues and MMP-2 in sera. Moreover, the sera of breast cancer patients, grouped for MBP-1 expression, differentially induced in vitro cell proliferation and migration, suggesting that both MBP-1 and MMPs reflect the nature and aggressiveness of breast tumors and can be used for patients’ stratification.



These findings support the hypothesis that MBP-1 expression can modify the tumor microenvironment decreasing the levels of molecules related to cancer progression. Further studies will be necessary to elucidate the molecular pathways through which MBP-1 influences MMPs expression and breast cancer regression, in order to translate these information into the clinical practice.




2. Results


2.1. Overexpression of ENO1 in Breast Cancer Tissues


The expression levels of ENO1 (48 kDa) was evaluated by western blot in a subset of 24 breast cancer tissues and their paired non-tumoral adjacent tissues. Protein loading was ascertained by actin beta (ACTB) expression (Figure 1A). All non-tumoral adjacent tissues showed very low expression of alpha-enolase, whereas its high expression was observed in the paired tumor samples. Statistical analysis of Western blot data confirmed the presence of significantly higher levels ofENO1 in breast cancer samples rather than in normal tissues (Figure 1B). The prognostic value of ENO1 mRNA expression in breast cancer patients using the Kaplan–Meier plotter database was also investigated. Patients were split into two groups by using the best cut-off of probe expression, and survival was evaluated as distant metastasis-free survival (DMFS). Results showed that higher ENO1 expressions were significantly associated with a worse prognosis (highlighted in red, Figure 1C; p = 1.5 × 10−7). Collectively, these results suggest that ENO1 is overexpressed both at the mRNA and the protein level in breast cancer tissues, and the upregulated ENO1 mRNA is correlated with a worse prognosis.




2.2. Upregulation of MMP-9 and MMP-2 in Breast Cancer Tissues


The proteolytic degradation of the ECM operated by MMPs represent a key aspect of tumor progression, since ECM is the first barrier against cell invasion. Therefore, in the same subset of 24 patients, the enzymatic activities of MMP-2 and MMP-9 were also evaluated by zymography. As shown in Figure 2A, the majority of the breast cancer tissues were positive for the lytic activities corresponding to the latent and activated form of MMP-2 and MMP-9. On the contrary, the non-tumoral counterparts were generally positive only for the latent form of MMP-2 and MMP-9. Further, lytic bands of high molecular weight, corresponding to the homodimeric forms of MMP-9 and complexes of pro-MMP-9/TIMP-1, respectively, also occurred in some patients, as already reported [21,22]. The densitometric quantification of the activity levels was performed as relative volumes, calculated as an area X optical density, using ImageJ software. As shown in the graphs (Figure 2B), the activity levels of pro-MMP-2, MMP-2, pro-MMP-9, and MMP-9 were significantly higher in the tumoral tissues, as compared to the non-tumoral adjacent tissues. Overexpression of MMP-2 and MMP-9 mRNA were also correlated with poor outcome as evaluated by distant metastasis free survival (DMFS) in the Kaplan–Meier plotter database (Figure 2C). Collectively, these results suggest that MMPs are overexpressed in breast cancer tissues, and the upregulated MMP-9 and MMP-2 mRNAs are correlated with a worse prognosis.




2.3. MBP-1 Expression in Breast Cancer Tissues


The concomitant expression of ENO1 (48 kDa) and MBP-1 variant (37 kDa) was evaluated in a cohort of 29 breast cancer tissues. Protein loading was ascertained by ACTB expression. Among the analyzed patients, 12 were positive for MBP-1 expression while 17 were negative (Figure 3A). Moreover, in all cases, the expression levels of ENO1 are higher than MBP-1. Western blot analysis results were also validated by immunohistochemistry by using the monoclonal antibody Eno 19/8 which recognizes an epitope within the aminoacids residues 275-344 [23,24]. As previously reported, cytoplasmatic staining is due to the ENO1 expression, while nuclear staining depends on the MBP-1 expression. A panel of representative immunohistochemical (IHC) staining images of MBP-1 in normal mammary and breast cancer tissues (both positive and negative) were shown in Figure 3B. IHC analysis revealed a strong MBP-1 staining in nuclei of healthy mammary tissues, while in breast cancer tissues only the selected samples showed the nuclear staining. In all cases, cytoplasmic staining correspond to ENO1 (48 kDa) expression. According to the western blot and immunohistochemical analyses on MBP-1 expression, breast tumors were classified as MBP-1−ve and MBP-1+ve.




2.4. MBP-1 Expression is Associated with MMPs Down-Regulation


To verify if the expression of MMPs in breast cancer tissues was different between MBP-1-ve and MBP-1+ve tumors, zymographic analysis in the two groups of patients was performed (Figure 4A). The obtained results clearly indicated a significant down regulation of MMP-9 (both the proenzyme and the active enzyme) in MBP-1+ve tumors (Figure 4B). MMP-2 activity levels were not significantly affected.



Following this, to evaluate if the MMPs activity levels could be also affected in sera samples of breast patients previously stratified as MBP-1-ve and MBP-1+ve, the zympgraphic analysis on sera samples collected before surgery was performed. Sera samples (n = 16) of healthy donors were used as control specimens. In all the analyzed sera, only the enzymatic activity of ProMMP-9 and ProMMP-2 was detected, while no enzymatic activity was detected for the activated forms (Figure 5A). Densitometric analysis of the lytic bands showed that the activity values of pro-MMP-2 were significantly higher in MBP-1-ve breast cancer sera compared to MBP-1+ve and healthy sera (Figure 5B). No statistical differences were found among the three groups for ProMMP-9 activity.




2.5. Contributing Role of MBP-1-ve and MBP-1+ve Breast Cancer Sera in Cell Proliferation and Aggressiveness


To establish if the sera of MBP-1-ve and MBP-1+ve breast tumors were able to affect cell growth and migration, the MDA-MB-231 cells were used as prototype of highly proliferative and metastatic tumor model. Cell proliferation was evaluated by MTT assay after 24 h of treatment with 1% sera from MBP-1-ve or MBP-1+ve breast cancer patients, compared to 1% Foetal Bovin Serum (FBS) treatment. The treatment with MBP-1+ve breast sera reduced significantly cell proliferation rate, although a high heterogeneity was recorded with some sera (Figure 6A). The effect of MBP-1-ve and MBP-1+ve breast sera on MDA-MB-231 cell motility was also evaluated by in vitro wound healing assay. As shown in Figure 6B, the migratory capability of MDA-MB-231 cells treated with MBP-1-ve sera was considerably increased compared to the FBS treatment. Interestingly, the enhanced migration induced by MBP-1−ve sera was diminished in MDA-MB-231 cells treated with MBP-1+ve sera (Figure 6B,C). In summary, the obtained results suggest that MBP-1+ve tumors are less aggressive than MBP-1-ve tumors.





3. Discussion


Although several efforts have been directed toward understanding the molecular mechanisms underlying tumorigenesis, the prognosis of different patients is much more difficult to define based on some molecular/clinical parameters. The demand for novel/personalized therapies is continuously increasing, therefore it is urgent to find new biomarkers for better classification and prognosis prediction, as well as the response to therapy.



Here, we provide new evidences about the clinical relevance of ENO1 and MMPs (MMP-2 and MMP-9) overexpression in breast cancer tissues. All non-tumoral breast tissues showed low expression/activity of both ENO1 and MMP-2 and MMP-9, whereas higher expression/activity was observed in the paired tumour samples. A clear association between the higher mRNA expression level of ENO1, MMP-2 and MMP-9 with a worse prognosis was already detected, suggesting that the elevated ENO1 and MMPs are promising biomarkers for breast cancer.



ENO1 is a glycolytic enzyme and a multifunctional protein that plays a crucial role in a variety of biological and pathophysiological processes [25]. According to the well-known Warburg effect, cancer cells highly express almost all glycolytic enzymes [26], including ENO1, which is upregulated both at the mRNA and the protein level in several tumors including breast [27]. Aberrant expression of ENO1 has been associated with multiple tumor progression both in vitro [28,29,30,31] and in vivo [32,33,34,35,36] and higher levels of ENO1 has been correlated with poor prognosis [37,38]. This evidence can be partially explained considering the Warburg effect [30], consisting in the ability to switch the cell metabolism from predominantly oxidative to glycolysis and the production of lactate, even if the oxygen is plentiful. Switching to the aerobic glycolysis is a key characteristic of cancer metabolism, being critical for both tumor cell growth and migration [39]. In fact, the acidification of extracellular milieu providing a favorable microenvironment for the activation of proteases, e.g., MMPs, induce ECM degradation and facilitate tumor cells to metastasize [40]. MMPs, originally described as regulators of ECM remodeling and facilitators of tumor growth, modulate the activity of both inducers and inhibitors of tumorigenesis, by processing cytokines, angiogenic and growth factors, and their respective receptors, as well as altering cell adhesion and stimulating epithelial to mesenchymal transition [41,42]. The expression and activity of MMPs are increased in almost every type of human cancer, including breast cancer, and correlate with an advanced tumor stage, increased invasion, metastasis, and shortened survival [43,44]. Generally, in tumors, MMPs are deregulated by transcriptional changes rather than genetic alterations such as amplification or activating mutations. This might be the result of activation of oncogenes or loss of tumor suppressors. MBP-1, a nuclear short variant of ENO1 [9] acting as a transcriptional repressor, could represent a good link for MMPs regulation. MBP-1 is an oncosuppressor, negatively regulating cell proliferation or promoting cancer cell apoptosis when overexpressed in vitro [45,46,47]. Its tumor-suppressor function depends on the repression of at least three gene targets, namely: c-MYC, COX2 and ERBB2 [9,48,49]. The MBP-1-mediated repression also depends on the association with different partners, such as: MIP-2/sedlin [50], histone deacetylase 1 [48,51], the kelch protein NS1-BP [23], and the intracellular domain of the Notch 1 receptor [52]. Moreover, MBP-1 suppresses, in vitro, tumor invasion and metastasis in different models of cancer [13,49,53]. In breast cancer, MBP-1 expression inversely correlates with the ErbB2 and Ki67 expression levels and it is a good predictor of disease-free survival [24].



To our knowledge this is the first study reporting the association of MBP-1 expression and MMPs activity in clinical breast cancer tissues. In particular, our analysis showed a significant lower activity of both ProMMP-9 and MMP-9 in MBP-1+ve patients. In fact, MMP-9 is induced under conditions that require tissue remodeling (including tumor invasion) [54]. A direct link has been established between MMPs transcriptional regulation by COX-2 [55], HER2 [56] and c-MYC [57,58], therefore we hypothesize that MBP-1 expression, through the downregulation of its specific targets, can regulate the tissue levels of MMP-9.



Our analysis showed a relationship between MBP-1 expression and the decrease of ProMMP-2 in breast cancer sera, proving for the first time that MBP-1 tissue expression could influence tumor aggressiveness by influencing the composition of the microenvironment and/or the mobilization of factors related to the biological features of the tumor. More interestingly, MBP-1 expression influences MMPs activity levels in different compartments (ProMMP-9 and MMP-9 in breast tissues and ProMMP-2 in sera) underlining unique functions for both proteolytic enzymes. We previously showed the complexity of the interactive networks (partly common and partly exclusive) through which MMP-2 and MMP-9 drive their functions [59], which also depend on the cell type and environment. These complex interactive molecular circuits suggest their potential involvement in other important cellular activities, besides that of remodeling the extracellular matrix.



Because cancer aggressiveness depends also on the ability to induce proliferation and migration we further examined the effects of sera from MBP-1-ve patients versus MBP-1+ve patients to stimulate proliferation and migration in the MDA-MB-231 breast cancer cells. The cell proliferation rate and migration was significantly reduced by using the MBP-1+ve compared to MBP-1-ve breast cancer sera, although a high heterogeneity was recorded with some sera. The modulation of cell proliferation and migration accounts for specific factors that are differentially enriched in each serum, but collectively this is the first indication that breast tumors MBP-1+ve have a lower proliferative and migratory capacity.



Our results are in agreement with the observation that MBP-1 expression results in the modulation of MMP-2 expression [60], the inhibition of in vitro angiogenesis and the regression of primary [53] and metastatic breast tumor growth [13]. Endogenous levels of ENO1 are higher than MBP-1 due to differences in translational efficiency, translational regulation and posttranslational stability [61]. Although the mechanisms regulating MBP-1/ENO1 ratio are not fully understood, several factors such as hypoxia [62], Endoplasmic Reticulum stress [63] and glucose concentrations [64] were described to influence MBP-1 and ENO1 transcription, strongly suggesting that posttranscriptional mechanisms might play a role in the regulation of MBP-1 expression in breast cancer cells. Accordingly, a molecular switch of ENO1 translation in favor of MBP-1 translation could convert very aggressive breast cancer tumors into less aggressive tumors.




4. Materials and Methods


4.1. Patients, Tissue and Sera Samples


A total of 53 patients diagnosed with breast ductal infiltrating carcinomas with histological grading G2/G3 and without clinically apparent metastases were involved in this study. The patients did not receive any cytotoxic/endocrine treatment prior to surgery. The tissue samples were obtained following surgical interventions at “La Maddalena” Hospital of Palermo and were immediately cryo-preserved at −80 °C until use, as already reported [65,66,67]. The non-tumoral adjacent tissues were located at least 5 cm away from the primary tumor. Blood samples were obtained prior to surgery, using plastic tubes without coagulation accelerators to prevent the release of gelatinases during platelet activation. The study was carried out after fulfilling all required ethical standards with the informed consent of patients and with the approval of the Institutional Review Board (N°515/2008, 13 May 2008) from the La Maddalena Hospital. Healthy sera (n = 16) were taken from healthy volunteers.




4.2. Tissues and Sera Processing


The frozen tissues were homogenized in an ice bath with 50 mM Tris-HCl pH 7.5, 0.003% penicillin, 0.005% streptomycin and incubated under rotation overnight at 4 °C. Tissue lysates were centrifuged several times at 10,000 rpm for 20 min to remove cell debris. Protein content was quantified by Bradford assay, as already reported [68,69]. Blood, 30 m after collection, was centrifuged at 1600× g for 10 min, and sera were aliquoted and used only once to prevent enzymatic activation due to freeze-thawing processes.




4.3. Western Blotting Analysis


Aliquots containing 20 µg of cell lysates from breast cancer tissues and paired non tumoral adjacent tissues were subjected to SDS polyacrylamide gel electrophoresis and transferred into a nitrocellulose membrane (HyBond ECL, Amersham, GE Healthcare Bjorkgatan, Uppsala, Sweden). Membranes were blocked with 5% milk in T-TBS solution for 1 h at room temperature and then incubated overnight at 4 °C with a mouse monoclonal antibody for ENO1 or Actin β by Santa Cruz Biotechnology (Santa Cruz, CA, USA). A monoclonal specific antibody to the C-terminus (ENO19/8) was affinity-purified on ProA-Sepharose 4B, as previously described [24]. Following incubation with the mouse peroxidase-linked antibody, the reaction was revealed by the ECL detection system, using high performance films (Hyperfilm ECL, Amersham, GE Healthcare Bjorkgatan, Uppsala, Sweden), as already described [70,71,72]. The correct protein loading was ascertained by red Ponceau staining and immunoblotting for Actin β. Densitometric analysis was performed with ImageJ software to quantify signals. When the activated forms migrated as multiple bands in consequence of post-translational modifications, the quantification was performed considering all bands, defining a single region of interest.




4.4. Kaplan–Meier Plotter Database Analysis


The KM Plotter database [73] (http://kmplot.com/analysis/), able to assess the effect of 54,675 genes on survival using 10,461 cancer samples, including 5143 breast, was queried to evaluate the prognostic values of ENO1, MMP-2 and MMP-9 in breast cancer. The desired probes ID was entered into the database and patients were split into high and low expression group by the best cut-off values of mRNA expression. When the best cut-off is selected, all possible cut-off values between the lower and upper quartiles are computed, and the best performing threshold is used.




4.5. Gelatin Zymography


Gelatin zymography is used to detect gelatinases activity (MMP-2 and MMP-9) after SDS-PAGE electrophoresis separation. MMP-2 and MMP-9 remain inactive while they are with their pro-domains. They need proteolytic processing or denaturation to get activated. Denaturation induced by SDS in SDS-PAGE, activate the enzymes. MMP-2 (72 kDa) and MMP-9 (92 kDa) can be detected on gelatin zymograms as two-three white bands (pro and active forms) after staining with Coomassie Blue. Aliquots containing 18 µg of cell lysates from breast cancer tissues and paired non tumoral adjacent tissues or 10 µl of sera previously diluted 1:25 were separated by electrophoresis on a 7.5% sodium dodecyl sulfate (SDS)–polyacrylamide gel containing 0.1% gelatin, under non-reducing conditions [4,74]. After electrophoresis, the gels were washed for 1 h with a buffer containing 50 mM Tris-HCl, pH 7.5 and 2.5% Triton X-100 to remove SDS and then incubated for 18 h at 37 °C with the activation buffer composed of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM CaCl2. Gels were stained with Coomassie Brilliant Blue G 250 and de-stained with H2O milliQ. The bands intensity was measured with ImageJ software.




4.6. Immunohistochemistry


Immunommunohistochemistry was performed on tissue sections from archived formalin-fixed, paraffin-embedded tissue blocks from patients. Sections of 3 µm were cut, deparaffinized in xylene and hydrated in a graded series of alcohol. After antigen retrieval in citrate buffer, staining was performed using the BenchMark automated staining system (Ventana Medical System, Tucson, AZ, USA) with primary antibodies against ENO1 affinity purified monoclonal antibodies (mAbs) (ENO19/8 1.0 µg/mL). Rabbit anti-human polyclonal antibodies were used as a negative control (dilution 1:500). ENO1 expression into the cytoplasm and nucleus was empirically determined. In addition, for nuclear staining, the percentage of cells labeling was graded as negative for ≤20%, or positive for >20%.




4.7. Cell Cultures


MDA-MB-231 cells were cultured in DMEM medium (Gibco, Paisley, UK) supplemented with 10% heat-inactivated fetal bovine serum and 100 U/mL penicillin, 100 μg/mL streptomycin and then maintained at 37 °C and 5% CO2, as already described elsewhere [4,5,75].




4.8. Cell Proliferation Assay


The cell proliferation rate was determined using MTT assay (Promega, Madison, WI, USA). Briefly, cells were plated at 5 × 103 cells/well in 96-well plates. After adhesion achievement, cells were starved for 24 h without serum and then treated for 24 h with 1% of FBS or 1% of breast cancer sera of MBP-1-ve and MBP-1+ve tumors. An amount of 20 μL of the cell titer 96®AQueous reagent was added to each well after three washes with phosphate buffer saline (PBS) and incubated for 14 h at 37 °C in a CO2 incubator. The absorbance was recorded at 490 nm using a 96-well plate reader (Spark® 20M, Tecan Trading AG, Switzerland). The percentage of cell viability was calculated with respect to untreated control cells for each treatment after subtraction of the blank.




4.9. In Vitro Scratch Assay


Scratch assay was performed to analyze cell migration after FBS or breast cancer sera stimulation. Cells were seeded on 24-well plates and grown to 100% confluence. Wounds were created by scraping the monolayer of cells with a sterile pipette tip, washed with PBS to remove the floating cells and then incubated with fresh medium in the presence of 1% of FBS or 1% of breast cancer sera of MBP-1-ve and MBP-1+ve tumors. The images of scratched area were captured (at 40× magnification) using an inverted microscope equipped with digital camera immediately after wounding and after 6 and 24 h. The scratched area was calculated by ImageJ software.




4.10. Statistical Analysis


All data were analyzed by using GraphPad Prism version 5.0 for Windows (GraphPad Software, Inc. La Jolla, CA, USA) and presented as means ± standard deviation of at least three experiments. The statistical significance of differences was assessed by Mann Whitney or the Kruskal–Wallis test. * p < 0.05 was considered significant; ** p< 0.01 highly significant and *** p < 0.001 very highly significant. The data in the graphs are expressed as median ± SD.





5. Conclusions


Our data, in addition to previous evidence allow a better breast patients stratification based on homogeneous prognosis, in fact while the high expression of ENO1 and MMPs are associated with a worse prognosis, the expression of MBP-1 is associated with a decrease in MMPs activity, a less aggressive biological features of the tumor and better prognosis.







Author Contributions


Conceptualization, P.C. and S.F.; methodology, M.B., P.C., E.R. and S.F.; software, P.C. and S.F.; validation, M.B., P.C., E.R. and S.F.; formal analysis, P.C., E.R. and S.F.; investigation, P.C., M.B., E.R.; resources, P.C., S.F.; data curation, P.C., S.F.; writing—original draft preparation, P.C. and S.F.; writing and editing, P.C. and S.F.; project administration, P.C. and S.F.




Funding


This work was partially supported by Grants from University of Palermo (FFR-D15-16024 and FFR-D15-006075) to P.C. and S.F and PRIN 2017 (2017T8CMCY_003–Linea A) to PC.




Acknowledgments


Authors thank the Breast Unit Staff at La Maddalena Hospital for their excellent cooperation and Dott. Alessandro Presentato for carefully proofreading the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Sounni, N.E.; Noel, A. Targeting the tumor microenvironment for cancer therapy. Clin. Chem. 2013, 59, 85–93. [Google Scholar] [CrossRef] [PubMed]

	



Faurobert, E.; Bouin, A.P.; Albiges-Rizo, C. Microenvironment, tumor cell plasticity, and cancer. Curr. Opin. Oncol. 2015, 27, 64–70. [Google Scholar] [CrossRef] [PubMed]

	



Pucci-Minafra, I.; Cancemi, P.; Di Cara, G.; Minafra, L.; Feo, S.; Forlino, A.; Tira, M.E.; Tenni, R.; Martini, D.; Ruggeri, A.; et al. Decorin transfection induces proteomic and phenotypic modulation in breast cancer cells 8701-BC. Connect. Tissue Res. 2008, 49, 30–41. [Google Scholar] [CrossRef] [PubMed]

	



Pucci-Minafra, I.; Albanese, N.N.; Di Cara, G.; Minafra, L.; Marabeti, M.R.; Cancemi, P. Breast cancer cells exhibit selective modulation induced by different collagen substrates. Connect. Tissue Res. 2008, 49, 252–256. [Google Scholar] [CrossRef] [PubMed]

	



McGowan, P.M.; Duffy, M.J. Matrix metalloproteinase expression and outcome in patients with breast cancer: Analysis of a published database. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2008, 19, 1566–1572. [Google Scholar] [CrossRef] [PubMed]

	



Walker, C.; Mojares, E.; Del Rio Hernandez, A. Role of Extracellular Matrix in Development and Cancer Progression. Int. J. Mol. Sci. 2018, 19, 3028. [Google Scholar] [CrossRef] [PubMed]

	



Dang, C.V.; O’Donnell, K.A.; Zeller, K.I.; Nguyen, T.; Osthus, R.C.; Li, F. The c-Myc target gene network. Semin. Cancer Biol. 2006, 16, 253–264. [Google Scholar] [CrossRef] [PubMed]

	



Feo, S.; Arcuri, D.; Piddini, E.; Passantino, R.; Giallongo, A. ENO1 gene product binds to the c-myc promoter and acts as a transcriptional repressor: Relationship with Myc promoter-binding protein 1 (MBP-1). FEBS Lett. 2000, 473, 47–52. [Google Scholar] [CrossRef]

	



Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211–218. [Google Scholar] [CrossRef]

	



Robertson-Tessi, M.; Gillies, R.J.; Gatenby, R.A.; Anderson, A.R. Impact of metabolic heterogeneity on tumor growth, invasion, and treatment outcomes. Cancer Res. 2015, 75, 1567–1579. [Google Scholar] [CrossRef] [PubMed]

	



Estrella, V.; Chen, T.; Lloyd, M.; Wojtkowiak, J.; Cornnell, H.H.; Ibrahim-Hashim, A.; Bailey, K.; Balagurunathan, Y.; Rothberg, J.M.; Sloane, B.F.; et al. Acidity generated by the tumor microenvironment drives local invasion. Cancer Res. 2013, 73, 1524–1535. [Google Scholar] [CrossRef] [PubMed]

	



Ray, R.B.; Steele, R.; Seftor, E.; Hendrix, M. Human breast carcinoma cells transfected with the gene encoding a c-myc promoter-binding protein (MBP-1) inhibits tumors in nude mice. Cancer Res. 1995, 55, 3747–3751. [Google Scholar] [PubMed]

	



Ghosh, A.K.; Steele, R.; Ray, R.B. c-myc Promoter-binding protein 1 (MBP-1) regulates prostate cancer cell growth by inhibiting MAPK pathway. J. Biol. Chem. 2005, 280, 14325–14330. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, A.K.; Steele, R.; Ray, R.B. Carboxyl-terminal repressor domain of MBP-1 is sufficient for regression of prostate tumor growth in nude mice. Cancer Res. 2005, 65, 718–721. [Google Scholar]

	



Shchors, K.; Nozawa, H.; Xu, J.; Rostker, F.; Swigart-Brown, L.; Evan, G.; Hanahan, D. Increased invasiveness of MMP-9-deficient tumors in two mouse models of neuroendocrine tumorigenesis. Oncogene 2013, 32, 502–513. [Google Scholar] [CrossRef]

	



Kanda, T.; Raychoudhuri, A.; Steele, R.; Sagartz, J.E.; West, C.; Ray, R.B. MBP-1 inhibits breast cancer growth and metastasis in immunocompetent mice. Cancer Res. 2009, 69, 9354–9359. [Google Scholar] [CrossRef]

	



Ellsworth, R.E.; Blackburn, H.L.; Shriver, C.D.; Soon-Shiong, P.; Ellsworth, D.L. Molecular heterogeneity in breast cancer: State of the science and implications for patient care. Semin. Cell Dev. Biol. 2017, 64, 65–72. [Google Scholar] [CrossRef]

	



Johansson, H.J.; Socciarelli, F.; Vacanti, N.M.; Haugen, M.H.; Zhu, Y.; Siavelis, I.; Fernandez-Woodbridge, A.; Aure, M.R.; Sennblad, B.; Vesterlund, M.; et al. Breast cancer quantitative proteome and proteogenomic landscape. Nat. Commun. 2019, 10, 1600. [Google Scholar] [CrossRef]

	



Mertins, P.; Mani, D.R.; Ruggles, K.V.; Gillette, M.A.; Clauser, K.R.; Wang, P.; Wang, X.; Qiao, J.W.; Cao, S.; Petralia, F.; et al. Proteogenomics connects somatic mutations to signalling in breast cancer. Nature 2016, 534, 55–62. [Google Scholar] [CrossRef]

	



La Rocca, G.; Pucci-Minafra, I.; Marrazzo, A.; Taormina, P.; Minafra, S. Zymographic detection and clinical correlations of MMP-2 and MMP-9 in breast cancer sera. Br. J. Cancer 2004, 90, 1414–1421. [Google Scholar] [CrossRef]

	



Pucci-Minafra, I.; Minafra, S.; La Rocca, G.; Barranca, M.; Fontana, S.; Alaimo, G.; Okada, Y. Zymographic analysis of circulating and tissue forms of colon carcinoma gelatinase A (MMP-2) and B (MMP-9) separated by mono- and two-dimensional electrophoresis. Matrix Biol. J. Int. Soc. Matrix Biol. 2001, 20, 419–427. [Google Scholar] [CrossRef]

	



Perconti, G.; Ferro, A.; Amato, F.; Rubino, P.; Randazzo, D.; Wolff, T.; Feo, S.; Giallongo, A. The kelch protein NS1-BP interacts with alpha-enolase/MBP-1 and is involved in c-Myc gene transcriptional control. Biochim. Biophys. Acta 2007, 1773, 1774–1785. [Google Scholar] [CrossRef]

	



Lo Presti, M.; Ferro, A.; Contino, F.; Mazzarella, C.; Sbacchi, S.; Roz, E.; Lupo, C.; Perconti, G.; Giallongo, A.; Migliorini, P.; et al. Myc promoter-binding protein-1 (MBP-1) is a novel potential prognostic marker in invasive ductal breast carcinoma. PLoS ONE 2010, 5, e12961. [Google Scholar] [CrossRef]

	



Didiasova, M.; Schaefer, L.; Wygrecka, M. When Place Matters: Shuttling of Enolase-1 Across Cellular Compartments. Front. Cell Dev. Biol. 2019, 7, 61. [Google Scholar] [CrossRef]

	



Yu, L.; Chen, X.; Sun, X.; Wang, L.; Chen, S. The Glycolytic Switch in Tumors: How Many Players Are Involved? J. Cancer 2017, 8, 3430–3440. [Google Scholar] [CrossRef]

	



Capello, M.; Ferri-Borgogno, S.; Riganti, C.; Chattaragada, M.S.; Principe, M.; Roux, C.; Zhou, W.; Petricoin, E.F.; Cappello, P.; Novelli, F. Targeting the Warburg effect in cancer cells through ENO1 knockdown rescues oxidative phosphorylation and induces growth arrest. Oncotarget 2016, 7, 5598–5612. [Google Scholar] [CrossRef]

	



Pucci-Minafra, I.; Fontana, S.; Cancemi, P.; Alaimo, G.; Minafra, S. Proteomic patterns of cultured breast cancer cells and epithelial mammary cells. Ann. New York Acad. Sci. 2002, 963, 122–139. [Google Scholar] [CrossRef]

	



Musso, R.; Di Cara, G.; Albanese, N.N.; Marabeti, M.R.; Cancemi, P.; Martini, D.; Orsini, E.; Giordano, C.; Pucci-Minafra, I. Differential proteomic and phenotypic behaviour of papillary and anaplastic thyroid cell lines. J. Proteom. 2013, 90, 115–125. [Google Scholar] [CrossRef]

	



Altenberg, B.; Greulich, K.O. Genes of glycolysis are ubiquitously overexpressed in 24 cancer classes. Genomics 2004, 84, 1014–1020. [Google Scholar] [CrossRef]

	



Tu, S.H.; Chang, C.C.; Chen, C.S.; Tam, K.W.; Wang, Y.J.; Lee, C.H.; Lin, H.W.; Cheng, T.C.; Huang, C.S.; Chu, J.S.; et al. Increased expression of enolase alpha in human breast cancer confers tamoxifen resistance in human breast cancer cells. Breast Cancer Res. Treat. 2010, 121, 539–553. [Google Scholar] [CrossRef]

	



Pucci-Minafra, I.; Cancemi, P.; Marabeti, M.R.; Albanese, N.N.; Di Cara, G.; Taormina, P.; Marrazzo, A. Proteomic profiling of 13 paired ductal infiltrating breast carcinomas and non-tumoral adjacent counterparts. Proteomics. Clin. Appl. 2007, 1, 118–129. [Google Scholar] [CrossRef]

	



Zhan, P.; Zhao, S.; Yan, H.; Yin, C.; Xiao, Y.; Wang, Y.; Ni, R.; Chen, W.; Wei, G.; Zhang, P. alpha-enolase promotes tumorigenesis and metastasis via regulating AMPK/mTOR pathway in colorectal cancer. Mol. Carcinog. 2017, 56, 1427–1437. [Google Scholar] [CrossRef]

	



Yin, H.; Wang, L.; Liu, H.L. ENO1 Overexpression in Pancreatic Cancer Patients and Its Clinical and Diagnostic Significance. Gastroenterol. Res. Pract. 2018, 2018, 3842198. [Google Scholar] [CrossRef]

	



Peebles, K.A.; Duncan, M.W.; Ruch, R.J.; Malkinson, A.M. Proteomic analysis of a neoplastic mouse lung epithelial cell line whose tumorigenicity has been abrogated by transfection with the gap junction structural gene for connexin 43, Gja1. Carcinogenesis 2003, 24, 651–657. [Google Scholar] [CrossRef]

	



Song, Y.; Luo, Q.; Long, H.; Hu, Z.; Que, T.; Zhang, X.; Li, Z.; Wang, G.; Yi, L.; Liu, Z.; et al. Alpha-enolase as a potential cancer prognostic marker promotes cell growth, migration, and invasion in glioma. Mol. Cancer 2014, 13, 65. [Google Scholar] [CrossRef]

	



Hennipman, A.; van Oirschot, B.A.; Smits, J.; Rijksen, G.; Staal, G.E. Glycolytic enzyme activities in breast cancer metastases. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 1988, 9, 241–248. [Google Scholar] [CrossRef]

	



Sun, L.; Guo, C.; Cao, J.; Burnett, J.; Yang, Z.; Ran, Y.; Sun, D. Over-Expression of Alpha-Enolase as a Prognostic Biomarker in Patients with Pancreatic Cancer. Int. J. Med. Sci. 2017, 14, 655–661. [Google Scholar] [CrossRef]

	



Han, T.; Kang, D.; Ji, D.; Wang, X.; Zhan, W.; Fu, M.; Xin, H.B.; Wang, J.B. How does cancer cell metabolism affect tumor migration and invasion? Cell Adhes. Migr. 2013, 7, 395–403. [Google Scholar] [CrossRef]

	



Gatenby, R.A.; Gawlinski, E.T.; Gmitro, A.F.; Kaylor, B.; Gillies, R.J. Acid-mediated tumor invasion: A multidisciplinary study. Cancer Res. 2006, 66, 5216–5223. [Google Scholar] [CrossRef]

	



Overall, C.M.; Kleifeld, O. Tumour microenvironment-opinion: Validating matrix metalloproteinases as drug targets and anti-targets for cancer therapy. Nat. Rev. Cancer 2006, 6, 227–239. [Google Scholar] [CrossRef]

	



Radisky, E.S.; Radisky, D.C. Matrix metalloproteinases as breast cancer drivers and therapeutic targets. Front. Biosci. 2015, 20, 1144–1163. [Google Scholar] [CrossRef]

	



Ren, F.; Tang, R.; Zhang, X.; Madushi, W.M.; Luo, D.; Dang, Y.; Li, Z.; Wei, K.; Chen, G. Overexpression of MMP Family Members Functions as Prognostic Biomarker for Breast Cancer Patients: A Systematic Review and Meta-Analysis. PLoS ONE 2015, 10, e0135544. [Google Scholar] [CrossRef]

	



Shay, G.; Lynch, C.C.; Fingleton, B. Moving targets: Emerging roles for MMPs in cancer progression and metastasis. Matrix Biol. J. Int. Soc. Matrix Biol. 2015, 44–46, 200–206. [Google Scholar] [CrossRef]

	



Ejeskar, K.; Krona, C.; Caren, H.; Zaibak, F.; Li, L.; Martinsson, T.; Ioannou, P.A. Introduction of in vitro transcribed ENO1 mRNA into neuroblastoma cells induces cell death. BMC Cancer 2005, 5, 161. [Google Scholar] [CrossRef]

	



Ghosh, A.K.; Steele, R.; Ryerse, J.; Ray, R.B. Tumor-suppressive effects of MBP-1 in non-small cell lung cancer cells. Cancer Res. 2006, 66, 11907–11912. [Google Scholar] [CrossRef]

	



Ray, R.B.; Steele, R. Separate domains of MBP-1 involved in c-myc promoter binding and growth suppressive activity. Gene 1997, 186, 175–180. [Google Scholar] [CrossRef]

	



Contino, F.; Mazzarella, C.; Ferro, A.; Lo Presti, M.; Roz, E.; Lupo, C.; Perconti, G.; Giallongo, A.; Feo, S. Negative transcriptional control of ERBB2 gene by MBP-1 and HDAC1: Diagnostic implications in breast cancer. BMC Cancer 2013, 13, 81. [Google Scholar] [CrossRef]

	



Hsu, K.W.; Hsieh, R.H.; Wu, C.W.; Chi, C.W.; Lee, Y.H.; Kuo, M.L.; Wu, K.J.; Yeh, T.S. MBP-1 suppresses growth and metastasis of gastric cancer cells through COX-2. Mol. Biol. Cell 2009, 20, 5127–5137. [Google Scholar] [CrossRef]

	



Ghosh, A.K.; Majumder, M.; Steele, R.; White, R.A.; Ray, R.B. A novel 16-kilodalton cellular protein physically interacts with and antagonizes the functional activity of c-myc promoter-binding protein 1. Mol. Cell. Biol. 2001, 21, 655–662. [Google Scholar] [CrossRef]

	



Ghosh, A.K.; Steele, R.; Ray, R.B. MBP-1 physically associates with histone deacetylase for transcriptional repression. Biochem. Biophys. Res. Commun. 1999, 260, 405–409. [Google Scholar] [CrossRef]

	



Hsu, K.W.; Hsieh, R.H.; Lee, Y.H.; Chao, C.H.; Wu, K.J.; Tseng, M.J.; Yeh, T.S. The activated Notch1 receptor cooperates with alpha-enolase and MBP-1 in modulating c-myc activity. Mol. Cell. Biol. 2008, 28, 4829–4842. [Google Scholar] [CrossRef]

	



Trojanowicz, B.; Winkler, A.; Hammje, K.; Chen, Z.; Sekulla, C.; Glanz, D.; Schmutzler, C.; Mentrup, B.; Hombach-Klonisch, S.; Klonisch, T.; et al. Retinoic acid-mediated down-regulation of ENO1/MBP-1 gene products caused decreased invasiveness of the follicular thyroid carcinoma cell lines. J. Mol. Endocrinol. 2009, 42, 249–260. [Google Scholar] [CrossRef]

	



Polette, M.; Nawrocki-Raby, B.; Gilles, C.; Clavel, C.; Birembaut, P. Tumour invasion and matrix metalloproteinases. Crit. Rev. Oncol./Hematol. 2004, 49, 179–186. [Google Scholar] [CrossRef]

	



Kuang, W.; Deng, Q.; Deng, C.; Li, W.; Shu, S.; Zhou, M. Hepatocyte growth factor induces breast cancer cell invasion via the PI3K/Akt and p38 MAPK signaling pathways to up-regulate the expression of COX2. Am. J. Transl. Res. 2017, 9, 3816–3826. [Google Scholar]

	



Shan, Y.Q.; Ying, R.C.; Zhou, C.H.; Zhu, A.K.; Ye, J.; Zhu, W.; Ju, T.F.; Jin, H.C. MMP-9 is increased in the pathogenesis of gastric cancer by the mediation of HER2. Cancer Gene Ther. 2015, 22, 101–107. [Google Scholar] [CrossRef]

	



Magid, R.; Murphy, T.J.; Galis, Z.S. Expression of matrix metalloproteinase-9 in endothelial cells is differentially regulated by shear stress. Role of c-Myc. J. Biol. Chem. 2003, 278, 32994–32999. [Google Scholar] [CrossRef]

	



Himelstein, B.P.; Lee, E.J.; Sato, H.; Seiki, M.; Muschel, R.J. Transcriptional activation of the matrix metalloproteinase-9 gene in an H-ras and v-myc transformed rat embryo cell line. Oncogene 1997, 14, 1995–1998. [Google Scholar] [CrossRef]

	



Di Cara, G.; Marabeti, M.R.; Musso, R.; Riili, I.; Cancemi, P.; Pucci Minafra, I. New Insights into the Occurrence of Matrix Metalloproteases -2 and -9 in a Cohort of Breast Cancer Patients and Proteomic Correlations. Cells 2018, 7, 89. [Google Scholar] [CrossRef]

	



Steele, R.; Mott, J.L.; Ray, R.B. MBP-1 upregulates miR-29b that represses Mcl-1, collagens, and matrix-metalloproteinase-2 in prostate cancer cells. Genes Cancer 2010, 1, 381–387. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, A.; Zheng, L.; Johnathan, A.F.; Zhang, J.; Zhang, G. The Biological Significance and Regulatory Mechanism of c-Myc Binding Protein 1 (MBP-1). Int. J. Mol. Sci. 2018, 19, 3868. [Google Scholar] [CrossRef]

	



Sedoris, K.C.; Thomas, S.D.; Miller, D.M. Hypoxia induces differential translation of enolase/MBP-1. BMC Cancer 2010, 10, 157. [Google Scholar] [CrossRef]

	



Maranto, C.; Perconti, G.; Contino, F.; Rubino, P.; Feo, S.; Giallongo, A. Cellular stress induces cap-independent alpha-enolase/MBP-1 translation. FEBS Lett. 2015, 589, 2110–2116. [Google Scholar] [CrossRef]

	



Sedoris, K.C.; Thomas, S.D.; Miller, D.M. c-myc promoter binding protein regulates the cellular response to an altered glucose concentration. Biochemistry 2007, 46, 8659–8668. [Google Scholar] [CrossRef]

	



Cancemi, P.; Di Cara, G.; Albanese, N.N.; Costantini, F.; Marabeti, M.R.; Musso, R.; Riili, I.; Lupo, C.; Roz, E.; Pucci-Minafra, I. Differential occurrence of S100A7 in breast cancer tissues: A proteomic-based investigation. Proteomics. Clin. Appl. 2012, 6, 364–373. [Google Scholar] [CrossRef]

	



Pucci-Minafra, I.; Di Cara, G.; Musso, R.; Cancemi, P.; Albanese, N.N.; Roz, E.; Minafra, S. Retrospective Proteomic Screening of 100 Breast Cancer Tissues. Proteomes 2017, 5, 15. [Google Scholar] [CrossRef]

	



Cancemi, P.; Buttacavoli, M.; Di Cara, G.; Albanese, N.N.; Bivona, S.; Pucci-Minafra, I.; Feo, S. A multiomics analysis of S100 protein family in breast cancer. Oncotarget 2018, 9, 29064–29081. [Google Scholar] [CrossRef]

	



Minafra, L.; Di Cara, G.; Albanese, N.N.; Cancemi, P. Proteomic differentiation pattern in the U937 cell line. Leuk. Res. 2011, 35, 226–236. [Google Scholar] [CrossRef]

	



Cancemi, P.; Albanese, N.N.; DiCara, G.; Marabeti, M.R.; Costantini, F.; Minafra, S.; Pucci-Minafra, I. Multiple changes induced by fibroblasts on breast cancer cells. Connect. Tissue Res. 2010, 51, 88–104. [Google Scholar] [CrossRef]

	



Coppola, A.; Tomasello, L.; Pizzolanti, G.; Pucci-Minafra, I.; Albanese, N.; Di Cara, G.; Cancemi, P.; Pitrone, M.; Bommarito, A.; Carissimi, E.; et al. In vitro phenotypic, genomic and proteomic characterization of a cytokine-resistant murine beta-TC3 cell line. PLoS ONE 2012, 7, e32109. [Google Scholar] [CrossRef]

	



Di Cara, G.; Marengo, G.; Albanese, N.N.; Marabeti, M.R.; Musso, R.; Cancemi, P.; Pucci-Minafra, I. Proteomic profiling of Trastuzumab (Herceptin(R))-sensitive and -resistant SKBR-3 breast cancer cells. Anticancer Res. 2013, 33, 489–503. [Google Scholar]

	



Schiera, G.; Di Liegro, C.M.; Puleo, V.; Colletta, O.; Fricano, A.; Cancemi, P.; Di Cara, G.; Di Liegro, I. Extracellular vesicles shed by melanoma cells contain a modified form of H1.0 linker histone and H1.0 mRNA-binding proteins. Int. J. Oncol. 2016, 49, 1807–1814. [Google Scholar] [CrossRef]

	



Gyorffy, B.; Lanczky, A.; Eklund, A.C.; Denkert, C.; Budczies, J.; Li, Q.; Szallasi, Z. An online survival analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1,809 patients. Breast Cancer Res. Treat. 2010, 123, 725–731. [Google Scholar] [CrossRef]

	



Cancemi, P.; Di Falco, F.; Feo, S.; Arizza, V.; Vizzini, A. The gelatinase MMP-9like is involved in regulation of LPS inflammatory response in Ciona robusta. Fish. Shellfish Immunol 2019, 86, 213–222. [Google Scholar] [CrossRef]

	



Buttacavoli, M.; Albanese, N.N.; Di Cara, G.; Alduina, R.; Faleri, C.; Gallo, M.; Pizzolanti, G.; Gallo, G.; Feo, S.; Baldi, F.; et al. Anticancer activity of biogenerated silver nanoparticles: An integrated proteomic investigation. Oncotarget 2018, 9, 9685–9705. [Google Scholar] [CrossRef]








[image: Ijms 20 03952 g001 550]





Figure 1. ENO1 expression between normal and breast cancer tissues and prognostic significance. (A,B) Western blot analysis of ENO1 and actin beta (ACTB) using total lysates from breast tumors (BCT) and paired non-tumoral adjacent tissues (NAT); n = 24. (C) Graphic quantification of western blot results. Each data point is the average of three independent experiments. Error bars represent the standard deviation and the p value indicates statistical significance. (D) Survival analysis in breast cancer patients obtained from the Kaplain–Meir plotter database relative to ENO1 mRNA expression. 
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Figure 2. MMP-9 and MMP-2 enzymatic activity in normal and breast cancer tissues and prognostic significance. (A) Gelatin zymography was performed using total lysates from breast tumors (BCT) and paired non-tumoral adjacent tissues (NAT); n= 24. (B) Densitometric analysis of the gelatinolytic bands. Each data point is the average of three independent experiments. Error bars represent standard deviation and p values indicate statistical significance. (C) Survival analysis in breast cancer patients obtained from Kaplain–Meir plotter database relative to MMP-9 and MMP-2 expression. 
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Figure 3. Myc promoter-binding protein-1 (MBP-1) expression in breast cancer tissues. (A) Western blot detection of ENO1 and MBP-1 in tumor tissues from 29 from breast cancer patients; (B) representative immunohistochemical staining on sections of a healthy mammary tissue and two breast cancer tissues, respectively positive and negative for MBP-1 expression. Cytoplasmic staining is referred to ENO1 while nuclear staining is attributable to MBP-1 expression (Magnification 400×). 
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Figure 4. Matrix metalloproteinases (MMP)-9 and MMP-2 activity levels in breast cancer tissues according to MBP-1 expression. (A) Gelatin zymography of 29 breast cancer patients split into two groups (MBP-1-ve and MBP-1+ve) according to the MBP-1 expression. (B) Quantification of lytic bands. Each data point is the average of three independent experiments. Error bars represent standard deviation and p values indicate statistical significance. 
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Figure 5. ProMMP-9 and ProMMP-2 activity levels in breast cancer sera according to MBP-1 expression and healthy subjects. (A) Gelatin zymography of sera of MBP-1-ve, MBP-1+ve breast cancer patients and healthy subjects; (B) quantification of lytic bands. Each data point is the average of three independent experiments. Error bars represent standard deviation and p values indicate statistical significance. 
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Figure 6. Effect of MBP-1−ve and MBP-1+ve breast cancer sera on cancer cell proliferation and migration. (A) Relative cell growth measured by MTT assay. MDA-MB-231 cells were starved for 24 h (0% FBS) and then treated for 24 h with 1% FBS or 1% of human sera from breast cancer patients, previously grouped as MBP-1−ve and MBP-1+ve. (B) Wound healing of MDA-MB-231 cells after stimulation with 1% of FBS and 1% of human sera from breast cancer patients, previously grouped as MBP-1-ve and MBP-1+ve. Migration at the edge of the scratch was analyzed at 0, 6 and 24 h (magnification, 100×). (C) Quantification of cell migration was performed measuring the scratch wound, and results are expressed relative to the closure of 1% FBS treatment. 
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