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Abstract

:

The Wnt pathway is involved in the progression of breast cancer (BC). We aimed to evaluate the expression of some components of the Wnt pathway (β-catenin, FZD4 (frizzled receptor 4), LRP5 (low-density lipoprotein receptor-related protein 5), LRP6, and TCF1 (T-cell factor 1)) to detect potential associations with NHERF1 (Na+/H+ exchanger regulatory factor 1) protein. Besides, we assessed their impact on patients’ clinical outcome. We evaluated 220 primary BC samples by immunohistochemistry (IHC) and protein localization by immunofluorescence. We found a significant correlation between NHERF1 and FZD4, LRP5, LRP6, and TCF1. Univariate analysis showed that the overexpression of β-catenin (p < 0.0001), FZD4 (p = 0.0001), LRP5, LRP6, and TCF1 (p < 0.0001 respectively) was related to poor disease-free survival (DFS). A Kaplan-Meier analysis confirmed univariate data and showed a poor DFS for cNHERF1+/FZD4+ (p = 0.0007), cNHERF1+/LRP5+ (p = 0.0002), cNHERF1+/LRP6+ (p < 0.0001), and cNHERF1+/TCF1+ phenotypes (p = 0.0034). In multivariate analysis, the expression of TCF1 and β-catenin was an independent prognostic variable of worse DFS (p = 0.009 and p = 0.027, respectively). In conclusion, we found that the overexpression of β-catenin, FZD4, LRP5, LRP6, and TCF1 was associated with poor prognosis. Furthermore, we first identified TCF1 as an independent prognostic factor of poor outcome, indicating it as a new potential biomarker for the management of BC patients. Also, the expression of Wnt pathway proteins, both alone and in association with NHERF1, suggests original associations of biological significance for new studies.
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1. Introduction


Breast Cancer (BC) is one of the most common malignant cancers in women [1]; this makes it important to better understand the molecular mechanisms that underly the evolution and the possible interaction between the different molecules, which play a role in its development and progression.



Na+/H+ exchanger regulatory factor 1 (NHERF1) is a scaffold protein, formed by two tandem PDZ (post-synaptic density 95/discs large/zona occludens 1) domains and a carboxyl-terminal ezrin-binding (EB) region [2]. This structure makes NHERF1 a sticky protein, able to interact with various signal molecules and implicated in different diseases [3]. In the last decade, a lot of studies highlighted its involvement during carcinogenesis and tumor progression [4,5,6,7,8,9], in particular, in BC [10,11,12]. A previous study, which we carried out demonstrated the prognostic significance of nuclear NHERF1 expression (nNHERF1) in a cohort of patients with primary BC [13]. It is worth mentioning that NHERF1 plays a significant role during the regulation of several oncogenic signaling pathways, including Wnt/β-catenin [14,15]. Wnt/β-catenin pathway is an evolutionarily conserved pathway that controls cell proliferation, differentiation, and the maintenance of stem cells [16]. The WNT/β-catenin pathway is modulated from transcriptional to post-transcriptional modifications. Its aberrant signaling is observed in cancers, stimulating the expression of numerous target genes involved in tumor development [17]. The β-catenin activity is deregulated in numerous cancer diseases, and it is a promising therapeutical target [18]. Its role is already well-established in colorectal cancer, even though no effective therapies have been identified. Recently, the NHERF1-Wnt axis has been considered as a possible interactive network in different types of cancer. An in vivo model showed a possible role of NHERF1 for intestinal neoplasia through a suppressor activity upstream of Wnt-β-catenin [19]. The suppressor function of Wnt-β-catenin on NHERF1 by TCF4 interaction and promoter activity by T-cell factor 1 (TCF1)-Nherf1 promoter gene interaction has been reported in an in vitro model of colorectal cancer [4]. No similar studies have been conducted on a BC model.



Wnt/β-catenin signaling activation needs both Frizzled receptors (FZDs) and low-density lipoprotein receptor-related protein (LRP) 5 and 6 co-receptors. Ten human isoforms of FZD receptors are known with seven transmembrane domains, and the majority terminates with a PDZ binding region [20]. The LRP5/6 also belong to a family of 10 LRP isoforms, with a pivotal role in endocytosis, cellular communication, embryonic development, lipid homeostasis, and disease [21]. The molecular interaction between NHERF1 and FZD receptors and their modulation activity have been studied [14], but little is known about NHERF1-LRP co-receptors interaction in physiological and pathological conditions.



One of the downstream transcription factors of Wnt signaling is TCF1, a T-cell factor (TCF) [16]. Recent evidence showed an interaction between TCF1 and nherf1 promoter, interfering with WNT/β-catenin signaling [4].



In this research, we analyzed the expression and the relationship among NHERF1 and some of the major important players of the WNT pathway, such as β-catenin, FZD4, LRP5, LRP6, and TCF1 in a cohort of primary BCs. In this study regarding biomarkers, our primary objective was to correlate, for the first time, NHERF1 with the expression of β-catenin, FZD4, LRP5, LRP6, and TCF1 and to verify if an interaction exists between NHERF1 and these proteins in BC samples. A secondary goal was to verify their prognostic potential and their impact on patients’ clinical outcome.



A full understanding of the action and interaction of these biomarkers could improve current prognostic and therapeutic approaches and contribute to finding new ways, ensuring more precise BC management.




2. Results


2.1. Profiling of Expression and Relationship between Tumor Markers and Clinicopathological Features


Forty-eight percent (106/220) of tumors presented higher NHERF1 expression in the cytoplasmic compartment (cNHERF1) as compared to the 10% present in nuclear staining (nNHERF1) (23/220). Cytoplasmic β-catenin expression was evaluated in the whole cohort with high cytoplasmic staining in the 50% of samples (110/220). FZD4 was overexpressed in 50.4% of patients (111/220). We found a predominant cytoplasmic expression, both of LRP5 and LRP6, which resulted in the overexpression in 48.6% (107/220) and 44.5% (98/220) of tumor samples, respectively. Finally, nuclear TCF1 overexpression was present in 51% of the cases (112/220). Figure 1 (panel A) shows an example of the immunohistochemical staining pattern of the analyzed proteins. The relationship between the expression of NHERF1, β-catenin, FZD4, LRP5, LRP6, and TCF1 and the clinicopathological characteristics are listed in Table 1A,B. We found an increase in cNHERF1 expression in tumors >2 cm (p = 0.0020), and a low nNHERF1 expression in tumors with a higher histological grade (G3), (p = 0.0386). Cytoplasmic β-catenin expression was observed in Invasive Ductal Carcinoma (IDCs) (p = 0.0138), and it was related to estrogen receptor (ER)-negative (p < 0.0001), progesterone receptor (PR)-negative (p = 0.0050), human epidermal growth factor receptor 2 (HER2)/neu-negative (p = 0.0002), and high proliferative activity (Ki67 index) (p = 0.0082). FZD4 was overexpressed in IDCs (p = 0.0199), in tumors >2 cm (p = 0.0010), and in tumors with a high histological grade (p = 0.0004). LRP5 was also overexpressed in tumors >2 cm (p = 0.0009), in high histological grade (p = 0.0002), and high Ki67 index (p = 0.0049). LRP6 was overexpressed in older patients (p = 0.0175), in tumors >2 cm (p = 0.0089), in G3 tumors (p = 0.0010), and high Ki67 index (p = 0.0235). LRP6 was inversely related to ER (p = 0.0012) and PR status (p = 0.0043). TCF1 expression was directly related to ER expression (p = 0.0432) (Table 1B).




2.2. Analysis of Association between NHERF1 and β-catenin, FZD4, LRP5, LRP6, TCF1 Protein Expression


We evaluated the relationship between cNHERF1 and nNHERF1 and the other biomarkers on continuous and dichotomized variables. The Spearman correlation test on continuous variables revealed a direct relation between cNHERF1 and FZD4 (rs: 0.34; p < 0.0001), LRP5 (rs: 0.24; p = 0.0022), and LRP6 (rs: 0.26; p = 0.0010). Besides, a direct correlation between cNHERF1and TCF1 was also observed (rs: 0.18; p = 0.0169). Further, nNHERF1 was inversely related to LRP5 (rs: –0.21; p = 0.0079), LRP6 (rs: −0.25; p = 0.0017), and TCF1 (rs: –0.21; p = 0.0048) (Table 2). No significant association between NHERF1 and β-catenin was found. These data were confirmed for dichotomized variables using the χ2 test (data not shown).




2.3. Immunofluorescence Co-Localization


We identified protein localization by immunofluorescence assay. Firstly, we detected the intracellular distribution of NHERF1 and β-catenin in an invasive cellular cluster of BCs. No co-localization was observed for these proteins (Figure 1, panel b,a).



Cytoplasmic NHERF1 and FZD4 proteins co-localized when they were found overexpressed within the cytoplasmic compartment (Figure 1, panel B-b). Immunofluorescence also provided the co-localization of cNHERF1 both with LRP5 and LRP6 (Figure 1, panel b,c,d, respectively). No co-localization was observed for NHERF1 and TCF1 (Figure 1, panel b–e).




2.4. Expression of Proteins and Patient Clinical Outcome


Univariate and multivariate analyses were carried out including the expression of cNHERF1, nNHERF1, β-catenin, FZD4, LRP5, LRP6, and TCF1 proteins and all clinicopathological characteristics, as dichotomized variables.



The subgroup of patients with low β-catenin expression had a better 5-year % disease-free survival (DFS) compared to patients with high β-catenin expression 92% vs. 67% (p < 0.0001). Patients with high FZD4 expression had a worse 5-years % DFS compared with patients with low FZD4 expression (71% vs. 91% p = 0.0001). A worse 5-years % DFS for patients with high compared to low LRP5 expression (70% vs. 93%; p < 0.0001) and for patients with high compared to low LRP6 expression (68% vs. 95%; p < 0.0001) was also observed. Furthermore, a worse 5-years % DFS was found for patients with high compared to low TCF1 expression (68% vs. 92%; p < 0.0001). No significant results emerged from cNHERF1, nNHERF1, and overall survival (OS) analyses. In addition, univariate analysis indicated a worse 5-years % DFS for tumor size >2 cm respect to ≤2 cm (68% vs. 88%; p = 0.002), positive compared to negative nodal status (72% vs. 87%; p = 0.001), high (G3) compared to low (G1–2) histological grade (63% vs. 94%; p < 0.0001), negative compared to positive ER (58% vs. 92%; p < 0.0001) and PR (68% vs. 90%; p < 0.0001) expression, high compared to low Ki67 (68% vs. 90; p < 0.0001). Then, a poor OS was observed for high (G3) compared to low (G1-2) histological grade (90% vs. 99%; p = 0.026), negative compared to positive ER expression (88% vs. 99%; p=0.024), and high compared to low Ki67 (90% vs. 99; p = 0.004) (Table 3).



Multivariate analysis, according to the Cox proportional hazard regression model, showed that the expressions of β-catenin and TCF1 were independent prognostic factors, associated to a shorter DFS (Hazard Ratio (HR) = 3.26, 95% Confidence Interval (CI) 1.14–9.33, p = 0.027; HR = 4.86, 95% CI 1.47–16.05, p = 0.009, respectively). Further, high grade (G3) was also an independent prognostic marker for DFS (HR = 5.28, 95% CI 1.60–17.4, p = 0.006) (Table 4).



Kaplan-Meier analysis confirmed the univariate data, and it didn’t show significant differences in the DFS between patients with high and low cNHERF1 protein expression (p = 0.9427) (Figure 2a); a poor DFS in the subgroup of patients with high β-catenin expression, high FZD4 expression, high LRP5 and LRP6 expression and in the subgroup of patients with high TCF1 expression (p < 0.0001 for each group) (Figure 2b–f) was observed.



Moreover, a poor DFS was observed for the following phenotypes: cNHERF1−/FZD4+ and cNHERF1+/FZD4+ (p = 0.0007), cNHERF1−/LRP5+ and cNHERF1+/LRP5+ (p = 0.0002), cNHERF1−/LRP6+ and cNHERF1+/LRP6+ (p < 0.0001), and cNHERF1−/TCF1+ and cNHERF1+/TCF1+ (p = 0.0034) (Figure 3a–d).





3. Discussion


Understanding the expression of proteins involved in cancer development could improve knowledge of the pathways that contribute to BC onset and progression. Among the various signaling pathways related to cancer, an important role is played by the Wnt/β-catenin pathway. This pathway is a central actor of embryo development and maintenance of cellular homeostasis. Its deregulation has been associated with different human diseases, including cancer [22]. In BC, β-catenin expression in the cytoplasm/nucleus has proven to be a significant prognostic factor [23], and the interaction between β-catenin and NHERF1 has been reported by different authors [14,24].



In this study, we analyzed the expression of some of the major constituents of the Wnt pathway (β-catenin, FZD4, LRP5, LRP6, TCF1) and their relationships with the scaffold protein NHERF1. Furthermore, we evaluated the expression of these markers and the relation with clinical-pathological characteristics and their impact on the patients’ survival.



NHERF1 is an important regulator of different proteins, trafficking and localized as a cystic fibrosis (CF) transmembrane conductance regulator, ezrin and β-catenin. It has an oncogenic role when it is localized in the plasmatic membrane, and it acts as an oncosuppressor when it moves into the cytoplasmic/nuclear compartment [25,26].



β-catenin has pivotal roles in morphogenesis and human cancer because it has a double function both in adhesive complexes and as a transducer/transcriptional regulator in several signal transduction pathways. β-catenin mutations have not been found in BC despite its upregulation and association with other markers and with the poor clinical outcome [27]. β-catenin signaling is initiated through the formation of an FZD/LRP5/6 receptor complex, and the activation of this protein complex seems to have a crucial role in BC development and progression.



Frizzled proteins are found at the level of the plasmatic membrane. They are sited at the surface of Wnt-responsive cells, but they have been observed co-opted in the cytoplasmic compartment as part of a regulatory mechanism of the extracellular level of Wnt protein [28].



Little is known about the cancer tissue expression of FZD4, LRP5, LRP6 proteins, and we assessed their behavior for the first time in a clinical BC cohort. Interestingly, these proteins showed a higher expression in our series of BC samples mislocalized in the cytoplasm. Both LRP5 and LRP6 transcriptomic analysis showed high RNA levels in a subgroup of TNBCs (Triple negative breast cancers) [29]. Moreover, LRP6 overexpression had been associated to a more aggressive BC phenotype in a smaller cohort of patients, and its down-regulation was sufficient to inhibit tumorigenesis, suggesting it as a possible, new, promising therapeutic target [30].



The relation between these markers and some of the more aggressive clinicopathological characteristics (tumor size, histological grade, Ki67 index) highlighted their involvement in BC progression, by contributing in defining the role in cancer growth.



The association analyses between NHERF1 and the other markers revealed a positive direct relation between cNHERF1 and FZD4, LRP5, LRP6, and TCF1 expression, but not with β-catenin, suggesting a possible novel tumor progression mechanism, that involves Wnt signaling components. Previous studies have reported a high cNHERF1 expression linked to tumor aggressive features, such as metastases, poor grade, and lymphovascular invasion [7,9]. The inverse relation among nNHERF1 and LRP5, LRP6, and TCF1 supported the results of our previous study [13]. Furthermore, we also observed, by immunofluorescence, the co-localization among the NHERF1 and FZD4, LRP5, LRP6 expression in the cytoplasmic compartment. NHERF1-FZD4 direct interaction has been previously reported by co-immunoprecipitation in an in vitro model of ovary cells [14]. We observed evidence of a similar distribution of NHERF1 and LRP5/LRP6 in the cytoplasm. The lack of co-localization of TCF1 and NHERF1 is not surprising because they act in different cellular compartments during the tumor progression [13,31,32]. Furthermore, high TCF1 expression was identified in over half of the cases, and it was related to ER expression, probably implicated in the modulation of potential target genes, as previously reported by El- Tanani and colleagues. They demonstrated that some of the different family members of the two sets of downstream transcription factors ERα/ERβ and Tcf-1/Tcf-4 interacted directly, modulating the promoter activity of target genes [33]. TCF1 has been also reported associated with the Nherf1 promoter in an “in vitro” model of colorectal cancer by β-catenin knockdown, increasing Nherf1 mRNA levels [4].



Multivariate analysis revealed the prognostic power of TCF1 and β-catenin, indicating them as independent biomarkers of prognosis for DFS in our cohort. Other authors reported a β-catenin expression associated with poor prognosis in invasive ductal carcinoma [34], and with unfavorable outcomes for BC patients [35]. We found a prognostic role for the transcription factor TCF1, and this probably could be related to its close relationship with β-catenin, with which it contributes to the recruitment of factors that create transcription “hot-spots” [36]. To our knowledge, this is the first study in which TCF1 constitutes a new and independent prognostic factor in BC, and it could be used to reveal new research possibilities in the panorama of specific pharmacological inhibition as part of targeted therapy.



The univariate analysis identified TCF1 and also β-catenin, FZD4, LRP5, and LRP6 poor prognosis biomarkers, associating them with a shorter 5-years % DFS.



When we analyzed the outcome of patients with co-expression of cNHERF1 and other biomarkers, the cNHERF1+/FZD4+, cNHERF1+/LRP5+, cNHERF1+/LRP6+, and cNHERF1+/TCF1+ phenotypes showed a worse DFS. These results confirmed the discriminatory capability of FZD4, LRP5, LRP6, and TCF1 as prognostic markers and highlighted the weak discriminatory power of cNHERF1. It was not possible to identify the actual worst-case scenario, supporting the evidence of the previous behavior observed by our group [12,37]. TCF1 has proven itself once again a prognostic marker for DFS in BC also when co-expressed with cNHERF1. Our results were mainly about DFS, and not OS (Overall Survival), due to the low number of deaths in our cohort.




4. Materials and Methods


4.1. Patients and Clinicopathological Characteristics


This study was carried out on a retrospective series of 220 primary BCs, diagnosed between 1994 and 2012 at the IRCCS Institute, Istituto Tumori “Giovanni Paolo II” of Bari, Italy. The patients were selected retrospectively, according to the availability of the biological material and the clinical follow-up. Our patient series was not consecutive. All patients provided an informed consent form to use their biological tissue for research purposes, according to ethical standards. Patients were eligible if they had a histological diagnosis of invasive breast carcinomas of any size and no evidence of metastatic disease. Patients were excluded if they had a previous history of invasive breast cancer, or other previous or concomitant malignancies or concomitant diseases. The study was approved by the Ethics Committee of the Istituto Tumori “Giovanni Paolo II” with the reference 657/CE on 13th December 2018.



Supporting Information Table S1 summarizes the clinicopathological characteristics of the whole cohort. The median age of patients was 54 years (range 28–80). The median follow-up was of 64 months (range 6–235). Forty-nine patients (22.3%) developed a relapse. The tumor, node, metastasis (TNM) classification, tumor size, histological grade, estrogen receptor (ER), progesterone receptor (PR), proliferative activity (Ki67), and human epidermal growth factor receptor 2 (HER2) status were provided by the Pathology Department of our Institute. The classification of ER, PR, Ki67, and HER2 has been previously reported. HER2 status was classified as negative (score 0,1+, and 2+ not amplified) or positive (when scored 3+ by IHC or HER2 amplified by Fluorescence in situ hybridization (FISH), according to the guideline for BC ASCO/CAP-2007 [38].




4.2. Tissue Microarray and Immunohistochemistry.


Immunohistochemistry (IHC) was performed on tissue microarrays (TMAs) sections of 220 BC patients. TMAs were constructed using the Galileo Tissue MicroArrayer CK 4500 (Transgenomic, Omaha, USA) [12]. The TMA slides were processed and stained by the indirect immunoperoxidase method, using the BenchMark XT automated staining instrument (Ventana Medical Systems, Tucson, AZ, USA), as previously reported [12] or with a standard manual procedure [11].



Slides were probed with 1:350 anti-EBP50 rabbit polyclonal antibody (ThermoFisher Scientific, Rockford, IL, USA), 1:100 rabbit monoclonal antibody anti-β-catenin (clone: E247, Abcam, Cambridge, UK), 1:30 anti-Frizzled4 rabbit polyclonal antibody, 1:100 anti-LRP5 goat polyclonal antibody, 1:100 anti-LRP6 rabbit polyclonal antibody (all Abcam, Cambridge, UK), 1:50 anti-TCF1 rabbit monoclonal (Cell Signaling Technology, Danvers, MA, USA). The dilution of the primary antibodies was based on preliminary dilution experiments.



For automated staining method, the UltraView DAB IHC Detection Kit (Ventana Medical Systems, Tucson, AZ, USA) was used to detect NHERF1 and β-catenin protein expression. Tissues were counterstained with Hematoxylin II and Bluing Reagent for 12 min and 4 min, respectively. Samples were dehydrated by sequential washes, cleared in xylene, and then mounted.



For manual staining method, a polymer-based-IHC detection system was used as the amplification system (EnVision + System-HRP Labeled Polymer Anti-Rabbit or Anti-Mouse secondary antibody, Dako, Carpinteria, CA, USA), according to the manufacturer’s instruction. For LRP5 antibody, a donkey anti-goat horseradish peroxidase (HRP) conjugated was applied. The signaling was revealed by incubating the sections in 3,3′-diaminobenzidine (Liquid DAB + Substrate Chromogen System, Dako, Carpinteria, CA, USA) for 8–10 min. Cell nuclei were counterstained with Mayer’s Hematoxylin (Bio-Optica, Milano, Italy). Known positive controls were included in each staining run. All antibodies used in this study have been validated, and the procedures standardized in a pre-analytic phase. The omission of the primary antibody was used as negative controls.




4.3. Immunohistochemical Assessment


Immunoreactivity was assessed independently by two observers, who were blinded to clinicopathological data. The results given by the two observers were identical in most cases, and discrepancies were resolved by re-examination and consensus. For all markers, NHERF1, β-catenin, FZD4, LRP5, LRP6, and TCF1, a three-field average percentage was assessed, and the median values of protein expression were considered as a cut-off.



The immunostaining of NHERF1 and β-catenin was assessed, as previously described [12,15]. NHERF1 immunostaining was predominantly cytoplasmic, and, in some cases, intense nuclear staining was also observed. This was evaluated and scored separately. The cases were classified as positive, when cNHERF1 immunoreactivity was present in ≥80% (median value) of tumor cells and when nNHERF1 immunoreactivity was present in >0% (median value) of tumor cells.



Only cytoplasmic β-catenin immunostaining was considered, and the cases were classified as positive, when β-catenin immunoreactivity was present in ≥5% (median value) of tumor cells and nuclear staining was completely absent. FZD4 immunostaining was largely cytoplasmic. FZD4 was assessed by counting the number of immunoreactive cancer cells over total cancer cells (%) for fields (more of 500 tumor cells) at x400 magnification [39]. The immunoreactivity of LRP5 and LRP6 was observable as a brown cytoplasmic coloration, and a percentage of positive cells per field was reported. TCF1 was positive when strong nuclear staining was present (percentage of positive nuclei for field). For FZD4, LRP5, LRP6, and TCF1 proteins, the cases were classified positive when the immunoreactivity was present in ≥77%, ≥83%, ≥74%, and ≥16% (median values) of tumor cells, respectively.




4.4. Immunofluorescence


The immunofluorescence method was described previously [8]. In brief, formalin-fixed and paraffin-embedded tissue serial sections of 3 μm were deparaffinized and rehydrated in an ethanol series. Saline citrated buffer (pH 6.0) at 0.01 M at 95 °C for 30 min was used for antigen retrieval, then 0.1% Triton X100-Phosphate Buffered Saline was applied for 15 min. The blocking was performed with 1% Bovine Serum Albumin-Phosphate Buffered Saline for 30 min, and then the slides were incubated overnight at 4 °C with all the primary antibodies used for the immunohistochemistry assay together with a mouse anti-EBP50 (BD Transduction Laboratories, San Jose, CA; dilution 1:150). The Alexa Fluor 488 and Alexa Fluor 568 immunoglobulin G secondary conjugated antibodies (1:2000 dilution; Molecular Probes Inc., Eugene, OR, USA) were incubated at room temperature for 1 h, and then the slides were mounted with DAPI (ProLong® Gold antifade reagent; Molecular Probes Inc./ThermoFisher, Rockford, IL, USA). Positive control slides were run simultaneously to assess the quality of immunoreactivity. For negative controls, slide sections were treated with 1% Bovine Serum Albumin instead of the primary antibody, and no reactivity was observed in any of these controls. Images were obtained on an Axion Image 2 upright microscope (Zeiss, Oberkochen Germany) with an Axiocam 512 color camera.




4.5. Follow-Up and Statistical Analysis


The Chi-squared test was used for the analysis of the association between marker expression and clinicopathological characteristics. Spearman correlation from ranks was used to analyze the interaction between two continuous variables. These statistical evaluations were performed with the Prism version 5 software package (GraphPad Software, San Diego, CA, USA), with the statistical significance set at p < 0.05.



The analysis was carried out about disease-free survival (DFS) and overall survival (OS). DFS (in months) was calculated as the time-frame between the date of surgery and the date of loco-regional/distant relapse (second invasive BC, second primary cancer, and/or death without evidence of BC) to the date of the last contact. OS (in months) was calculated as the time-frame between the date of surgery and date of last contact or the date of death from any cause. DFS and OS survival curves were computed using the Kaplan-Meier method and compared by using the log-rank test. The Cox proportional hazard regression model was performed to assess prognostic factors, including the variables that were statistically significant in univariate analysis. The model was optimized using a backward stepwise regression. The statistical significance level was p-Values < 0.05. Statistical analyses were made using the SAS statistical software, version 9.4 (SAS Institute Inc, Cary, NC, USA).





5. Conclusions


The heterogeneous nature of breast cancer renders the identification of new prognostic biomarkers increasingly necessary. In this study, we analyzed the expression of biomarkers involved in the Wnt pathway to identify patients at risk of poor prognosis. We found that TCF1 was an independent prognostic factor of poor outcome, and we showed that the overexpression of the Wnt pathway proteins was associated with worse disease-free survival. These results suggest the possible capability of these proteins to stratify breast cancer patients.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/11/7/1035/s1, Table S1: Tumor characteristics of 220 invasive breast cancer patients.





Author Contributions


Conceptualization, A.M. and C.S.; methodology, C.S.; software and formal analysis E.S.; investigation, C.S..; data curation, A.M., F.A.Z., and C.S.; writing—original draft preparation, C.S.; writing—review and editing, A.M.; visualization F.G.; supervision, A.M. and N.S.




Funding


This research was funded by the Italian Ministry of Health, “Ricerca Corrente 2018-2020”, Del. 68/2019.




Acknowledgments


The authors thank Francesco Fanelli for the technical assistance and Bianca Tino for language revision and editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef] [PubMed]

	



Donowitz, M.; Cha, B.; Zachos, N.C.; Brett, C.L.; Sharma, A.; Tse, C.M.; Li, X. NHERF family and NHE3 regulation. J. Physiol. 2005, 567, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Centonze, M.; Saponaro, C.; Mangia, A. NHERF1 Between Promises and Hopes: Overview on Cancer and Prospective Openings. Transl. Oncol. 2018, 11, 374–390. [Google Scholar] [CrossRef] [PubMed]

	



Saponaro, C.; Sergio, S.; Coluccia, A.; De Luca, M.; La Regina, G.; Mologni, L.; Famiglini, V.; Naccarato, V.; Bonetti, D.; Gautier, C.; et al. β-catenin knockdown promotes NHERF1-mediated survival of colorectal cancer cells: Implications for a double-targeted therapy. Oncogene 2018, 37, 3301–3316. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Qin, Q.; Song, R.; Zhao, C.; Liu, H.; Yang, Y.; Gu, S.; Zhou, D.; He, J. NHERF1 inhibits beta-catenin-mediated proliferation of cervical cancer cells through suppression of alpha-actinin-4 expression. Cell Death Dis. 2018, 9, 668. [Google Scholar] [CrossRef] [PubMed]

	



Mangia, A.; Caldarola, L.; Dell’Endice, S.; Scarpi, E.; Saragoni, L.; Monti, M.; Santini, D.; Brunetti, O.; Simone, G.; Silvestris, N. The potential predictive role of nuclear NHERF1 expression in advanced gastric cancer patients treated with epirubicin/oxaliplatin/capecitabine first line chemotherapy. Cancer Biol. Ther. 2015, 16, 1140–1147. [Google Scholar] [CrossRef]

	



Malfettone, A.; Silvestris, N.; Saponaro, C.; Ranieri, G.; Russo, A.; Caruso, S.; Popescu, O.; Simone, G.; Paradiso, A.; Mangia, A. High density of tryptase-positive mast cells in human colorectal cancer: A poor prognostic factor related to protease-activated receptor 2 expression. J. Cell. Mol. Med. 2013, 17, 1025–1037. [Google Scholar] [CrossRef]

	



Malfettone, A.; Silvestris, N.; Paradiso, A.; Mattioli, E.; Simone, G.; Mangia, A. Overexpression of nuclear NHERF1 in advanced colorectal cancer: Association with hypoxic microenvironment and tumor invasive phenotype. Exp. Mol. Pathol. 2012, 92, 296–303. [Google Scholar] [CrossRef]

	



Mangia, A.; Partipilo, G.; Schirosi, L.; Saponaro, C.; Galetta, D.; Catino, A.; Scattone, A.; Simone, G. Fine Needle Aspiration Cytology: A Tool to Study NHERF1 Expression as a Potential Marker of Aggressiveness in Lung Cancer. Mol. Biotechnol. 2015, 57, 549–557. [Google Scholar] [CrossRef]

	



Greco, M.R.; Bon, E.; Rubino, R.; Guerra, L.; Bernabe-Garcia, M.; Cannone, S.; Cayuela, M.L.; Ciaccia, L.; Marionneau-Lambot, S.; Oullier, T.; et al. Phosphorylation of NHERF1 S279 and S301 differentially regulates breast cancer cell phenotype and metastatic organotropism. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 26–37. [Google Scholar] [CrossRef]

	



Saponaro, C.; Vagheggini, A.; Scarpi, E.; Centonze, M.; Catacchio, I.; Popescu, O.; Pastena, M.I.; Giotta, F.; Silvestris, N.; Mangia, A. NHERF1 and tumor microenvironment: A new scene in invasive breast carcinoma. J. Exp. Clin. Cancer Res. 2018, 37, 96. [Google Scholar] [CrossRef] [PubMed]

	



Mangia, A.; Scarpi, E.; Partipilo, G.; Schirosi, L.; Opinto, G.; Giotta, F.; Simone, G. NHERF1 together with PARP1 and BRCA1 expression as a new potential biomarker to stratify breast cancer patients. Oncotarget 2017, 8, 65730–65742. [Google Scholar] [CrossRef] [PubMed]

	



Paradiso, A.; Scarpi, E.; Malfettone, A.; Addati, T.; Giotta, F.; Simone, G.; Amadori, D.; Mangia, A. Nuclear NHERF1 expression as a prognostic marker in breast cancer. Cell Death Dis. 2013, 4, e904. [Google Scholar] [CrossRef] [PubMed]

	



Wheeler, D.S.; Barrick, S.R.; Grubisha, M.J.; Brufsky, A.M.; Friedman, P.A.; Romero, G. Direct interaction between NHERF1 and Frizzled regulates β-catenin signaling. Oncogene 2011, 30, 32–42. [Google Scholar] [CrossRef] [PubMed]

	



Schirosi, L.; Mazzotta, A.; Opinto, G.; Pinto, R.; Graziano, G.; Tommasi, S.; Fucci, L.; Simone, G.; Mangia, A. β-catenin interaction with NHERF1 and RASSF1A methylation in metastatic colorectal cancer patients. Oncotarget 2016, 7, 67841–67850. [Google Scholar] [CrossRef]

	



Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 2006, 127, 469–480. [Google Scholar] [CrossRef] [PubMed]

	



Vallée, A.; Lecarpentier, Y. Crosstalk Between Peroxisome Proliferator-Activated Receptor Gamma and the Canonical WNT/β-Catenin Pathway in Chronic Inflammation and Oxidative Stress During Carcinogenesis. Front. Immunol. 2018, 9, 745. [Google Scholar] [CrossRef]

	



Jönsson, M.; Borg, A.; Nilbert, M.; Andersson, T. Involvement of adenomatous polyposis coli (APC)/beta-catenin signalling in human breast cancer. Eur. J. Cancer 2000, 36, 242–248. [Google Scholar] [CrossRef]

	



Georgescu, M.M.; Gagea, M.; Cote, G. NHERF1/EBP50 Suppresses Wnt-β-Catenin Pathway-Driven Intestinal Neoplasia. Neoplasia 2016, 18, 512–523. [Google Scholar] [CrossRef]

	



MacDonald, B.T.; He, X. Frizzled and LRP5/6 receptors for Wnt/β-catenin signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a007880. [Google Scholar] [CrossRef]

	



May, P.; Woldt, E.; Matz, R.L.; Boucher, P. The LDL receptor-related protein (LRP) family: An old family of proteins with new physiological functions. Ann. Med. 2007, 39, 219–228. [Google Scholar] [CrossRef] [PubMed]

	



Yin, P.; Wang, W.; Zhang, Z.; Bai, Y.; Gao, J.; Zhao, C. Wnt signaling in human and mouse breast cancer: Focusing on Wnt ligands, receptors and antagonists. Cancer Sci. 2018, 109, 3368–3375. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.P.; Li, X.W.; Lang, J.H. Prognostic Value of β-catenin Expression in Breast Cancer Patients: A Meta-analysis. Asian Pac. J. Cancer Prev. 2015, 16, 5625–5633. [Google Scholar] [CrossRef] [PubMed]

	



Kreimann, E.L.; Morales, F.C.; de Orbeta-Cruz, J.; Takahashi, Y.; Adams, H.; Liu, T.J.; McCrea, P.D.; Georgescu, M.M. Cortical stabilization of beta-catenin contributes to NHERF1/EBP50 tumor suppressor function. Oncogene 2007, 26, 5290–5299. [Google Scholar] [CrossRef] [PubMed]

	



Georgescu, M.M.; Morales, F.C.; Molina, J.R.; Hayashi, Y. Roles of NHERF1/EBP50 in cancer. Curr. Mol. Med. 2008, 8, 459–468. [Google Scholar] [CrossRef] [PubMed]

	



Mangia, A.; Chiriatti, A.; Bellizzi, A.; Malfettone, A.; Stea, B.; Zito, F.A.; Reshkin, S.J.; Simone, G.; Paradiso, A. Biological role of NHERF1 protein expression in breast cancer. Histopathology 2009, 55, 600–608. [Google Scholar] [CrossRef] [PubMed]

	



Cowin, P.; Rowlands, T.M.; Hatsell, S.J. Cadherins and catenins in breast cancer. Curr. Opin. Cell Biol. 2005, 17, 499–508. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, L.; Lecourtois, M.; Alexandre, C.; Hirst, E.; Vincent, J.P. Regulated endocytic routing modulates wingless signaling in Drosophila embryos. Cell 2001, 105, 613–624. [Google Scholar] [CrossRef]

	



Maubant, S.; Tahtouh, T.; Brisson, A.; Maire, V.; Némati, F.; Tesson, B.; Ye, M.; Rigaill, G.; Noizet, M.; Dumont, A.; et al. LRP5 regulates the expression of STK40, a new potential target in triple-negative breast cancers. Oncotarget 2018, 9, 22586–22604. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.C.; Prior, J.; Piwnica-Worms, D.; Bu, G. LRP6 overexpression defines a class of breast cancer subtype and is a target for therapy. Proc. Natl. Acad. Sci. USA 2010, 107, 5136–5141. [Google Scholar] [CrossRef]

	



Karn, T.; Ruckhäberle, E.; Hanker, L.; Müller, V.; Schmidt, M.; Solbach, C.; Gätje, R.; Gehrmann, M.; Holtrich, U.; Kaufmann, M.; et al. Gene expression profiling of luminal B breast cancers reveals NHERF1 as a new marker of endocrine resistance. Breast Cancer Res. Treat. 2011, 130, 409–420. [Google Scholar] [CrossRef] [PubMed]

	



Cardone, R.A.; Bellizzi, A.; Busco, G.; Weinman, E.J.; Dell’Aquila, M.E.; Casavola, V.; Azzariti, A.; Mangia, A.; Paradiso, A.; Reshkin, S.J. The NHERF1 PDZ2 domain regulates PKA-RhoA-p38-mediated NHE1 activation and invasion in breast tumor cells. Mol. Biol. Cell 2007, 18, 1768–1780. [Google Scholar] [CrossRef] [PubMed]

	



El-Tanani, M.; Fernig, D.G.; Barraclough, R.; Green, C.; Rudland, P. Differential modulation of transcriptional activity of estrogen receptors by direct protein-protein interactions with the T cell factor family of transcription factors. J. Biol. Chem. 2001, 276, 41675–41682. [Google Scholar] [CrossRef]

	



López-Knowles, E.; Zardawi, S.J.; McNeil, C.M.; Millar, E.K.; Crea, P.; Musgrove, E.A.; Sutherland, R.L.; O’Toole, S.A. Cytoplasmic localization of beta-catenin is a marker of poor outcome in breast cancer patients. Cancer Epidemiol. Biomark. Prev. 2010, 19, 301–309. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, C.W.; Liu, Y.F.; Yu, J.C.; Wang, H.W.; Ding, S.L.; Hsiung, C.N.; Hsu, H.M.; Shieh, J.C.; Wu, P.E.; Shen, C.Y. Prognostic significance of cyclin D1, β-catenin, and MTA1 in patients with invasive ductal carcinoma of the breast. Ann. Surg. Oncol. 2012, 19, 4129–4139. [Google Scholar] [CrossRef] [PubMed]

	



Tortelote, G.G.; Reis, R.R.; de Almeida Mendes, F.; Abreu, J.G. Complexity of the Wnt/β-catenin pathway: Searching for an activation model. Cell. Signal. 2017, 40, 30–43. [Google Scholar] [CrossRef]

	



Mangia, A.; Malfettone, A.; Saponaro, C.; Tommasi, S.; Simone, G.; Paradiso, A. Human epidermal growth factor receptor 2, Na+/H+ exchanger regulatory factor 1, and breast cancer susceptibility gene-1 as new biomarkers for familial breast cancers. Hum. Pathol. 2011, 42, 1589–1595. [Google Scholar] [CrossRef]

	



Wolff, A.C.; Hammond, M.E.; Schwartz, J.N.; Hagerty, K.L.; Allred, D.C.; Cote, R.J.; Dowsett, M.; Fitzgibbons, P.L.; Hanna, W.M.; Langer, A.; et al. American Society of Clinical Oncology; College of American Pathologists. American Society of Clinical Oncology/College of American Pathologists guideline recommendations for human epidermal growth factor receptor 2 testing in breast cancer. J. Clin. Oncol. 2007, 25, 118–145. [Google Scholar] [CrossRef]

	



Nagayama, S.; Yamada, E.; Kohno, Y.; Aoyama, T.; Fukukawa, C.; Kubo, H.; Watanabe, G.; Katagiri, T.; Nakamura, Y.; Sakai, Y.; et al. Inverse correlation of the up-regulation of FZD10 expression and the activation of beta-catenin in synchronous colorectal tumors. Cancer Sci. 2009, 100, 405–412. [Google Scholar] [CrossRef]








[image: Cancers 11 01035 g001 550]





Figure 1. Panel A. Representative images of immunohistochemical staining in Breast Cancer tissues. The panel displays the representative expression of molecular biomarkers in tumor zone: (a) positive high cytoplasmic Na+/H+ Exchanger Regulatory Factor 1 (NHERF1) expression; (b) membranous and cytoplasmic β-catenin expression; (c) cytoplasmic Frizzled receptor 4 (FZD4) overexpression; (d) and (e) cytoplasmic Low-density lipoprotein receptor-related protein (LRP) 5 and Low-density lipoprotein receptor-related protein (LRP) 6 overexpression; (f) nuclear T-cell factor 1 (TCF1) expression (original magnification, ×400). Scale bar = 20 µm. Panel B. Immunofluorescence assay of the expression of NHERF1 and Wnt/pathway proteins. Representative tumor tissue samples stained with: (a) NHERF1 and β-catenin; (b) NHERF1 and FZD4; c) NHERF1 and LRP5; (d) NHERF1 and LRP6; (e) NHERF1 and TCF1 primary antibodies and detected with Alexa Fluor 488 (green) and Alexa Fluor 568 (red) secondary antibodies. The nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, blue) (original magnification, ×400). Scale bar= 20 µm. Images were obtained on an Axion Image 2 upright microscope (Zeiss, Oberkochen, Germany) with an Axiocam 512 color camera. 
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Figure 2. Survival analyses. Disease-free survival (DFS) curves for patients with (a) (cytoplasmic Na+/H+ Exchanger Regulatory Factor 1) cNHERF1– versus cNHERF1+ expression (p = 0.9427); (b) β-catenin- versus β-catenin+ expression (p < 0.0001); (c) (Frizzled receptor 4)FZD4– versus FZD4+ expression (p < 0.0001); (d) (Low-density lipoprotein receptor-related protein LRP 5) LRP5– versus LRP5+ (p < 0.0001); (e) (Low-density lipoprotein receptor-related protein LRP 6) LRP6– versus LRP6+ (p < 0.0001); (f) T-cell factor 1 (TCF1) TCF1– versus TCF1+ (p < 0.0001). 
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Figure 3. Survival analyses, according to both (Na+/H+ Exchanger Regulatory Factor 1) NHERF1 and Wnt/pathway proteins co-expression. Disease-free survival (DFS) curves for patients with (a) cNHERF1/FZD4 (Frizzled receptor 4) co-expression, four subgroups were compared: cNHERF1−/FZD4−, cNHERF1+/FZD4+, cNHERF1−/FZD4+, and cNHERF1+/FZD4− with a p = 0.0007; (b) cNHERF1/LRP5 (Low-density lipoprotein receptor-related protein LRP) co-expression, four subgroups were compared: cNHERF1−/LRP5-, cNHERF1+/LRP5+, cNHERF1−/LRP5+, and cNHERF1+/LRP5- with a p = 0.0002; (c) cNHERF1/LRP6 co-expression, four subgroups were compared: cNHERF1−/LRP6−, cNHERF1+/LRP6+, cNHERF1−/LRP6+, and cNHERF1+/LRP6− with a p < 0.0001; (d) cNHERF1/TCF1 (T-cell factor 1 (TCF1) co-expression, four subgroups were compared: cNHERF1−/TCF1−, cNHERF1+/TCF1+, cNHERF1−/TCF1+, and cNHERF1+/TCF1− with a p = 0.0034. 
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Table 1. Relationship between tumor markers and clinicopathological features.
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Estrogen Receptor

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ER-negative (≤10%)

	
19

	
(10.8)

	
38

	
(21.6)

	
0.1571

	
12

	
(7.2)

	
39

	
(23.5)

	
0.0012

	
20

	
(10.4)

	
42

	
(21.9)

	
0.0432




	
ER-positive (>10%)

	
53

	
(30.1)

	
66

	
(37.5)

	
58

	
(35)

	
57

	
(34.3)

	
62

	
(32.3)

	
68

	
(35.4)




	
Progesterone Receptor

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
PR-negative (≤10%)

	
27

	
(15.3)

	
53

	
(30.1)

	
0.0778

	
23

	
(13.8)

	
53

	
(31.9)

	
0.0043

	
34

	
(17.7)

	
57

	
(29.7)

	
0.1552




	
PR-positive (>10%)

	
45

	
(25.6)

	
51

	
(29)

	
47

	
(28.3)

	
43

	
(26)

	
48

	
(25)

	
53

	
(27.6)




	
HER2/neu

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Negative (0,1+)

	
58

	
(33.3)

	
94

	
(54)

	
0.0619

	
60

	
(36.1)

	
84

	
(50.6)

	
0.7376

	
63

	
(33.3)

	
100

	
(53)

	
0.0670




	
Positive (3+)

	
13

	
(7.5)

	
9

	
(5.2)

	
10

	
(6)

	
12

	
(7.3)

	
15

	
(8)

	
11

	
(5.8)




	
Ki67

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Negative (≤20%)

	
51

	
(29.1)

	
51

	
(29.1)

	
0.0049

	
47

	
(28.5)

	
47

	
(28.5)

	
0.0235

	
42

	
(22)

	
66

	
(34.5)

	
0.1979




	
Positive (>20%)

	
21

	
(12)

	
52

	
(29.8)

	
23

	
(14)

	
48

	
(29)

	
40

	
(21)

	
43

	
(22.5)








Bold values indicate significance. cNHERF1: cytoplasmic Na+/H+ Exchanger Regulatory Factor 1; nNHERF1: nuclear Na+/H+ Exchanger Regulatory Factor 1; FZD4: Frizzled receptor 4; LRP5: Low-density lipoprotein receptor-related protein (LRP) 5; LRP 6: Low-density lipoprotein receptor-related protein (LRP) 6; TCF1: T-cell factor 1 (TCF1); IDC: Invasive Ductal Carcinoma; ILC: Invasive Lobular Carcinoma; ER: Estrogen receptor; PR: Progesterone receptor; HER2/neu: Human epidermal growth factor receptor 2.
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