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Abstract

:

Among patients with triple-negative breast cancer (TNBC), several studies have suggested that deregulated microRNA (miRNA) expression may be associated with a more aggressive phenotype. Although tumor molecular signatures may be race- and/or ethnicity-specific, there is limited information on the molecular profiles in women with TNBC of Hispanic and Latin American ancestry. We simultaneously profiled TNBC biopsies for the genome-wide copy number and miRNA global expression from 28 Latina women and identified a panel of 28 miRNAs associated with copy number alterations (CNAs). Four selected miRNAs (miR-141-3p, miR-150-5p, miR-182-5p, and miR-661) were validated in a subset of tumor and adjacent non-tumor tissue samples, with miR-182-5p being the most discriminatory among tissue groups (AUC value > 0.8). MiR-141-3p up-regulation was associated with increased cancer recurrence; miR-661 down-regulation with larger tumor size; and down-regulation of miR-150-5p with larger tumor size, high p53 expression, increased cancer recurrence, presence of distant metastasis, and deceased status. This study reinforces the importance of integration analysis of CNAs and miRNAs in TNBC, allowing for the identification of interactions among molecular mechanisms. Additionally, this study emphasizes the significance of considering the patients ancestral background when examining TNBC, as it can influence the relationship between intrinsic tumor molecular characteristics and clinical manifestations of the disease.
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1. Introduction


Breast cancer occurrence differs significantly across women from various races and ethnicities. In 2023, it was projected that there will be 297,790 new cases of invasive breast cancer and 43,170 deaths in the United States (USA) (https://seer.cancer.gov/statfacts/html/breast.html, accessed on 7 August 2023). Among Hispanic/Latina (herein called Latina) women, who make up 18.9% of the USA population (www.census.gov), an estimated 28,100 breast cancer cases and 3100 fatalities were anticipated in 2021 (ACS, Cancer Facts & Figures for Hispanic/Latino People 2021–2023).



The distribution of breast cancer subtypes also exhibits notable variation based on race and ethnicity [1,2,3,4]. The triple-negative breast cancer (TNBC) subtype—negative for estrogen, progesterone, and HER2/NEU receptors, for instance—is more commonly diagnosed in women of African descent and Latinas compared to Non-Hispanic Whites (NHW) [2,5,6]. Additionally, these groups exhibit distinct disease presentations upon diagnosis. African American (AA) women are more likely to develop breast cancer at younger ages, with more advanced stages, and with less localized disease when compared to other groups [5,6,7,8]. These differences may be attributed to various well-known socioeconomic, cultural, and biological factors that directly influence treatment response and survival rates [6,7,9,10].



The TNBC subtype encompasses a diverse range of subtypes distinguished by unique molecular profiles, which can lead to varying responses to therapy and prognoses [11,12,13,14]. The utilization of multi-omics approaches to further refine these molecular profiles has greatly enhanced prognostic accuracy and has played a pivotal role in the advancement of targeted therapies, particularly those centered around immune checkpoint inhibitors [15,16,17,18]. Nevertheless, there is a lack of comprehensive research on the molecular profiles of TNBC in specific ethnic populations, such as Latinas [19,20]. As a result, there is a gap in understanding the biological characteristics of their tumor patterns and, consequently, in identifying relevant biomarkers and their correlation with clinical presentation, treatment options, and prognosis.



MicroRNAs (miRNAs) are small non-coding regulators of the expression of genes involved in key biological processes. MiRNA expression have been shown to vary among different ancestries. Several mechanisms can contribute to this variability, including genetic variations, such as single nucleotide polymorphisms (SNPs) and other genetic changes, that can influence miRNA biogenesis and function, leading to differences in miRNA expression between populations [21,22,23]. In addition, natural selection and environmental factors may contribute to the enrichment or depletion of specific miRNA variants in different ancestries, affecting the miRNA regulation of genes involved in disease pathways [24,25]. Epigenetic modifications and gene–environment interactions can further contribute to the diversity in miRNA expression and function across populations [26]. These mechanisms can confer variations and distinctly impact the susceptibility and prevalence to certain diseases, treatment responses, and outcomes. Understanding these mechanisms is essential for comprehending disease susceptibility and tailoring personalized therapies for different ancestral groups.



In cancer, dysregulation of the miRNAs profile has been associated with sustaining cell proliferation, activating invasion, and supporting metastasis [27,28]. In breast cancer, gene expression profiling has identified distinct patterns of miRNA expression among various tumor subtypes [29,30,31,32]. In TNBC, several studies have reported deregulated miRNA expression in association with more aggressive phenotypes [33,34,35,36,37,38,39].



MiRNA profiling of the TNBC tumor cells (and of several other types of tumors) can vary according to the populational group studied [20,26,39,40,41,42,43,44]. Most of the data are, however, in the comparison of NHW to AA TNBC patients [26,40,44,45,46,47]. In our previous study, we reported that ancestrally characterized AA patients, when compared to NHW, exhibited distinct patterns of copy number alterations (CNAs) and miRNA expression profiles in both their TNBC and non-TNBC tumor tissues [44]. Similarly, an investigation of Latina patients with TNBC residing in Brazil revealed a unique pattern of alterations affecting signaling pathways and associated with poor prognosis [20]. Collectively, these studies indicate that the existence of intrinsic molecular signatures of TNBC that are specific to racial and/or ethnic groups can significantly impact the patients ’clinical outcome.



In this study, our primary aim was to comprehensively characterize the molecular signature of TNBC in a specific cohort of ancestrally defined Latina patients to determine the impact on prognosis and potential clinical outcomes. We conducted a simultaneous analysis of the genome-wide copy number and global miRNA expression in TNBC samples from ancestral Latina patients living in New Jersey, USA. The integrated molecular TNBC signatures, performed in the same tissue samples, were compared against clinical–pathological data obtained from de-identified (coded) patient charts, encompassing disease presentation, patient comorbidities, treatments, tumor stage, presence of distant metastases, cancer recurrence rates, and survival outcomes. In addition, four of the identified miRNAs (miR-141-3p, miR-150-5p, miR-182-5p, and miR-661) with relevance to the TNBC phenotype were individually validated by RT-qPCR and associated with the clinical–pathological data.




2. Results


2.1. Copy Number Alterations (CNAs) Analysis


CNAs analysis was performed by array comparative genomic hybridization (array-CGH) in 85.7% (24/28) of the formalin-fixed, paraffin-embedded (FFPE) TNBC cases. Two-hundred and twelve (212) CNAs (as measured by “number of calls”) were identified in the cases, with an average of 8.8 ± 11.8 CNAs per case. The combined copy number profile of the analyzed cases is presented in Figure 1. The most frequently affected cytobands were 1q21.1–q24.2 (29%), 3q26.1–q27.2 (23.8%), 4p16.3–p15.31 (19%), 5q21.1–q35.3 (19%), 6p25.3–p24.2 (33.3%), 6p22.3–p21.32 (19%), 8q13–q24.3 (33.3%), 8q24.3 (33.3%), 11q13.2–q13.3 (19%), 19p13.3–p13.11 (33.33%), 21q21.3–q22.3 (19%), Xp22.33 (33.3% with start site 1179089 and stop 2353577), Xp22.33 (23.8% with start site 218292 and stop 2622294), and Xp22.33–p22.2 (47.6%) (Table 1). A total of 2584 genes and 226 miRNAs were mapped on the selected cytoband affected with copy number gains, and 522 genes and 72 with copy number losses (Supplementary Table S1).




2.2. Global miRNA Expression profiling


MiRNA expression profiling was performed in 64.3% (18/28) of the FFPE TNBC cases. Three hundred and eighty-one (381) miRNAs were found differentially expressed (DE) between the TNBC cases and the non-TNBC controls (32 hormone-positive breast cancer samples) (t-test p < 0.01, FDR < 0.05) (Figure 2). Most of the TNBC cases were observed clustered, except for two cases (cases # 4 and 6). The top 15 most DE miRNAs (up-regulated and down-regulated) between the TNBC and non-TNBC subtypes are presented in Table 2. The complete list of DE miRNAs is presented in Supplementary Table S2.




2.3. Integration of miRNA Expression and Copy Number Alterations (CNAs) Analysis


To determine whether CNAs could be one of the mechanisms that lead to alterations in miRNA expression, we performed a direct integration of the array-CGH and miRNA profiling data. Eighteen cases that were profiled for miRNA expression were also analyzed for CNAs. The first integration, which consisted of the mapping of the DE miRNAs in the cytobands most affected by CNAs, revealed 28 miRNAs (28/381 = 7.4%) that were mapped on these cytobands (Table 3). Sixteen of the miRNAs (16/28 = 57%) presented expression alterations on same direction of copy number: thirteen miRNAs were up-regulated in the TNBC and mapped in cytobands with copy number gains (miR-1204, miR-1224-5p, miR-1236-3p, miR-2053, miR-3150b-3p, miR-3151-5p, miR-4448, miR-548d-3p, miR-548d-5p, miR-638, miR-661, miR-6721-5p, and miR-765), and three miRNAs were down-regulated in the TNBC cases and mapped in cytobands with copy number losses (miR-145-5p, miR-146a-5p, and miR-218-5p).



Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis of the 16 DE miRNAs mapped on CNAs resulted in 56 pathways potentially affected by these miRNAs. The ones affected by the largest number of miRNAs (15/16) included adherent junction and focal adhesion; proteoglycans in cancer; pathways in cancer; cAMP, Rap1, and Ras signaling pathways; and signaling pathways regulating pluripotency of stem cells (Supplementary Table S3).



Our second integration analysis aimed to determine if any genes might be affected by both mechanisms: copy number and miRNA expression deregulation. A list of 9814 genes was predicted to be targeted by the selected 16 DE miRNAs (each gene was predicted to be targeted by one to ten miRNAs). A comparison between this list and the genes observed in CNAs resulted in 867 genes, among them the ZNF704 (targeted by 10 miRNAs), MMP16 (targeted by eight miRNAs), and the KCNN3, POU2F1, ADARB1, MPZL1, RUNX1T1, UBE2W, and DYRK1A genes (each targeted by seven miRNAs) (Supplementary Table S4).




2.4. The Cancer Genomic Atlas (TCGA) miRNA Analysis


To further determine whether the above-observed DE miRNAs (381 miRNAs, including the ones that were present in regions with CNAs) were also DE in other breast cancer cases from Hispanic/Latina populations, a search in The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) database was performed. From the limited number of BRCA cases available with the reported Hispanic/Latina ethnicity information (TNBC: n = 7, non-TNBC: n = 26), 99 DE miRNAs were observed between the TNBC and non-TNBC cases (t-test p < 0.05) (Supplementary Table S5).



A comparison of the DE miRNAs of the TCGA analysis with the DE miRNAs of the global analysis of our cases resulted in 33 miRNAs in common, with 23 of them with the same miRNA expression direction: 21 miRNAs were found down-regulated (let-7a-5p, let-7b-5p, let-7f-5p, let-7g-5p, miR-10a-5p, miR-10b-5p, miR-181c-5p, miR-191-5p, miR-195-5p, miR-200a-3p, miR-200b-3p, miR-26a-5p, miR-26b-5p, miR-29b-3p, miR-30a-5p, miR-30b-5p, miR-342-3p, miR-34a-5p, miR-423-5p, and miR-664a-3p), and two up-regulated (miR-146b-3p and miR-766-3p) (Table 4).




2.5. Selection of the DE miRNA and miRNA-mRNA Network


To validate the individual differential expression of the miRNAs identified in our cases’ global miRNA profiling and the TCGA dataset, we searched for the experimentally validated interactions of the miRNAs and their target genes that present relevance to breast cancer. By using the Integrated Breast Cancer Pathway (Wikipathways), we selected four miRNAs for validation based on the highest log2FC: miR-141-3p (with down-regulated expression in our Latina samples), miR-150-5p (with down-regulated expression in both analyses: our samples and TCGA), miR-182-5p (with deregulated expression in the TCGA cases), and miR-661 (with up-regulated expression in our samples). A network with experimentally validated target genes of the selected four miRNAs that were involved in the Integrated Breast Cancer Pathway was constructed. Among the several miRNA–mRNA target interactions in TNBC and/or breast cancer in general, the cancer driver genes, such as BRCA1, ESR1, PTEN, and AKT1, were observed. MiR-141-3p and miR-182-5p were the miRNAs with the most central interactions that directly regulate a higher number of gene targets (Figure 3).




2.6. Validation of the Selected DE miRNA


To validate the individual expression level of each of the above-selected miRNAs, as well as to determine its specificity to the tumor cells, RT-qPCR was performed in 22 tumor tissues (78.6% of the cases (22/28)) and 12 corresponding adjacent non-tumor (ANT) tissue (54% of the cases (12/22)) of the TNBC Latina cases of our study.



For each of the four miRNAs, the expression was first determined between the two groups of breast tissues (tumor vs. ANT). This analysis showed significant DE of miR-150-5p (down-regulated, unpaired t-test, p < 0.05) and miR-182-5p (up-regulated, unpaired t-test, p ≤ 0.05) in the tumor when compared to the ANT tissue groups. For the miR-141-3p and miR-661, although not significant (unpaired t-test, p = 0.08 and p = 0.06, respectively), there was a trend for the up-regulation of miR-141-3p and the down-regulation of miR-661 in the tumor when compared to the ANT tissue groups (Figure 4A). However, when this analysis was conducted only in the subset of the paired cases (tumor and ANT tissues) from the same patient (n = 12) was the miR-141-3p observed as significantly DE between the tumor and ANT tissues (unpaired t-test, p = 0.0194). MiR-661 remained with no significant expression difference (p = 0.07). Next, the expression levels of the miRNAs were evaluated between each of the 12 paired cases of tumor and ANT tissue. This analysis showed significant results: miR-141-3p and miR-150-5p were DE in the tumor and ANT in seven cases, and miR-182-5p and miR-661 in eight cases. Variable levels of expression were observed for miR-141-3p and miR-150-5p among the paired cases, whereas only down-regulated expression was observed for miR-182-5p and miR-661 (Figure 4B).




2.7. Discriminatory Power of the Selected DE miRNA


The expression levels of the four selected miRNAs were evaluated for their power in discriminating the TNBC and ANT tissues of the patients. Receiver operating characteristic (ROC) analysis showed that 75% of the miRNAs presented an area under the curve (AUC) value superior to 0.7. This analysis was performed for all the TNBC vs. ANT tissues (Figure 5A) and the paired tumor and ANT tissue samples (Figure 5B). MiR-182-5p was the one that presented the highest discriminatory power, with AUC values ≥ 0.8. The combined analysis of the four miRNAs showed an AUC value of 0.5051 for all TNBC vs. ANT tissue samples and an AUC value of 0.6143 for the matched tumor and ANT tissues. As for the combination of the four miRNAs, when the analysis was performed by pairs or trios of the miRNAs, the AUC value was not significant, demonstrating a higher individual discriminatory power of miR-182-5p compared to any combination of the four studied miRNAs (Supplementary Table S6).




2.8. Association of miR-141-5p, miR-150-5p, miR-182-3p, and miR-661 Expression with the Clinical Parameters of the TNBC Latina Patients


The levels of expression of the four miRNAs obtained by RT-qPCR in the above analyzed TNBC cases were associated with clinical–pathological parameters of the patients (mean age at diagnosis, tumor size, grade and stage, expression levels of ki67 and p53), patients’ co-morbidities and mean body mass index (BMI) values, as well as with follow-up data (breast cancer recurrence, distant metastasis, and survival status). The number of patients analyzed for each of these variables varied for each analyzed miRNA (Table 5). MiR-150-5p presented the highest number of associations with the analyzed parameters; its down-regulation was associated with larger tumor size, the higher expression level of p53 protein, increased breast cancer recurrence, presence of distant metastasis, and deceased status. MiR-141-3p up-regulation was associated with breast cancer recurrence, and miR-661 down-regulation was associated with tumor size, whereas no association of miR-182-5p with any of the analyzed parameters was observed. A multivariate analysis was performed, and, except for miR-661 which was significantly associated with tumor grade (p = 0.028), there were no significant associations between the miRNAs’ expression and the clinical variables (Supplementary Table S7).
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Figure 5. ROC analysis of the non-paired (A) and paired (B) tumor and adjacent non-tumor (ANT) tissues for the miR-141-3p, miR-150-5p, miR-181a-5p, and miR-182-5p. 
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2.9. Survival Analysis


The different expression of the miRNAs (low or high expression) was evaluated in respects of patients’ survival. No significant associations were observed in both single and paired miRNA analysis. We then verified the association of miRNA expression and survival in the breast cancer cases of the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) dataset. A higher expression of miR-141-3p was associated with a short survival (Figure 6A) of the breast cancer patients in general (p <0.0001). In the TNBC breast cancer patients, however, the association between the expression level of this miRNA and survival was not significant (Figure 6B). Low expression of miR-150-5p was associated with worse survival for breast cancer patients of all subtypes (Figure 6C), and for TNBC patients only (Figure 6D), with values of p <0.01 and p <0.001, respectively. MiR-182-5p expression was not significantly associated with survival in any of the breast cancer patients’ groups, and miR-661 expression was not found for analysis in this database. On the other hand, when analyzing the available breast cancer patients’ data in the TCGA database, the expression of miR-141-3p was not significantly associated with survival. Also, contrary to the METABRIC dataset, low expression of miR-150-5p was significantly associated with worse survival in all breast cancer cases (p < 0.001) but was not significant for the TNBC cases. Low miR-182-5p expression was associated with lower survival when evaluating all breast cancer cases (p < 0.05) (Figure 6E) but appeared to improve survival in TNBC cases (p < 0.05) (Figure 6F). Low expression of miR-661 was associated with higher survival when evaluating all cases (p < 0.001) (Figure 6G) and worse survival for the TNBC cases only (p < 0.01) (Figure 6H).





3. Discussion


In breast cancer, the classification of breast tumor intrinsic subtypes relies on well-defined and established genome-wide molecular signatures [13,48,49,50,51]. However, prior studies have often overlooked patient ancestry, which can lead to potential inaccuracies in representing the molecular signatures of the distinct ancestral groups within the subtypes. Moreover, by not accounting for ancestry, these studies do not illustrate the extent of molecular variability that exists among and within these groups [52,53,54], particularly in populations with diverse ancestral backgrounds such as Latinas.



There is limited knowledge regarding the genomic signatures of TNBC in Latinas [55,56,57,58,59]. The Cancer of the Genome Atlas (TCGA) database, which includes multi-omics genome-wide profiling data, lists only 34 (out of 770) breast cancer cases from patients of Hispanic and/or Latin American ancestry (21 cases of luminal A subtype, five of luminal B, two of HER2, and six of basal) (https://www.cancer.gov/tcga, accessed 23 March 2023). The ancestral analysis conducted in our study, initially selected based on self-reported race/ethnic information, revealed that the patients had genetic roots in Latin America, specifically in countries such as Peru, Mexico, Colombia, and Puerto Rico. Our subjects did not have European or African backgrounds.



Copy number alterations indicate genomic patterns within specific chromosome cytobands that present as gains/amplifications and/or losses/deletions of genetic material [60,61]. In our array-CGH analysis of 24 TNBC tissue samples, we identified the following cytobands commonly affected: 1q21.1-q24.2, 6p25.3-p24.2, 8q13-q24.3, 8q24.3, 19p13.3-p13.11, Xp22.33, and Xp22.3-p22.2. Some of these cytobands (e.g., 1q21.1, 6p25.3, 8q21.3-q24.3, and Xp22.33) were the same as those that we previously reported among Brazilian patients with TNBC [20]. However, the CNAs on 1q21.1, 6p25.3, 8q11.1-q24.3, 19p13.3, and Xp22.3 cytobands were also described as altered in South African and AA patients with TNBC [44,62], and may therefore not be race-/ethnic-specific CNAs.



In the miRNA profiling analysis of the TNBC cases of this study, 381 miRNAs were differentially expressed compared to controls (non-TNBC cases). Our analysis correctly classified sample subtypes, except for two TNBC cases (samples # 4 and 6), by independent clustering of TNBC and non-TNBC cases.



Taking into account that miRNAs have been observed to be preferentially located in regions of genomic instability, which are characterized by the presence of copy number gains and losses [20,44,63,64,65], we integrated the miRNA and the array-CGH data from the same TNBC samples. This analysis, contrary to most of the studies performed in the literature, significantly reduced the technical variability in performing these molecular analyses in different samples and eliminated miRNA expression variations resulting from sample heterogeneity. As a result, a panel of 28 miRNAs was identified, with 16 miRNAs (miR-1204, miR-1224-5p, miR-1236-3p, miR-145-5p, miR-146a-5p, miR-2053, miR-218-5p, miR-3150b-3p, miR-3151-5p, miR-4448, miR-548d-3p, miR-548d-5p, miR-638, miR-661, miR-6721-5p, miR-765) presenting concordance with copy number alteration gains and/or losses. These miRNAs were most mapped to the 8q and 5q regions and were affected by copy number gains, and losses, respectively. Interestingly, pathway analysis demonstrated that 15 of the 16 miRNAs were situated in pathways associated with tumorigenesis, including the adherent’s junction and focal adhesion, proteoglycans in cancer, pathways in cancer, cAMP, Rap1, Ras, and pluripotency of stem cells signaling pathways. Additionally, the gene targets of these miRNAs included several cancer driver genes including ZNF704 (targeted by ten miRNAs), MMP16 (targeted by eight miRNAs), and KCNN3, POU2F1, ADARB1, MPZL1, RUNX1T1, UBE2W, and DYRK1A genes (targeted by seven miRNAs). Some of these genes have been shown to confer aggressiveness to TNBC: RUNX1T1—identified to be associated with metastasis [66,67,68,69], DYRK1B—cell proliferation and mobility [70], KCNN3—cell proliferation, migration, and epithelial–mesenchymal transition, [71], and ZNF704—cell proliferation and poor prognosis [72]. Our analysis suggests that these genes may be commonly affected by both mechanisms of copy number and miRNA expression alterations. This supports the hypothesis that the mapping of miRNAs in regions with CNAs is not merely a physical finding but is biologically relevant.



Previously, we had identified a 17-miRNA signature in Brazilian Latina patients with TNBC using the integration of the copy number and miRNA expression. However, this signature was different from the one found in the current USA Latina study population. Nonetheless, several of the most significant signaling pathways were similarly affected, including the adherent’s junction, proteoglycans in cancer, pathways in cancer, and Rap1, Ras, and Hippo signaling pathways. It is noteworthy that the ancestral roots of the two Latina populations differed, with the Brazilian subjects tracing back to European origins whereas the USA subjects were from Central and South America.



To further our knowledge regarding miRNA expression levels of Latina TNBC, we compared the miRNA expression levels of the available TCGA data of TNBC and non-TNBC patients declared Latino and/or Hispanic, although there was no information on whether TCGA data were self-reported or ancestral genomically characterized. This comparison resulted in 99 differentially expressed miRNAs between the two groups, 23 of them common to the miRNAs differentially expressed in our TNBC and non-TNBC cases. Although these miRNAs were not within the panel of the 16-miRNA signature identified in our integration analysis, this observation may suggest an overall signature of miRNA expression common to TNBC of Latina patients.



It is relevant to highlight, as mentioned, that the differential miRNA expression among racial and ethnic groups can occur in individuals from the general population [22,25]. These expression differences are, however, mainly attributed to polymorphisms of SNPs that can occur in pre-miRNAs and mature miRNA binding sites and that exhibit varying allele frequencies in different populations [21,73]. These variants may influence miRNA expression; however, they do not necessarily impact cancer risk but contribute to population-specific miRNA expression differences [21,23] These small polymorphic alterations are, however, distinct from the somatic miRNA alterations of this study that were specifically detected in the TNBC tissue samples. In addition, the selection of miRNAs in this study, based on an integrated analysis with regions displaying large copy number alterations, were not observed in non-tumoral tissue and have been previously described in other cases of triple-negative breast cancer (TNBC). These approaches and evidence ensured the relevance and cancer specificity of the miRNAs identified in our samples as representative of the biology of the TNBC of the Latina patients studied.



Using bioinformatic analysis, we selected four miRNAs—miR-141-3p, miR-150-5p, miR-182-5p, and miR-661—to be individually validated in relation to their expression levels and tumor tissue specificity. We showed that these miRNAs present several target interactions to TNBC and/or breast cancer in general, and regulate cancer driver genes, such as BRCA1, ESR1, PTEN, and AKT1. MiR-141-3p and miR-182-5p were the miRNAs with the most central interactions, directly regulating a higher number of these gene targets.



The expression analysis revealed that miR-150-5p and miR-182-5p had the highest ability to discriminate tumor and non-tumor tissue (non-paired), with AUC values > 0.7. MiR-150-5p also presented the highest number of associations with the clinical parameters analyzed; its down-regulation was associated with larger tumor size, high expression levels of the p53 protein, increased breast cancer recurrence, presence of distant metastasis, and patients’ deceased status. Additionally, we found that the down-regulation of miR-150-5p was associated with a worse survival rate in the TCGA-BRCA patients, which suggests a tumor suppressive role for this miRNA in TNBC. However, our previous assays in TNBC indicated the opposite [74]. Overexpression of miR-150-5p was observed in tumor tissues compared with non-tumor tissues and in TNBC compared with non-TNBC tissues. High miR-150-5p levels were also associated with prolonged overall survival and increased cell proliferation, clonogenicity, migration, and drug resistance. For miR-182-5p, whose levels were observed up-regulated in the TNBC cases when compared to the non-tumor tissue, no association with the clinical–pathological parameters of the patients was found. In contrast to miR-150-5p expression, its down-regulation was associated with higher overall survival in the TCGA TNBC cases. Interestingly, a recent study [75] conducted in TNBC and non-TNBC cases of Brazilian patients also demonstrated up-regulation of miR-182-5p in TNBC cases compared to normal tissues. These data were also supported by another recent study [76] which demonstrated high expression of this miRNA in TNBC tissues and their corresponding plasma samples. In their TNBC cases, miR-182-5p up-regulation was associated with poor prognostic parameters, such as tumors with larger size, higher grades, and with tumor-infiltrated lymph nodes. Several other studies have evaluated the expression of miR-182-5p and its tumorigenic role in breast cancer, evidencing its relevance as a molecular biomarker with an oncogenic function [77,78,79,80,81]. MiR-141-3p and miR-661 were not significantly differentially expressed in the non-tumor tissues. However, up-regulation of miR-141-3p was associated with breast cancer recurrence, and down-regulation of miR-661 with larger tumor size. Increased levels of miR-141-3p were observed to inhibit the epithelial–mesenchymal transition of breast cancer cells [67]. Indeed, we demonstrated that the higher expression of miR-141-3p was associated with shortened survival in the TCGA TNBC patients’ analysis. MiR-661, which is located at the often highly amplified 8q23-24 chromosome region, is associated with basal tumors that present with focal amplification of the C-MYC oncogene [44,48]. This region has been noticeably amplified in TNBC, including the tumors containing BRCA1 mutations [82,83], which are frequently in AA women [84]. Previously we reported up-regulation of miR-661 in TNBC of AA patients compared to non-TNBC [44]. We have also shown a differential expression of miR-661 between TNBC samples obtained from AA patients and Non-Hispanic White (NHW) women, which could indicate a potential association between miR-661 and race.



Collectively, our findings underscore the significant role of the identified miRNAs in influencing patient prognosis and clinical outcomes. Notably, among the four miRNAs validated, miR-141-3p, miR-150-5p, and miR-182-5p have been recognized as regulators of genes implicated in chemotherapy resistance and treatment response in breast cancer [79,85,86,87,88,89]. By conducting further investigations on TNBC Latina patients with comprehensive treatment information, along with long-term follow-up data, the specific contribution of these miRNAs to treatment response can be determined. Moreover, it can reveal novel therapeutic strategies that could be more effective in addressing the treatment needs of this population. Given the substantial impact of genetic heterogeneity observed in TNBC and its influence on treatment response, where miRNAs play an active role, integrating population-specific miRNA signatures that mediate treatment resistance become imperative for the success of therapeutic interventions. Such a precision medicine approach, tailored to the unique genetic makeup of TNBC among minority populations, such as Latinas, holds promise for improving treatment outcomes and reducing the breast cancer disparities in mortality rates of this population.




4. Materials and methods


4.1. Patients’ Accrual and Samples Collection


Twenty-eight formalin-fixed, paraffin-embedded (FFPE) TNBC tumor tissue sections were retrieved from the Pathology Center of the Hackensack University Medical Center (HUMC), New Jersey, USA. The cases were selected based on the initial patients’ self-reported information as Hispanics and/or Latinas. The samples were received in a coded fashion with no patient identifiers under the HUMC Institutional Review Board (IRB) approved protocol #1880. The TNBC subtype of the patients was determined by immunohistochemistry (IHC) analysis using ER, PR, and HER2 markers, following current guidelines [90,91].



Clinical–pathological information was obtained from the medical and pathology records deposited at the de-identified COTA, Inc. Real-World Data database and included age at diagnosis, tumor size and location, and expression of Ki67 and p53 proteins. Clinical follow-up information included breast cancer recurrence and distant metastasis, the presence of co-morbidities, and survival status. The mean age and tumor size of the patients were 55.3 ± 10.59 years and 1.85 ± 1.25 cm, respectively. Seven patients were diagnosed with bilateral breast cancer. Most patients (77.7%) presented high levels of Ki-67 (>10%) and were positive (77%) for p53 expression (>10%). The time of follow-up ranged from 28 to 76 months for the alive patients and 11–72 months for the deceased patients. Eight patients (8/26) presented with breast cancer recurrence and nine (9/28) developed distant metastasis, four of which to multiple sites. The most common metastatic sites were the lung, pleura, bone, and brain. Twenty (71.4%) patients presented co-morbidities; the most common was hypertension (40% of the patients), followed by diabetes, hypothyroidism, previous history of cancer (20%), myocardial diseases (15%), coronary disease and thrombosis (10%). The body mass index (BMI) mean value of the patients was 29.4 ± 6.7, with one patient presenting morbid obesity (BMI = 53.4). Most of the patients underwent neo-adjuvant therapy (ddACT regimen), followed by surgery and radiotherapy. Seven patients (6 of whom deceased) underwent multiple lines of therapy, including treatment with paclitaxel, carboplatin, capecitabine, gemcitabine, pembrolizumab, and eribulin.




4.2. Ancestral Markers Analysis


The patients of this study were initially selected from the COTA, Inc. database according to their self-reported ethnicity as Hispanics and/or Latinas. The ancestral information of 86% (24/28) of the patients was further confirmed by genotyping, using the SNP chip Illumina Infinium QC Array (Illumina Inc., San Diego, CA, USA), which contains about 3000 ancestral informative markers (AIMs), as previously described [20,39,44]. The genotype calling was performed using the Genome Studio software v. 2011.1. Genotypes from the mitochondrial genome and sex chromosomes were excluded, as well as genotypes with a call rate < 98%. The remaining autosomal genotypes (8687 in total) were integrated with the variant calling from ≥1900 individuals, originating from 21 diverse populations in the 1000 Genomes Project. To explore population structure among individuals, principal component analysis (PCA) was conducted on the genome-wide autosomal loci. First, a genetic relationship matrix was generated between pairs of individuals (GRM files) with the GCTA software [92]. Using the GRM files as input, the PCA method implemented in GCTA was applied using a default setting of 20 which outputted the first 20 eigenvectors and all the eigenvalues. Lastly, the top two principal components, PC1 and PC2, were plotted using RStudio (http://www.rstudio.com). This analysis showed that most of the patients clustered with or near the Latino populations, which, when refined, showed their clustering with individuals from Peru, Mexico, Colombia, and Puerto Rico, demonstrating the highly admixed background of the patients. Few patients clustered with the European- or African-derived populations (Figure 7).




4.3. General Study Design


A comprehensive integration of copy number and miRNA expression profiling was performed in the tumor tissue samples of ancestral genomic-characterized Latina patients with TNBC. Copy number and miRNA expression analyses were performed in the same tissue sections of the patients. The differentially expressed (DE) miRNAs (about controls-GEO database) that were mapped at the regions with copy number alterations (CNAs) were characterized by their main mRNA targets and their involvement in signaling pathways by functional enrichment and pathway analysis. A comparison of the DE miRNAs of the cases was conducted with the Hispanic/Latina TNBC and non-TNBC cases from the TCGA database. A subset of four miRNAs was validated by RT-qPCR in a subset of the tumor and adjacent non-tumor (ANT) tissue of the patients. The data were associated with the clinical–pathological, follow-up, treatment, and co-morbidities information of the patients (Figure 8).




4.4. Tissue Microdissection and DNA and RNA Isolation


A total of 10 µm formalin-fixed embedded (FFPE) unstained tissue sections were evaluated by the pathologist for the presence of at least 80% of the pure tumor cell population to ensure the absence of normal, necrotic, and/or inflammatory cells. The tumor cells were needle-micro dissected, and DNA and RNA were isolated as previously described [93]. DNA and RNA isolation was performed using phenol-chloroform, and Trizol (Invitrogen, Thermo Fisher Sci., Watham, MA, USA), respectively. The concentration and purity of DNA and RNA were assessed by the NanoDrop Spectrophotometer (Thermo Fisher Sci.).




4.5. Array Comparative Genomic Hybridization (Array-CGH) and Analysis


DNA copy number alterations (CNAs) were evaluated by array-CGH analysis using the Agilent platform (Agilent Tech., Santa Clara, CA, USA) as previously described [93]. Briefly, equal amounts of the isolated tumor and reference genomic DNA (a pool obtained from multiple female individuals with no cancer) (100–300 ng) were digested and labeled using a SureTag Complete DNA Labeling Kit (Agilent Tech.) and hybridized in the arrays for 40 h. Only cases that showed satisfactory incorporation of more than 1.00 pico/mol labeling were selected for hybridization. The array data were extracted using Feature Extraction (FE) software v10.10, and the Agilent Cytogenomic v. 7.0 software (Agilent Tech.) was used to analyze the data using the aberration detection method-ADM2, a threshold of 6.0, and defined aberration filters. Copy number gains and losses were considered when present in at least 3 consecutive probes with values of mean absolute log2 ratio (intensity of the Cy5 dye (reference DNA)/intensity of the Cy3 dye (test DNA) value of ≥0.25 and ≤−0.25, respectively) as per our previous analysis [20]. UCSC Genome Browser (GRCh37/hg19) and miRbase 22.1 databases were used to determine the genes and miRNAs present in each selected cytoband affected by CNA, respectively.




4.6. Global miRNA Expression Analysis and Statistical Analyses


MiRNA expression profiling was performed using the NanoString nCounter technology Human v3 miRNA Expression Assay (Seattle, WA, USA) according to our previous protocols [20,44]. This miRNA panel contains 827 endogenous miRNA human probes derived from miRbase v.18, 6 negative controls, 6 positive controls, 3 ligation positive controls, 3 ligation negative controls, 5 spike-in controls, and 5 housekeeping transcripts (B2M, ACTB, GAPDH, RPL19, and RPLP0). The raw miRNA expression data were pre-processed using NanoString’s nCounter RCC collector worksheet. As a control group for the TNBC subtype specificity, the miRNA expression data of [94] was used, composed of 32 (18 ER−/PR+ and 14 ER+/PR−) single-hormone positive breast tumor samples. The RCC files were downloaded from Gene Expression Omnibus (GEO) with the accession number GSE155362. Each RCC file (TNBC and control groups) was uploaded, the background was subtracted (negative control geometric mean), and the data were normalized (positive control normalization: geometric mean; and CodeSet Content normalization to all genes, geometric mean) using NanoString’s nSolver 4.0 software. Unsupervised (UHC) and supervised hierarchical cluster (SHC) analysis were performed on significantly differentially expressed miRNAs among the patients’ subtypes, using Pearson’s correlation coefficient, average linkage, and Benjamini–Hochberg multiple testing correction on the Multiexperiment Viewer software (MeV 4.9) (t-test p < 0.01, FDR < 0.05).




4.7. Integrated Analysis of Array-CGH and miRNA Data


Integration of the most DE miRNAs associated with the TNBC subtype with array-CGH data from the same samples was performed using two distinct approaches, as previously described [44,95]. Briefly, the first approach consisted of the mapping of the miRNAs at the cytobands most affected by CNAs and further selection was based on their concordance level (i.e., cytobands with copy number gains/amplifications/up-regulated miRNA expression and cytobands with copy number losses/deletions/down-regulated miRNA expression). The location of each miRNA was determined using miRBase (http://www.mirbase.org) v.22.1. The second approach was based on the identification of common genes that are targets of the above-selected miRNAs and may be affected by both CNAs and miRNA expression alterations. A list of the predicted target genes for each miRNA was constructed using the online available databases: Diana micro-T-CDS v.5.0 (http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=MicroT_CDS/index), miRDB (http://www.mirdb.org/miRDB/, and TargetScan Release 8.0 (http://www.targetscan.org/vert_71/). Only miRNA target genes that were present in two out of the three miRNA databases were selected.




4.8. Biological Function and Pathway Analysis


To assess the potential impact of the deregulated above-identified miRNAs in the TNBC biological processes and pathways, Diana miRPath v.3.0 was used (http://diana.cslab.ece.ntua.gr). Enrichment analysis of multiple miRNA target genes comparing each set of miRNA targets to all known KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways [96] was obtained and selected by significant p-value (p < 0.05) and cancer-associated biological functions.




4.9. The Cancer Genome Atlas (TCGA) Data Processing and Analysis


Total RNA-seq data from 33 breast cancer cases (7 TNBC and 26 non-TNBC) classified as Hispanic/Latina women were obtained from The Cancer Genome Atlas (TCGA) using the GDCRNATools R package [97]. Differential expression (DE) analysis was performed comparing the TNBC with the non-TNBC samples using the GDCRNATools package applying the Limma method [98], considering only miRNAs with logFC >1.5 and p-value ≤ 0.01.




4.10. Selection of miRNA for RT-qPCR Expression Analysis and miRNA–mRNA Network Construction


The Integrated Breast Cancer Pathway (Wikipathways), which consists of the integration of critical proteins involved in breast cancer based on the Human Pathway Database (HPD) [99], was used to select genes involved in breast cancer pathogenesis. Two miRNAs experimentally validated targets databases were used to identify miRNAs potentially involved in this pathway: miRTarbase v.9 (based on strong and weak validation evidence) and Diana Tarbase v.8 (based on low and high throughput experiments) [100,101]. The identified subset of targets was further analyzed using network analysis based on the STRING (v.11) [102] protein–protein interaction database (http://string-db.org) and the Cytoscape software v. 3.9.1 [103] as used to construct a miRNA–mRNA network with selected miRNAs and their respective target genes, as previously performed [74].




4.11. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) Analysis


The previously isolated RNA from 18 out of the 28 TNBC tumor and adjacent non-tumor (ANT) FFPE tissue sections were subject to RT-qPCR using TaqMan miRNA assays (Applied Biosystems, Thermo Fischer Sci) with TaqMan probes for miR-141-3p (assay #000463), miR-150-5p (assay #000473), miR-182-5p (assay #002334), and miR-661 (assay #001606), as previously described [74]. Tissue samples were normalized to RNU48. Samples with threshold cycle (Ct) values of ≥31 for RNU48 and ≥35 for the other miRNAs were excluded from the analysis. Each reaction was performed in triplicate, and the mean value of the three-cycle threshold was used and presented as means ± SE, considering the p-value ≤ 0.05.




4.12. Receiver Operating Characteristic (ROC) Curve Analysis


ROC analysis to calculate the area under the curve (AUC) was performed by GraphPad Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, USA) to identify the discriminatory power of the four selected miRNAs in differentiating the TNBC tumor and the ANT tissues. Sensitivity was plotted against 1-specificity for the binary classifier (TNBC and ANT). An AUC of 100% denotes perfect discrimination by the miRNA, whereas an AUC of 50% denotes a complete lack of discrimination by the miRNA. AUCs and 95% corresponding confidence intervals were calculated for each miRNA and the combined miRNAs.




4.13. Association of the RT-qPCR Results with the Patients’ Clinical–Pathological Data


The association of miRNA expression levels obtained by RT-qPCR with the patients’ clinical–pathological parameters, comorbidities, BMI values, and follow-up data were performed using the GraphPad Prism 8.0.2 with an unpaired t-test and Welch’s correction. A multivariate linear regression analysis was conducted to evaluate the relationship between the miRNAs and the clinical–pathological parameters and other information described above, assuming no correlation or covariance exist amongst the miRNAs. p ≤ 0.05 was considered significant.




4.14. Survival Analysis


Survival analysis of the patients was performed using GraphPad Prism 8.0.2. For both TNBC and non-TNBC cases, p ≤ 0.05 was considered significant, using the Log-rank test for trend. In addition, the Kaplan–Meier (KM) plots (https://kmplot.com/) of data from the METABRIC and TCGA databases were constructed based on the expression of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 in breast cancer samples of all molecular subtypes and TNBC only.





5. Conclusions


This study highlights the importance of considering patient ancestry in breast cancer as it can influence the relationship of tumor molecular signatures and clinical manifestations of the disease. Despite its clinical potential, information is scarce regarding miRNA signatures in Latinas/Hispanic breast cancer populations. Herein, we have identified a miRNA signature of TNBC among ancestral genomic-characterized Latina patients using integration with copy number analysis. This integration identified miRNAs that are potentially regulated by either gains and/or losses and miRNAs that may be involved in the regulation of target genes. These findings provide a more comprehensive understanding of the interplay between molecular mechanisms in cancer. Mechanistic analyses of the interactions of miRNAs and their gene targets identified are required to discern the role of these integrated molecular signatures in TNBC. In addition, the miRNAs observed differentially expressed in the TNBC of the Latina patients of our study can potentially interact with non-biologic factors to promote unique tumor characteristics. The relative contributions of these biologic and non-biologic factors need to be investigated in larger studies of TNBC of Latina patients to determine their interaction and clinical impact.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241713046/s1.





Author Contributions


M.A., B.M.S. and A.C.: Investigation; Formal analysis, Software, Writing–Original Draft Preparation; A.S.F. and V.C.A.: Investigation; Formal analysis, Validation; P.F.: Investigation; Formal analysis; C.M.M.: Samples Resources; T.A.: Formal analysis; S.L.G.: Data curation, Samples Resources, Writing–Review & Editing; M.C.C.: Investigation, Software, Writing–Original Draft Preparation; R.L.C.: Writing–Review & Editing; Y.K.: Writing–Review & Editing, Supervision; L.R.C. Conceptualization, Funding Acquisition, Project administration, Supervision, Writing–Review & Editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a Collaborative Development Fund Project from Lombardi Comprehensive Cancer Center and John Theurer Cancer Center/Hackensack Meridian Health Cancer Center to L.R.C.




Institutional Review Board Statement


Patient consent was waived, considering that no patient identifiers were provided to the authors. The study was approved by the HUMC Institutional Review Board (IRB), protocol #1880.




Informed Consent Statement


All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. This study was conducted under IRB approval from HUMC (protocol #1880). All samples were coded, and chart reviews only utilized de-identified data.




Data Availability Statement


All the data is provided in the manuscript text and in the Supplementary tables.




Acknowledgments


We thank the pathology department of Hackensack Cancer Center for providing the tumor tissue sections and performing the histopathological evaluation of the cases and Sharon Levy, from Lombardi Comprehensive Cancer Center (LCCC) for the administrative coordination of the project. We thank Deena Atieh Graham, from the John Theurer Cancer Center, for her care of the patients and her review of clinical data. We also thank the support of the Genomics and Epigenomics Shared Resources (GESR) at LCCC at Georgetown University, partially supported by the NIH/NCI grant P30-CA051008 for the support with the array-CGH scanning of the data and the Genomics Shared Resource at The Ohio State University Comprehensive Cancer Center (OSU CCC), supported in part by the OSU CCC and the NIH/NCI grant P30-CA16058, for conducting the miRNA profiling hybridizations.




Conflicts of Interest


The authors declare that all experiments comply with the current laws of the United States of America Conflict of Interest. The authors declare that they have no conflict of interest.




References


	



Carey, L.A.; Perou, C.M.; Livasy, C.A.; Dressler, L.G.; Cowan, D.; Conway, K.; Karaca, G.; Troester, M.A.; Tse, C.K.; Edmiston, S.; et al. Race, breast cancer subtypes, and survival in the Carolina Breast Cancer Study. JAMA 2006, 295, 2492–2502. [Google Scholar] [CrossRef]

	



Lara-Medina, F.; Pérez-Sánchez, V.; Saavedra-Pérez, D.; Blake-Cerda, M.; Arce, C.; Motola-Kuba, D.; Villarreal-Garza, C.; González-Angulo, A.M.; Bargalló, E.; Aguilar, J.L.; et al. Triple-negative breast cancer in Hispanic patients: High prevalence, poor prognosis, and association with menopausal status, body mass index, and parity. Cancer 2011, 117, 3658–3669. [Google Scholar] [CrossRef] [PubMed]

	



Troester, M.A.; Sun, X.; Allott, E.H.; Geradts, J.; Cohen, S.M.; Tse, C.K.; Kirk, E.L.; Thorne, L.B.; Mathews, M.; Li, Y.; et al. Racial Differences in PAM50 Subtypes in the Carolina Breast Cancer Study. J. Natl. Cancer Inst. 2018, 110, 176–182. [Google Scholar] [CrossRef]

	



Zhao, F.; Copley, B.; Niu, Q.; Liu, F.; Johnson, J.A.; Sutton, T.; Khramtsova, G.; Sveen, E.; Yoshimatsu, T.F.; Zheng, Y.; et al. Racial disparities in survival outcomes among breast cancer patients by molecular subtypes. Breast Cancer Res. Treat. 2021, 185, 841–849. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, H., Jr.; Guerra, M.R.; Duarte Cintra, J.R.; Fayer, V.A.; Brum, I.V.; Bustamante Teixeira, M.T. Survival Study of Triple-Negative and Non-Triple-Negative Breast Cancer in a Brazilian Cohort. Clin. Med. Insights. Oncol. 2018, 12, 1179554918790563. [Google Scholar] [CrossRef] [PubMed]

	



Rey-Vargas, L.; Sanabria-Salas, M.C.; Fejerman, L.; Serrano-Gómez, S.J. Risk Factors for Triple-Negative Breast Cancer among Latina Women. Cancer Epidemiol. Biomark. Prev. 2019, 28, 1771. [Google Scholar] [CrossRef]

	



Martínez, M.E.; Gomez, S.L.; Tao, L.; Cress, R.; Rodriguez, D.; Unkart, J.; Schwab, R.; Nodora, J.N.; Cook, L.; Komenaka, I.; et al. Contribution of clinical and socioeconomic factors to differences in breast cancer subtype and mortality between Hispanic and non-Hispanic white women. Breast Cancer Res. Treat. 2017, 166, 185–193. [Google Scholar] [CrossRef] [PubMed]

	



Sineshaw, H.M.; Gaudet, M.; Ward, E.M.; Flanders, W.D.; Desantis, C.; Lin, C.C.; Jemal, A. Association of race/ethnicity, socioeconomic status, and breast cancer subtypes in the National Cancer Data Base (2010–2011). Breast Cancer Res. Treat. 2014, 145, 753–763. [Google Scholar] [CrossRef]

	



Edmonds, M.C.; Sutton, A.L.; He, J.; Perera, R.A.; Sheppard, V.B. Correlates of Adjuvant Therapy Attitudes in African American Breast Cancer Patients. J. Natl. Med. Assoc. 2020, 112, 167–175. [Google Scholar] [CrossRef]

	



Sheppard, V.B.; Cavalli, L.R.; Dash, C.; Kanaan, Y.M.; Dilawari, A.A.; Horton, S.; Makambi, K.H. Correlates of Triple Negative Breast Cancer and Chemotherapy Patterns in Black and White Women With Breast Cancer. Clin. Breast Cancer 2017, 17, 232–238. [Google Scholar] [CrossRef]

	



Burstein, M.D.; Tsimelzon, A.; Poage, G.M.; Covington, K.R.; Contreras, A.; Fuqua, S.A.; Savage, M.I.; Osborne, C.K.; Hilsenbeck, S.G.; Chang, J.C.; et al. Comprehensive genomic analysis identifies novel subtypes and targets of triple-negative breast cancer. Clin. Cancer Res. 2015, 21, 1688–1698. [Google Scholar] [CrossRef]

	



Kudelova, E.; Smolar, M.; Holubekova, V.; Hornakova, A.; Dvorska, D.; Lucansky, V.; Koklesova, L.; Kudela, E.; Kubatka, P. Genetic Heterogeneity, Tumor Microenvironment and Immunotherapy in Triple-Negative Breast Cancer. Int. J. Mol. Sci. 2022, 23, 14937. [Google Scholar] [CrossRef]

	



Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J. Clin. Investig. 2011, 121, 2750–2767. [Google Scholar] [CrossRef] [PubMed]

	



Mills, M.N.; Yang, G.Q.; Oliver, D.E.; Liveringhouse, C.L.; Ahmed, K.A.; Orman, A.G.; Laronga, C.; Hoover, S.J.; Khakpour, N.; Costa, R.L.B.; et al. Histologic heterogeneity of triple negative breast cancer: A National Cancer Centre Database analysis. Eur. J. Cancer 2018, 98, 48–58. [Google Scholar] [CrossRef] [PubMed]

	



Bareche, Y.; Venet, D.; Ignatiadis, M.; Aftimos, P.; Piccart, M.; Rothe, F.; Sotiriou, C. Unravelling triple-negative breast cancer molecular heterogeneity using an integrative multiomic analysis. Ann. Oncol. 2018, 29, 895–902. [Google Scholar] [CrossRef]

	



Isaacs, J.; Anders, C.; McArthur, H.; Force, J. Biomarkers of Immune Checkpoint Blockade Response in Triple-Negative Breast Cancer. Curr. Treat. Options Oncol. 2021, 22, 38. [Google Scholar] [CrossRef]

	



Lehmann, B.D.; Colaprico, A.; Silva, T.C.; Chen, J.; An, H.; Ban, Y.; Huang, H.; Wang, L.; James, J.L.; Balko, J.M.; et al. Multi-omics analysis identifies therapeutic vulnerabilities in triple-negative breast cancer subtypes. Nat. Commun. 2021, 12, 6276. [Google Scholar] [CrossRef]

	



Wang, D.-Y.; Jiang, Z.; Ben-David, Y.; Woodgett, J.R.; Zacksenhaus, E. Molecular stratification within triple-negative breast cancer subtypes. Sci. Rep. 2019, 9, 19107. [Google Scholar] [CrossRef] [PubMed]

	



Philipovskiy, A.; Dwivedi, A.K.; Gamez, R.; McCallum, R.; Mukherjee, D.; Nahleh, Z.; Aguilera, R.J.; Gaur, S. Association between tumor mutation profile and clinical outcomes among Hispanic Latina women with triple-negative breast cancer. PLoS ONE 2020, 15, e0238262. [Google Scholar] [CrossRef]

	



Sugita, B.M.; Pereira, S.R.; de Almeida, R.C.; Gill, M.; Mahajan, A.; Duttargi, A.; Kirolikar, S.; Fadda, P.; de Lima, R.S.; Urban, C.A.; et al. Integrated copy number and miRNA expression analysis in triple negative breast cancer of Latin American patients. Oncotarget 2019, 10, 6184–6203. [Google Scholar] [CrossRef] [PubMed]

	



Arancibia, T.; Morales-Pison, S.; Maldonado, E.; Jara, L. Association between single-nucleotide polymorphisms in miRNA and breast cancer risk: An updated review. Biol. Res. 2021, 54, 26. [Google Scholar] [CrossRef] [PubMed]

	



Machowska, M.; Galka-Marciniak, P.; Kozlowski, P. Consequences of genetic variants in miRNA genes. Comput. Struct. Biotechnol. J. 2022, 20, 6443–6457. [Google Scholar] [CrossRef] [PubMed]

	



Rawlings-Goss, R.A.; Campbell, M.C.; Tishkoff, S.A. Global population-specific variation in miRNA associated with cancer risk and clinical biomarkers. BMC Med. Genom. 2014, 7, 53. [Google Scholar] [CrossRef] [PubMed]

	



Kotsyfakis, M.; Patelarou, E. MicroRNAs as biomarkers of harmful environmental and occupational exposures: A systematic review. Biomarkers 2019, 24, 623–630. [Google Scholar] [CrossRef] [PubMed]

	



Villegas-Mirón, P.; Gallego, A.; Bertranpetit, J.; Laayouni, H.; Espinosa-Parrilla, Y. Signatures of genetic variation in human microRNAs point to processes of positive selection and population-specific disease risks. Hum. Genet. 2022, 141, 1673–1693. [Google Scholar] [CrossRef]

	



Gong, Z.; Chen, J.; Wang, J.; Liu, S.; Ambrosone, C.B.; Higgins, M.J. Differential methylation and expression patterns of microRNAs in relation to breast cancer subtypes among American women of African and European ancestry. PLoS ONE 2021, 16, e0249229. [Google Scholar] [CrossRef]

	



Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target Ther. 2016, 1, 15004. [Google Scholar] [CrossRef]

	



Van Roosbroeck, K.; Calin, G.A. Cancer Hallmarks and MicroRNAs: The Therapeutic Connection. Adv. Cancer Res. 2017, 135, 119–149. [Google Scholar] [CrossRef]

	



Blenkiron, C.; Goldstein, L.D.; Thorne, N.P.; Spiteri, I.; Chin, S.F.; Dunning, M.J.; Barbosa-Morais, N.L.; Teschendorff, A.E.; Green, A.R.; Ellis, I.O.; et al. MicroRNA expression profiling of human breast cancer identifies new markers of tumor subtype. Genome Biol. 2007, 8, R214. [Google Scholar] [CrossRef]

	



Dvinge, H.; Git, A.; Gräf, S.; Salmon-Divon, M.; Curtis, C.; Sottoriva, A.; Zhao, Y.; Hirst, M.; Armisen, J.; Miska, E.A.; et al. The shaping and functional consequences of the microRNA landscape in breast cancer. Nature 2013, 497, 378–382. [Google Scholar] [CrossRef]

	



Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834–838. [Google Scholar] [CrossRef]

	



Søkilde, R.; Persson, H.; Ehinger, A.; Pirona, A.C.; Fernö, M.; Hegardt, C.; Larsson, C.; Loman, N.; Malmberg, M.; Rydén, L.; et al. Refinement of breast cancer molecular classification by miRNA expression profiles. BMC Genom. 2019, 20, 503. [Google Scholar] [CrossRef]

	



Arun, R.P.; Cahill, H.F.; Marcato, P. Breast Cancer Subtype-Specific miRNAs: Networks, Impacts, and the Potential for Intervention. Biomedicines 2022, 10, 651. [Google Scholar] [CrossRef] [PubMed]

	



Avery-Kiejda, K.A.; Mathe, A.; Scott, R.J. Genome-wide miRNA, gene and methylation analysis of triple negative breast cancer to identify changes associated with lymph node metastases. Genom. Data 2017, 14, 1–4. [Google Scholar] [CrossRef]

	



Gasparini, P.; Cascione, L.; Fassan, M.; Lovat, F.; Guler, G.; Balci, S.; Irkkan, C.; Morrison, C.; Croce, C.M.; Shapiro, C.L.; et al. microRNA expression profiling identifies a four microRNA signature as a novel diagnostic and prognostic biomarker in triple negative breast cancers. Oncotarget 2014, 5, 1174–1184. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Cai, Q.; Bao, P.P.; Su, Y.; Cai, H.; Wu, J.; Ye, F.; Guo, X.; Zheng, W.; Zheng, Y.; et al. Tumor tissue microRNA expression in association with triple-negative breast cancer outcomes. Breast Cancer Res. Treat. 2015, 152, 183–191. [Google Scholar] [CrossRef] [PubMed]

	



Lü, L.; Mao, X.; Shi, P.; He, B.; Xu, K.; Zhang, S.; Wang, J. MicroRNAs in the prognosis of triple-negative breast cancer: A systematic review and meta-analysis. Medicine 2017, 96, e7085. [Google Scholar] [CrossRef]

	



Piasecka, D.; Braun, M.; Kordek, R.; Sadej, R.; Romanska, H. MicroRNAs in regulation of triple-negative breast cancer progression. J. Cancer Res. Clin. Oncol. 2018, 144, 1401–1411. [Google Scholar] [CrossRef] [PubMed]

	



Turkistani, S.; Sugita, B.M.; Fadda, P.; Marchi, R.; Afsari, A.; Naab, T.; Apprey, V.; Copeland, R.L.; Campbell, M.C.; Cavalli, L.R.; et al. A panel of miRNAs as prognostic markers for African-American patients with triple negative breast cancer. BMC Cancer 2021, 21, 861. [Google Scholar] [CrossRef]

	



Gong, Z.; Wang, J.; Wang, D.; Buas, M.F.; Ren, X.; Freudenheim, J.L.; Belinsky, S.A.; Liu, S.; Ambrosone, C.B.; Higgins, M.J. Differences in microRNA expression in breast cancer between women of African and European ancestry. Carcinogenesis 2019, 40, 61–69. [Google Scholar] [CrossRef]

	



Gupta, I.; Sareyeldin, R.M.; Al-Hashimi, I.; Al-Thawadi, H.A.; Al Farsi, H.; Vranic, S.; Al Moustafa, A.E. Triple Negative Breast Cancer Profile, from Gene to microRNA, in Relation to Ethnicity. Cancers 2019, 11, 363. [Google Scholar] [CrossRef] [PubMed]

	



Nassar, F.J.; Talhouk, R.; Zgheib, N.K.; Tfayli, A.; El Sabban, M.; El Saghir, N.S.; Boulos, F.; Jabbour, M.N.; Chalala, C.; Boustany, R.M.; et al. microRNA Expression in Ethnic Specific Early Stage Breast Cancer: An Integration and Comparative Analysis. Sci. Rep. 2017, 7, 16829. [Google Scholar] [CrossRef] [PubMed]

	



Pollard, J.; Burns, P.A.; Hughes, T.A.; Ho-Yen, C.; Jones, J.L.; Mukherjee, G.; Omoniyi-Esan, G.O.; Titloye, N.A.; Speirs, V.; Shaaban, A.M. Differential Expression of MicroRNAs in Breast Cancers from Four Different Ethnicities. Pathobiology 2018, 85, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



Sugita, B.; Gill, M.; Mahajan, A.; Duttargi, A.; Kirolikar, S.; Almeida, R.; Regis, K.; Oluwasanmi, O.L.; Marchi, F.; Marian, C.; et al. Differentially expressed miRNAs in triple negative breast cancer between African-American and non-Hispanic white women. Oncotarget 2016, 7, 79274–79291. [Google Scholar] [CrossRef] [PubMed]

	



Angajala, A.; Raymond, H.; Muhammad, A.; Uddin Ahmed, M.S.; Haleema, S.; Haque, M.; Wang, H.; Campbell, M.; Martini, R.; Karanam, B.; et al. MicroRNAs within the Basal-like signature of Quadruple Negative Breast Cancer impact overall survival in African Americans. Sci. Rep. 2022, 12, 22178. [Google Scholar] [CrossRef]

	



Jinna, N.; Jovanovic-Talisman, T.; LaBarge, M.; Natarajan, R.; Kittles, R.; Sistrunk, C.; Rida, P.; Seewaldt, V.L. Racial Disparity in Quadruple Negative Breast Cancer: Aggressive Biology and Potential Therapeutic Targeting and Prevention. Cancers 2022, 14, 4484. [Google Scholar] [CrossRef]

	



MacCuaig, W.M.; Thomas, A.; Claros-Sorto, J.C.; Gomez-Gutierrez, J.G.; Alexander, A.C.; Wellberg, E.A.; Grizzle, W.E.; McNally, L.R. Differential expression of microRNA between triple negative breast cancer patients of African American and European American descent. Biotech. Histochem. 2022, 97, 1–10. [Google Scholar] [CrossRef]

	



The Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Berger, A.C.; Korkut, A.; Kanchi, R.S.; Hegde, A.M.; Lenoir, W.; Liu, W.; Liu, Y.; Fan, H.; Shen, H.; Ravikumar, V.; et al. A Comprehensive Pan-Cancer Molecular Study of Gynecologic and Breast Cancers. Cancer Cell 2018, 33, 690–705.e699. [Google Scholar] [CrossRef] [PubMed]

	



Ciriello, G.; Gatza, M.L.; Beck, A.H.; Wilkerson, M.D.; Rhie, S.K.; Pastore, A.; Zhang, H.; McLellan, M.; Yau, C.; Kandoth, C.; et al. Comprehensive Molecular Portraits of Invasive Lobular Breast Cancer. Cell 2015, 163, 506–519. [Google Scholar] [CrossRef]

	



Puppe, J.; Seifert, T.; Eichler, C.; Pilch, H.; Mallmann, P.; Malter, W. Genomic Signatures in Luminal Breast Cancer. Breast Care 2020, 15, 355–365. [Google Scholar] [CrossRef]

	



Spratt, D.E.; Chan, T.; Waldron, L.; Speers, C.; Feng, F.Y.; Ogunwobi, O.O.; Osborne, J.R. Racial/Ethnic Disparities in Genomic Sequencing. JAMA Oncol. 2016, 2, 1070–1074. [Google Scholar] [CrossRef]

	



Yuan, J.; Hu, Z.; Mahal, B.A.; Zhao, S.D.; Kensler, K.H.; Pi, J.; Hu, X.; Zhang, Y.; Wang, Y.; Jiang, J.; et al. Integrated Analysis of Genetic Ancestry and Genomic Alterations across Cancers. Cancer Cell 2018, 34, 549–560.e549. [Google Scholar] [CrossRef] [PubMed]

	



Carrot-Zhang, J.; Chambwe, N.; Damrauer, J.S.; Knijnenburg, T.A.; Robertson, A.G.; Yau, C.; Zhou, W.; Berger, A.C.; Huang, K.L.; Newberg, J.Y.; et al. Comprehensive Analysis of Genetic Ancestry and Its Molecular Correlates in Cancer. Cancer Cell 2020, 37, 639–654.e636. [Google Scholar] [CrossRef] [PubMed]

	



Villarreal-Garza, C.; Mohar, A.; Bargallo-Rocha, J.E.; Lasa-Gonsebatt, F.; Reynoso-Noverón, N.; Matus-Santos, J.; Cabrera, P.; Arce-Salinas, C.; Lara-Medina, F.; Alvarado-Miranda, A.; et al. Molecular Subtypes and Prognosis in Young Mexican Women With Breast Cancer. Clin. Breast Cancer 2017, 17, e95–e102. [Google Scholar] [CrossRef]

	



Ding, Y.C.; Steele, L.; Warden, C.; Wilczynski, S.; Mortimer, J.; Yuan, Y.; Neuhausen, S.L. Molecular subtypes of triple-negative breast cancer in women of different race and ethnicity. Oncotarget 2019, 10, 198–208. [Google Scholar] [CrossRef] [PubMed]

	



Zevallos, A.; Bravo, L.; Bretel, D.; Paez, K.; Infante, U.; Cárdenas, N.; Alvarado, H.; Posada, A.M.; Pinto, J.A. The hispanic landscape of triple negative breast cancer. Crit. Rev. Oncol. Hematol. 2020, 155, 103094. [Google Scholar] [CrossRef]

	



Romero-Cordoba, S.L.; Salido-Guadarrama, I.; Rebollar-Vega, R.; Bautista-Piña, V.; Dominguez-Reyes, C.; Tenorio-Torres, A.; Villegas-Carlos, F.; Fernández-López, J.C.; Uribe-Figueroa, L.; Alfaro-Ruiz, L.; et al. Comprehensive omic characterization of breast cancer in Mexican-Hispanic women. Nat. Commun. 2021, 12, 2245. [Google Scholar] [CrossRef]

	



Ortiz Valdez, E.; Rangel-Escareño, C.; Matus Santos, J.A.; Vázquez Romo, R.; Guijosa, A.; Villarreal-Garza, C.; Arrieta, O.; Rodríguez-Bautista, R.; Caro-Sánchez, C.H.; Ortega Gómez, A. Characterization of triple negative breast cancer gene expression profiles in Mexican patients. Mol. Clin. Oncol. 2023, 18, 5. [Google Scholar] [CrossRef]

	



Hastings, P.J.; Lupski, J.R.; Rosenberg, S.M.; Ira, G. Mechanisms of change in gene copy number. Nat. Rev. Genet. 2009, 10, 551–564. [Google Scholar] [CrossRef]

	



Shlien, A.; Malkin, D. Copy number variations and cancer. Genome Med. 2009, 1, 62. [Google Scholar] [CrossRef]

	



Lupicki, K.; Elifio-Esposito, S.; Fonseca, A.S.; Weber, S.H.; Sugita, B.; Langa, B.C.; Pereira, S.R.F.; Govender, D.; Panieri, E.; Hiss, D.C.; et al. Patterns of copy number alterations in primary breast tumors of South African patients and their impact on functional cellular pathways. Int. J. Oncol. 2018, 53, 2745–2757. [Google Scholar] [CrossRef]

	



Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.; Bullrich, F.; Negrini, M.; et al. Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci. USA 2004, 101, 2999–3004. [Google Scholar] [CrossRef]

	



Selcuklu, S.D.; Yakicier, M.C.; Erson, A.E. An investigation of microRNAs mapping to breast cancer related genomic gain and loss regions. Cancer Genet. Cytogenet. 2009, 189, 15–23. [Google Scholar] [CrossRef] [PubMed]

	



Aure, M.R.; Jernström, S.; Krohn, M.; Vollan, H.K.M.; Due, E.U.; Rødland, E.; Kåresen, R.; Ram, P.; Lu, Y.; Mills, G.B.; et al. Integrated analysis reveals microRNA networks coordinately expressed with key proteins in breast cancer. Genome Med. 2015, 7, 21. [Google Scholar] [CrossRef]

	



Ferrari, N.; Mohammed, Z.M.A.; Nixon, C.; Mason, S.M.; Mallon, E.; McMillan, D.C.; Morris, J.S.; Cameron, E.R.; Edwards, J.; Blyth, K. Expression of RUNX1 correlates with poor patient prognosis in triple negative breast cancer. PLoS ONE 2014, 9, e100759. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Li, J.; Jia, S.; Wang, Y.; Kang, Y.; Zhang, W. Down-regulation of lncRNA-ATB inhibits epithelial–mesenchymal transition of breast cancer cells by increasing miR-141-3p expression. Biochem. Cell Biol. 2019, 97, 193–200. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.-M.; Kim, H.; Lee, K.-H.; Cho, J.-Y. Analysis of opposing histone modifications H3K4me3 and H3K27me3 reveals candidate diagnostic biomarkers for TNBC and gene set prediction combination. BMB Rep. 2020, 53, 266–271. [Google Scholar] [CrossRef] [PubMed]

	



Xie, W.; Du, Z.; Chen, Y.; Liu, N.; Zhong, Z.; Shen, Y.; Tang, L. Identification of Metastasis-Associated Genes in Triple-Negative Breast Cancer Using Weighted Gene Co-expression Network Analysis. Evol. Bioinform. 2020, 16, 1176934320954868. [Google Scholar] [CrossRef]

	



Chang, C.C.; Chiu, C.C.; Liu, P.F.; Wu, C.H.; Tseng, Y.C.; Lee, C.H.; Shu, C.W. Kinome-Wide siRNA Screening Identifies DYRK1B as a Potential Therapeutic Target for Triple-Negative Breast Cancer Cells. Cancers 2021, 13, 5779. [Google Scholar] [CrossRef]

	



Dookeran, K.A.; Zhang, W.; Stayner, L.; Argos, M. Associations of two-pore domain potassium channels and triple negative breast cancer subtype in The Cancer Genome Atlas: Systematic evaluation of gene expression and methylation. BMC Res. Notes 2017, 10, 475. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Mu, X.; Huang, O.; Wang, Z.; Chen, J.; Chen, D.; Wang, G. ZNF703 promotes triple-negative breast cancer cells through cell-cycle signaling and associated with poor prognosis. BMC Cancer 2022, 22, 226. [Google Scholar] [CrossRef]

	



Võsa, U.; Esko, T.; Kasela, S.; Annilo, T. Altered Gene Expression Associated with microRNA Binding Site Polymorphisms. PLoS ONE 2015, 10, e0141351. [Google Scholar] [CrossRef]

	



Sugita, B.M.; Rodriguez, Y.; Fonseca, A.S.; Nunes Souza, E.; Kallakury, B.; Cavalli, I.J.; Ribeiro, E.; Aneja, R.; Cavalli, L.R. MiR-150-5p Overexpression in Triple-Negative Breast Cancer Contributes to the In Vitro Aggressiveness of This Breast Cancer Subtype. Cancers 2022, 14, 2156. [Google Scholar] [CrossRef] [PubMed]

	



Mendes, D.C.C.; Filho, C.; Garcia, N.; Ricci, M.D.; Soares, J.M.J.; Carvalho, K.C.; Baracat, E.C. Could be FOXO3a, miR-96-5p and miR-182-5p useful for Brazilian women with luminal A and triple negative breast cancers prognosis and target therapy? Clinics 2023, 78, 100155. [Google Scholar] [CrossRef]

	



Darbeheshti, F.; Kadkhoda, S.; Keshavarz-Fathi, M.; Razi, S.; Bahramy, A.; Mansoori, Y.; Rezaei, N. Investigation of BRCAness associated miRNA-gene axes in breast cancer: Cell-free miR-182-5p as a potential expression signature of BRCAness. BMC Cancer 2022, 22, 668. [Google Scholar] [CrossRef]

	



Lu, C.; Zhao, Y.; Wang, J.; Shi, W.; Dong, F.; Xin, Y.; Zhao, X.; Liu, C. Breast cancer cell-derived extracellular vesicles transfer miR-182-5p and promote breast carcinogenesis via the CMTM7/EGFR/AKT axis. Mol. Med. 2021, 27, 78. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.-T.; Tan, C.-C.; Wu, X.-R.; He, R.; Zhang, X.; Wang, Q.-S.; Li, X.-Q.; Zhang, R.; Feng, Y.-M. FOXF2 deficiency accelerates the visceral metastasis of basal-like breast cancer by unrestrictedly increasing TGF-β and miR-182-5p. Cell Death Differ. 2020, 27, 2973–2987. [Google Scholar] [CrossRef] [PubMed]

	



Sang, Y.; Chen, B.; Song, X.; Li, Y.; Liang, Y.; Han, D.; Zhang, N.; Zhang, H.; Liu, Y.; Chen, T.; et al. circRNA_0025202 Regulates Tamoxifen Sensitivity and Tumor Progression via Regulating the miR-182-5p/FOXO3a Axis in Breast Cancer. Mol. Ther. 2019, 27, 1638–1652. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Chen, H.; Wu, M.; Peng, S.; Zhang, L. Downregulation of miR-182-5p inhibits the proliferation and invasion of triple-negative breast cancer cells through regulating TLR4/NF-κB pathway activity by targeting FBXW7. Ann. Transl. Med. 2020, 8, 995. [Google Scholar] [CrossRef]

	



Zhao, Y.S.; Yang, W.C.; Xin, H.W.; Han, J.X.; Ma, S.G. MiR-182-5p Knockdown Targeting PTEN Inhibits Cell Proliferation and Invasion of Breast Cancer Cells. Yonsei Med. J. 2019, 60, 148–157. [Google Scholar] [CrossRef]

	



Gorski, J.J.; James, C.R.; Quinn, J.E.; Stewart, G.E.; Staunton, K.C.; Buckley, N.E.; McDyer, F.A.; Kennedy, R.D.; Wilson, R.H.; Mullan, P.B.; et al. BRCA1 transcriptionally regulates genes associated with the basal-like phenotype in breast cancer. Breast Cancer Res. Treat. 2010, 122, 721–731. [Google Scholar] [CrossRef] [PubMed]

	



Stefansson, O.A.; Jonasson, J.G.; Johannsson, O.T.; Olafsdottir, K.; Steinarsdottir, M.; Valgeirsdottir, S.; Eyfjord, J.E. Genomic profiling of breast tumours in relation to BRCA abnormalities and phenotypes. Breast Cancer Res. 2009, 11, R47. [Google Scholar] [CrossRef] [PubMed]

	



Churpek, J.E.; Walsh, T.; Zheng, Y.; Moton, Z.; Thornton, A.M.; Lee, M.K.; Casadei, S.; Watts, A.; Neistadt, B.; Churpek, M.M.; et al. Inherited predisposition to breast cancer among African American women. Breast Cancer Res. Treat. 2015, 149, 31–39. [Google Scholar] [CrossRef]

	



Han, G.; Qiu, N.; Luo, K.; Liang, H.; Li, H. Downregulation of miroRNA-141 mediates acquired resistance to trastuzumab and is associated with poor outcome in breast cancer by upregulating the expression of ERBB4. J. Cell Biochem. 2019, 120, 11390–11400. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.H.; Jeong, J.Y.; Park, J.Y.; Kim, S.W.; Heo, J.H.; Kang, H.; Kim, G.; An, H.J. miR-150 enhances apoptotic and anti-tumor effects of paclitaxel in paclitaxel-resistant ovarian cancer cells by targeting Notch3. Oncotarget 2017, 8, 72788–72800. [Google Scholar] [CrossRef]

	



Singh, B.; Sarli, V.N.; Lucci, A. Inhibition of resistant triple-negative breast cancer cells with low-dose 6-mercaptopurine and 5-azacitidine. Oncotarget 2021, 12, 626–637. [Google Scholar] [CrossRef]

	



Song, W.; Wu, S.; Wu, Q.; Zhou, L.; Yu, L.; Zhu, B.; Gong, X. The microRNA-141-3p/CDK8 pathway regulates the chemosensitivity of breast cancer cells to trastuzumab. J. Cell Biochem. 2019, 120, 14095–14106. [Google Scholar] [CrossRef]

	



Yao, Y.S.; Qiu, W.S.; Yao, R.Y.; Zhang, Q.; Zhuang, L.K.; Zhou, F.; Sun, L.B.; Yue, L. miR-141 confers docetaxel chemoresistance of breast cancer cells via regulation of EIF4E expression. Oncol. Rep. 2015, 33, 2504–2512. [Google Scholar] [CrossRef]

	



Hammond, M.E.; Hayes, D.F.; Dowsett, M.; Allred, D.C.; Hagerty, K.L.; Badve, S.; Fitzgibbons, P.L.; Francis, G.; Goldstein, N.S.; Hayes, M.; et al. American Society of Clinical Oncology/College Of American Pathologists guideline recommendations for immunohistochemical testing of estrogen and progesterone receptors in breast cancer. J. Clin. Oncol. 2010, 28, 2784–2795. [Google Scholar] [CrossRef]

	



Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.; Bartlett, J.M.; Bilous, M.; Fitzgibbons, P.; et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American Society of Clinical Oncology/College of American Pathologists clinical practice guideline update. Arch. Pathol. Lab. Med. 2014, 138, 241–256. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Lee, S.H.; Goddard, M.E.; Visscher, P.M. GCTA: A tool for genome-wide complex trait analysis. Am. J. Hum. Genet. 2011, 88, 76–82. [Google Scholar] [CrossRef]

	



Torresan, C.; Oliveira, M.M.; Pereira, S.R.; Ribeiro, E.M.; Marian, C.; Gusev, Y.; Lima, R.S.; Urban, C.A.; Berg, P.E.; Haddad, B.R.; et al. Increased copy number of the DLX4 homeobox gene in breast axillary lymph node metastasis. Cancer Genet. 2014, 207, 177–187. [Google Scholar] [CrossRef]

	



Kunc, M.; Popęda, M.; Niemira, M.; Szałkowska, A.; Bieńkowski, M.; Pęksa, R.; Łacko, A.; Radecka, B.S.; Braun, M.; Pikiel, J.; et al. microRNA Expression Profile in Single Hormone Receptor-Positive Breast Cancers is Mainly Dependent on HER2 Status-A Pilot Study. Diagnostics 2020, 10, 617. [Google Scholar] [CrossRef] [PubMed]

	



Bhattarai, S.; Sugita, B.M.; Bortoletto, S.M.; Fonseca, A.S.; Cavalli, L.R.; Aneja, R. QNBC Is Associated with High Genomic Instability Characterized by Copy Number Alterations and miRNA Deregulation. Int. J. Mol. Sci. 2021, 22, 11548. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Qu, H.; Wang, S.; Wei, J.; Zhang, L.; Ma, R.; Lu, J.; Zhu, J.; Zhong, W.D.; Jia, Z. GDCRNATools: An R/Bioconductor package for integrative analysis of lncRNA, miRNA and mRNA data in GDC. Bioinformatics 2018, 34, 2515–2517. [Google Scholar] [CrossRef]

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]

	



Chowbina, S.R.; Wu, X.; Zhang, F.; Li, P.M.; Pandey, R.; Kasamsetty, H.N.; Chen, J.Y. HPD: An online integrated human pathway database enabling systems biology studies. BMC Bioinform. 2009, 10, S5. [Google Scholar] [CrossRef]

	



Huang, H.Y.; Lin, Y.C.; Li, J.; Huang, K.Y.; Shrestha, S.; Hong, H.C.; Tang, Y.; Chen, Y.G.; Jin, C.N.; Yu, Y.; et al. miRTarBase 2020: Updates to the experimentally validated microRNA-target interaction database. Nucleic Acids Res. 2020, 48, D148–D154. [Google Scholar] [CrossRef]

	



Karagkouni, D.; Paraskevopoulou, M.D.; Chatzopoulos, S.; Vlachos, I.S.; Tastsoglou, S.; Kanellos, I.; Papadimitriou, D.; Kavakiotis, I.; Maniou, S.; Skoufos, G.; et al. DIANA-TarBase v8: A decade-long collection of experimentally supported miRNA-gene interactions. Nucleic Acids Res. 2018, 46, D239–D245. [Google Scholar] [CrossRef] [PubMed]

	



Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P.; et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 2021, 49, D605–D612. [Google Scholar] [CrossRef] [PubMed]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 13046 g001] 





Figure 1. Genomic view/penetrance plot of array-CGH profiling among analyzed TNBC cases (n = 24). Vertical lines represent the number of each chromosome. Blue peaks indicate copy number gains, and red peaks indicate copy number losses (as highlighted for chromosome 11). (Agilent Genomic Workbench 7.0.) 
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Figure 2. Supervised hierarchical clustering (SHC) analysis of global miRNA expression in TNBC and non-TNBC cases (MeV 4.9, t-test p < 0.01, FDR < 0.05). The selected area of the heatmap is shown. 






Figure 2. Supervised hierarchical clustering (SHC) analysis of global miRNA expression in TNBC and non-TNBC cases (MeV 4.9, t-test p < 0.01, FDR < 0.05). The selected area of the heatmap is shown.



[image: Ijms 24 13046 g002]







[image: Ijms 24 13046 g003] 





Figure 3. miRNA–mRNA network based on the target genes of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 (obtained from the Integrated Breast Cancer Pathway (Wikipathways)). mRNAs highlighted with yellow color targeted by one miRNA, orange color targeted by two miRNAs, and red color targeted by all four miRNAs. Solid and dashed lines represent protein–protein and miRNA–mRNA interactions, respectively (network edited by Cytoscape v.3.0). 
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Figure 4. RT-qPCR miRNA expression analysis of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 in adjacent non-tumor (ANT) tissue and tumor tissue groups of the TNBC patients (A) and in the paired cases (B). Unpaired t-test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns, not significant. 
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Figure 6. Expression of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 and their associations with the survival of breast cancer patients of the METABRIC(A–D) and TCGA datasets (E–H). Upper panel, breast cancer cases of all molecular subtypes; lower panel, breast cancer cases of the basal subtype. 
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Figure 7. PCA plot of the ancestral marker analysis of this study’s Latina patients (black triangles) merged with the 1000 Genomes Project reference populations (R studio). 
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Figure 8. Workflow of the study general design. 






Figure 8. Workflow of the study general design.



[image: Ijms 24 13046 g008]







 





Table 1. The most frequent cytobands and corresponding genomic annotations affected by CNAs identified by array-CGH analysis of the studied Latina patients with TNBC.
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	Chr
	Cytoband
	Start
	Stop
	Size (kb)
	Cases (%)
	Gains/Losses
	of Probes





	chr1
	q21.1–q24.2
	144,374,546
	1.68 × 108
	23,435,182
	6 (28.5%)
	Gain
	533



	chr3
	q26.1–q27.2
	166,346,288
	1.85 × 108
	18,991,985
	5 (23.8%)
	Gain
	132



	chr4
	p16.3–p15.31
	1,914,109
	20,323,997
	18,409,889
	4 (19.01%)
	Loss
	243



	chr5
	q21.1–q35.3
	99,381,621
	1.72 × 108
	72,831,986
	4 (19.01%)
	Loss
	1048



	chr6
	p25.3–p24.2
	248,239
	10,815,671
	10,567,433
	8 (33.33%)
	Loss
	16



	chr6
	p22.3–p21.32
	17,745,590
	32,262,768
	14,517,179
	4 (19.01%)
	Gain
	321



	chr8
	q13–q24.3
	69,999,338
	1.46 × 108
	75,139,299
	7 (33.33%)
	Gain
	1038



	chr8
	q24.3
	141,355,101
	1.45 × 108
	3,898,583
	7 (33.33%)
	Gain
	587



	chr11
	q13.2–q13.3
	68,249,411
	70,012,823
	1,763,413
	4 (19.01%)
	Gain
	31



	chr19
	p13.3–p13.11
	781,586
	17,833,369
	17,051,784
	7 (33.33%)
	Gain
	560



	chr21
	q21.3–q22.3
	28,834,275
	45,382,723
	16,549,449
	4 (19.01%)
	Gain
	344



	chrX
	p22.33
	1,179,089
	2,353,577
	1,174,489
	7 (33.33%)
	Loss
	42



	chrX
	p22.33
	218,292
	2,622,294
	2,404,303
	5 (23.8%)
	Gain
	75



	chrX
	p22.33–p22.2
	2,662,039
	13,621,701
	10,959,663
	10 (47.6%)
	Loss
	149







Chr: chromosome, amp: amplification; del: deletion.













 





Table 2. Top differentially expressed 15 miRNAs between the TNBC non-TNBC cases are presented by fold change (FC) value.






Table 2. Top differentially expressed 15 miRNAs between the TNBC non-TNBC cases are presented by fold change (FC) value.





	
Up-Regulated

	
Down-Regulated




	
miRNA

	
FC (log2)

	
p-Value

	
MiRNA

	
FC (log2)

	
p-Value






	
hsa-miR-661

	
4.12434

	
1.75 × 10−13

	
hsa-miR-141-3p

	
−4.11176

	
1.00 × 10−6




	
hsa-miR-1270

	
4.04835

	
<0.0001

	
hsa-miR-125a-5p

	
−5.17837

	
2.40 × 10−8




	
hsa-miR-548

	
3.92366

	
<0.0001

	
hsa-miR-222-3p

	
−5.24417

	
1.10 × 10−8




	
hsa-miR-548h-3p

	
3.92366

	
<0.0001

	
hsa-let-7b-5p

	
−5.27658

	
1.00 × 10−7




	
hsa-miR-517a-3p

	
3.72959

	
1.11 × 10−15

	
hsa-miR-29b-3p

	
−5.32329

	
5.97 × 10−7




	
hsa-miR-548al

	
3.66887

	
1.33 × 10−8

	
hsa-miR-15a-5p

	
−5.33016

	
1.86 × 10−7




	
hsa-miR-765

	
3.65976

	
4.88 × 10−15

	
hsa-miR-200c-3p

	
−5.35346

	
1.52× 10−6




	
hsa-miR-761

	
3.58448

	
5.15 × 10−11

	
hsa-miR-4286

	
−5.44997

	
1.26× 10−6




	
hsa-miR-219b-3p

	
3.38808

	
7.44 × 10−9

	
hsa-miR-93-5p

	
−5.46019

	
2.19 × 10−7




	
hsa-miR-605-5p

	
3.14118

	
4.53 × 10−8

	
hsa-miR-126-3p

	
−5.70673

	
3.22 × 10−7




	
hsa-miR-608

	
3.11135

	
4.31 × 10−10

	
hsa-miR-181a-5p

	
−5.71558

	
4.93 × 10−7




	
hsa-miR-212-3p

	
3.04930

	
1.88 × 10−13

	
hsa-miR-21-5p

	
−5.98850

	
1.52× 10−6




	
hsa-miR-508-3p

	
3.00980

	
7.44 × 10−10

	
hsa-miR-191-5p

	
−6.27011

	
4.31 × 10−8




	
hsa-miR-219a-5p

	
3.00575

	
3.08 × 10−8

	
hsa-miR-150-5p

	
−6.33220

	
7.32 × 10−8




	
hsa-miR-325

	
2.95349

	
9.22 × 10−10

	
hsa-let-7a-5p

	
−8.81173

	
5.50 × 10−7











 





Table 3. Differentially expressed miRNAs between the TNBC and non-TNBC cases with expression levels in concordance with copy number alterations (CNAs) are presented by fold change (FC) value.






Table 3. Differentially expressed miRNAs between the TNBC and non-TNBC cases with expression levels in concordance with copy number alterations (CNAs) are presented by fold change (FC) value.





	miRNA
	FC (log2)
	p-Value
	FDR
	Cytoband
	CNA





	hsa-miR-661
	4.12434
	1.75 × 10−13
	1.75 × 10−11
	8q24.3
	gain



	hsa-miR-765
	3.65976
	4.88 × 10−15
	9.75 × 10−13
	1q23.1
	gain



	hsa-miR-3151-5p
	2.63406
	7.04 × 10−7
	6.46 × 10−6
	8q22.3
	gain



	hsa-miR-2053
	2.94650
	1.75 × 10−8
	3.49 × 10−7
	8q23.3
	gain



	hsa-miR-548d-5p
	1.98169
	6.27 × 10−6
	3.58 × 10−5
	8q24.13
	gain



	hsa-miR-6721-5p
	1.58740
	4.62 × 10−4
	0.00129
	6p21.32
	gain



	hsa-miR-548d-3p
	1.50149
	2.90 × 10−5
	1.32 × 10−4
	8q24.13
	gain



	hsa-miR-638
	1.17150
	1.68 × 10−4
	5.82 × 10−4
	19p13.2
	gain



	hsa-miR-1224-5p
	0.99921
	3.44 × 10−4
	0.00103
	3q27.1
	gain



	hsa-miR-3150b-3p
	0.49202
	2.65 × 10−4
	8.55 × 10−4
	8q22.1
	gain



	hsa-miR-1204
	0.40531
	6.10 × 10−4
	0.00150
	8q24.21
	gain



	hsa-miR-4448
	0.39551
	7.85 × 10−4
	0.00179
	3q27.1
	gain



	hsa-miR-218-5p
	−2.71112
	5.71 × 10−8
	9.12 × 10−7
	5q34
	loss



	hsa-miR-146a-5p
	−2.81117
	1.85 × 10−6
	1.35 × 10−5
	5q33.3
	loss



	hsa-miR-145-5p
	−4.69634
	8.57 × 10−8
	1.24 × 10−6
	5q32
	loss










 





Table 4. Common differentially expressed miRNAs between the TNBC and non-TNBC cases of the TCGA breast cancer Latina cases and the cases of this study.






Table 4. Common differentially expressed miRNAs between the TNBC and non-TNBC cases of the TCGA breast cancer Latina cases and the cases of this study.





	

	
TNBC vs. Non-TNBC

(This Study)

	
TNBC vs. Non-TNBC

TCGA




	

	
FC (log2)

	
p-Value

	
FDR

	
FC (log2)

	
p-Value

	
FDR






	
hsa-let-7a-5p

	
−8.81174

	
5.50 × 10−7

	
5.29 × 10−6

	
−1.03695

	
0.004

	
0.06594




	
hsa-let-7b-5p

	
−5.27658

	
1.00 × 10−7

	
1.40 × 10−6

	
−1.15425

	
0.010

	
0.10343




	
hsa-let-7f-5p

	
−4.62780

	
2.86 × 10−7

	
3.26 × 10−6

	
−1.05391

	
0.006

	
0.07720




	
hsa-let-7g-5p

	
−4.45426

	
2.27 × 10−6

	
1.59 × 10−5

	
−0.57203

	
0.032

	
0.17183




	
hsa-miR-10a-5p

	
−2.32238

	
5.63 × 10−9

	
1.40 × 10−7

	
−1.60710

	
0.005

	
0.07131




	
hsa-miR-10b-5p

	
−1.86443

	
4.05 × 10−6

	
2.55 × 10−5

	
−0.93191

	
0.022

	
0.16072




	
hsa-miR-146b-3p

	
0.40531

	
6.10 × 10−4

	
0.001503

	
1.46182

	
0.002

	
0.03960




	
hsa-miR-181c-5p

	
−1.87328

	
8.15 × 10−5

	
3.24 × 10−4

	
−0.82176

	
0.045

	
0.21220




	
hsa-miR-191-5p

	
−6.27011

	
4.31 × 10−8

	
7.16 × 10−7

	
−1.33551

	
0.000

	
0.01904




	
hsa-miR-195-5p

	
−2.90058

	
4.43 × 10−7

	
4.53 × 10−6

	
−1.10876

	
0.044

	
0.20910




	
hsa-miR-200a-3p

	
−2.42572

	
1.90 × 10−4

	
6.41 × 10−4

	
−1.31242

	
0.011

	
0.11347




	
hsa-miR-200b-3p

	
−5.03990

	
2.95 × 10−6

	
1.93 × 10−5

	
−1.07680

	
0.016

	
0.14109




	
hsa-miR-26a-5p

	
−4.78689

	
2.76 × 10−7

	
3.24 × 10−6

	
−0.70270

	
0.042

	
0.20410




	
hsa-miR-26b-5p

	
−4.82779

	
1.57 × 10−7

	
2.03 × 10−6

	
−0.95776

	
0.017

	
0.14177




	
hsa-miR-29b-3p

	
−5.32329

	
5.97 × 10−7

	
5.68 × 10−6

	
−0.95562

	
0.031

	
0.16993




	
hsa-miR-29c-3p

	
−4.26978

	
2.44 × 10−8

	
4.64 × 10−7

	
−1.67903

	
0.000

	
0.01904




	
hsa-miR-30a-5p

	
−3.51938

	
1.90 × 10−5

	
9.15 × 10−5

	
−1.90155

	
5.71 × 10−5

	
0.00646




	
hsa-miR-30b-5p

	
−4.62253

	
8.25 × 10−8

	
1.24 × 10−6

	
−0.89401

	
0.003

	
0.05813




	
hsa-miR-342-3p

	
−4.73665

	
8.75 × 10−9

	
2.05 × 10−7

	
−1.49716

	
0.005

	
0.06655




	
hsa-miR-34a-5p

	
−2.44624

	
3.34 × 10−7

	
3.65 × 10−6

	
−0.72461

	
0.025

	
0.16814




	
hsa-miR-423-5p

	
−2.72085

	
7.42 × 10−6

	
4.14 × 10−5

	
−0.84124

	
0.021

	
0.16072




	
hsa-miR-664a-3p

	
−1.71081

	
1.43 × 10−4

	
5.20 × 10−4

	
−0.87318

	
0.021

	
0.16072




	
hsa-miR-766-3p

	
2.89894

	
1.71 × 10−9

	
5.93 × 10−8

	
1.20479

	
0.000

	
0.02093











 





Table 5. Association of the expression levels of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 with the patient’s clinical characteristics.






Table 5. Association of the expression levels of miR-141-3p, miR-150-5p, miR-182-5p, and miR-661 with the patient’s clinical characteristics.












	Clinical Variable
	miR-141-3p
	miR-150-5p
	miR-182-5p
	miR-661





	Age at diagnosis
	n = 17, p = 0.753
	n = 17, p = 0.410
	n = 16, p = 0.646
	n = 17, p = 0.111



	>55.5, ≤55.5
	
	
	
	



	Tumor size (cm)
	n = 17, p = 0.218
	n = 16, p = 0.01
	n = 16, p = 0.537
	n = 17, p = 0.013



	>1.7, ≤1.7
	
	
	
	



	Tumor grade
	n = 15, p = 0.434
	n = 15, p = 0.803
	n = 15, p = 0.273
	n = 15, p = 0.198



	2, 3
	
	
	
	



	Tumor stage
	n = 17, p = 0.968
	n = 17, p = 0.569
	n = 16, p = 0.597
	n = 17, p = 0.704



	T1/T2, T3/T4
	
	
	
	



	Ki-67
	n = 16, p = 0.272
	n = 16, p = 0.630
	n = 15, p = 0.236
	n = 16, p = 0.969



	>10%, ≤10%
	
	
	
	



	p53
	n = 16, p = 0.138
	n = 16, p = 0.001
	n = 15, p = 0.297
	n = 16, p = 0.406



	>10%, ≤10%
	
	
	
	



	BC recurrence
	n = 16, p = 0.007
	n = 16, p = 0.009
	n = 16, p = 0.489
	n = 17, p = 0.510



	Yes/No
	
	
	
	



	Dist Mets
	n = 17, p = 0.437
	n = 16, p = 0.011
	n = 16, p = 0.321
	n = 17, p = 0.889



	Yes/No
	
	
	
	



	Survival status
	n = 17, p = 0.846
	n = 17, p = 0.021
	n = 16, p = 0.459
	n = 17, p = 0.654



	Alive/Deceased
	
	
	
	



	BMI values
	n = 17, p = 0.429
	n = 17, p = 0.132
	n = 16, p = 0.627
	n = 17, p = 0.157



	>28.3, ≤28.3
	
	
	
	



	Co-morbidities
	n = 17, p = 0.155
	n = 17, p = 0.766
	n = 16, p = 0.982
	n = 17, p = 0.779



	Yes/No
	
	
	
	



	HTN
	n = 17, p = 0.173
	n = 17, p = 0.479
	n = 16, p = 0.482
	n = 17, p = 0.160



	Yes/No
	
	
	
	







BC: breast cancer; Dist Mets: distant metastasis, BMI: body mass index; HTN; hypertension.
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