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a b s t r a c t

          HER2 HER 2ampli cation/overexpression ac counts for aggressive clinical features offi positive breast

          cancer. Epigenetic changes incl uding DNA methylation, hi stone mo di cations and ncRNAs/miRNAs arefi

            associated with regulation of DNA chromatin and spec i cally, gene transcription. Hence, these producefi

         eminent effec ts upon proto-oncogenes, tumor-suppressors and key cancer-regulatory signaling path-

            ways. Understanding of epigenomic regulation of overexpression and signaling may help uncoverHER2

              the unmatchable physiology of gene/protein. Moreover, this may also aid in resolving the majorHER2

          issue of resistance-development towards targeted agents (trastuzumab and lapatinib) , sinceHER2

           epigenetic alterations are important therapeutic markers and modulate the response towards HER2

           targeted therapy. Therefore, in thi s review the information regarding various epigenetic markers

           implicated in positive breast cancer susceptibility and therapeutic-strategies has been compiled.HER2

       © 2017 Elsevier Masson SAS. All rights reserved.
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 1. Introduction

         Human epidermal growth factor receptor 2 ( ) is a tyrosineHER2
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        kinase receptor protein, belonging to epidermal growth factor re-

          ceptor (EGFR) family. The other three members of EGFR family are-
         HER1/EGFR, HER3 and HER4 [1,2]. acts as major predictiveHER2

         marker in breast cancer [3]. 15 e30% of breast cancer cases are

         associated with overexpression and are referred to asHER2 HER2

           positive . is 185 kDa and 1255 amino-acid long protein and[3] HER2

      is also known as ErBb2/c-ErBb2/neu/p185. /ErBb2/neu onco-HER2

          gene is located on chromosomal position 17q12 . In most of[3 7]e

         the breast cancer cases, overexpression occurs due toHER2 HER2

         gene ampli cation . Polysomy 17 has been suggested as anfi [8,9]
       alternative mechanism for overexpressionHER2 [10]. Genetic var-

           iations in gene and many other genes have also been reportedHER2

         to be associated with positive breast cancer susceptibility asHER2

        well as modulation of response towards targeted therapy,HER2

        elaborated upon by us in our recent review [11].
     HER2 overexpression prompts homodimerisation or hetero-

        dimerization of with other EGFR family members, whichHER2

       accelerates the events like cell proliferation, cell-cycle degradation

       and apoptosis inhibition by activation of various cell-signaling
       pathways [1,3,5,6]. positive breast cancers have aggressiveHER2

        histopathological and clinical features such as high histologic grade

         [12], increased potential of metastization to brain and viscera and
      increased resistance towards anti- agents (trastuzumab andHER2

 lapatinib) .[8]

         Epigenetic changes that do not produce any change in DNA
       sequence, are eminent over genetic changes in carcinogenesis

       [13,14]. Epigenetic modi cations result from altered DNA methyl-fi

      ation and/or post-translational modi cation of chromatin specially,fi

 histone modi cations.fi

          In addition, it is also evident that epigenome can be modulated
          by a variety of environmental factors. Evidence is also emerging for

         the important role played by non-coding RNAs (ncRNAs) and pro-
         tein interactions in the management of epigenome [15]. This review

          has been compiled with an aim to focus on epigenetic modi ca-fi

      tions, especially DNA methylation, histone modi cations andfi

    ncRNAs in relation to HER2      positive breast cancer with focus on

     susceptibility and therapeutic-strategies. Various epigenetic alter-
         ations affecting positive breast cancer have been shown inHER2

 ( ).Fig. 1

       2. Epigenetics in positive breast cancer susceptibilityHER2

        Epigenetic alterations have their key impact upon over-HER2

     expression, pathogenesis, histopathology, induced cell-HER2

       signaling, hence, concomitantly affecting the positive breastHER2

 cancer susceptibility.

  2.1. DNA methylation

       DNA methylation is the most common epigenetic modi cationfi

         of mammalian DNA, which involves the enzymatic transfer of a

           methyl group to the 5th position of cytosine residues in CpG di-
         nucleotides [16]. DNA methylation is known to be involved in

        altered gene expression in various cancers, including breast cancer
        and its subtypes [17,18]. DNA hypermethylation has been exten-

       sively studied in triple-negative breast cancers. This epigenomic

        dysregulation has been reported in many genes including cadherin-
      1 (CDH1), carcinoembryonic antigen-related cell adhesion mole-

         cule 6 (CEACAM6), cystatin-M (CST6), estrogen receptor 1 (ESR1), G
        protein subunit alpha 11 (GNA11), mucin 1 (MUC1), myeloblastosis

       proto-oncogene (MYB), sodium channel epithelial 1 alpha subunit

         (SCNN1A), trefoil factor 3 (TFF3), breast cancer 1 (BRCA1) and
      Kelch-like ECH-associated protein 1 (Keap1) in triple-negative

       breast cancer [19 21e ]. A strong association between frequent
        CpG island (CGI) methylation and ampli cation in humanHER2 fi

           breast cancers has also been identi ed . On the basis of fre-fi [22]

         quency and quantitative levels of CGI methylation, the process of
       DNA methylation is categorized as hypomethylation and hyper-

     methylation. DNA hypomethylation results into proto-oncogene

        and reactivation of transposable elements, loss of gene imprinting
       [23]; whereas DNA hypermethylation leads to suppression of

       tumor-suppressor and DNA-repair genes . For many genes[24]
        aberrant DNA methylation pattern has been observed in HER2

        positive breast cancers, as well. These genes showing aberrant

        methylation patterns in positive breast cancer mainly regu-HER2

       late cell-proliferation, differentiation and signaling. All these genes

         along with their respective functions have been summed up in
 (Table 1).

    Hypermethylation of genes like RAR-b    2, RASSF1A, APC, DLEC1,

       GRIN2B, HOXA1, HOXA10, IGF2, MT1G, RUNX3, SCGB3A1, SFRP1,
       SFRP4, TMEFF2, MINT31, CDH-13, HSD17B4, PGR, MYOD1, GSTP1,

          SLC25A43, VIM, PTPRO and LRH-1 genes has been reported in HER2

         positive breast tumors [18,75 81]e . Most of the studies have re-

       ported hypermethylation of genes involved in various carcinogenic
           pathways. However, a single study carried out by Park et al. has

       shown Alu and LINE-1 hypomethylation in -enriched breastHER2

        cancer. This supports the probable association of these hypo-
      methylated genes with chromosomal instability of -enrichedHER2

 subtype .[85]

      With recent advancements in genomic technologies like
      Genome-Wide Association Studies (GWAS), microarray approach, a

       clearer picture of genes being hyper-/hypomethylated in HER2

         positive breast cancer has emerged. Bediaga et al. analyzed breast

       cancer samples for DNA methylation using microarray approach

        and reported a strong association of overexpressing breastHER2

       cancer with hypermethylated genes include NPY, FGF2, HS3ST2,

        RASSF1, and Let-7a . Lindqvist et al. conducted genome-wide[82]
         methylation study on 17 positive breast cancer patients. AnHER2

        altered methylation pro le of 69 biomarker genes associated withfi

     multicellular development, differentiation and transcription was

       observed. Overrepresentation of homeobox family genes was found

          including DBX1, NKX2-6, SIX6 genes that were not reported in as-
        sociation with cancer, previously. PI3K and Wnt signaling pathway

         related genes were among other affected genes. This study also
          reported for the rst time an altered methylation pattern infi HER2

           gene itself and other genes, AKT3, HK1 and PFKP. The 450K array

         fi findings were con rmed for six top candidate genes (AKR1B1, INA,
        FOXC2, NEUROD1, CDKL2, IRF4) by analyzing them for DNA

        methylation by PCR technique. Exploration of these genes may
         provide further insights into the biology of positive breastHER2

        cancer . Yamaguchi et al. reported heavy aberrant methylation[83]

         of RASSF1 among 15 of the 24 -positive breast cancers.HER2

     Moreover, aberrant methylation patterns of WNT/b-catenin

        signaling pathway regulatory genes (DKK3 and SFRP1) and p53
         pathway regulatory gene IGFBP7 were observed among all 24 HER2

       positive breast cancer samples analyzed . DKK3 down-[84]

       regulation has been associated with cancer progression ,[86]
         whereas IGFBP7 is capable of cell growth inhibition and apoptosis

 induction .[70]

  2.2. Histone modi cationsfi

       Histone modi cations can in uence gene regulation and carci-fi fl

       nogenesis by dysregulating chromatin structure. Histones are basic
         proteins which serve in packaging of DNA onto chromosomes. The

      covalent post translational modi cations to histone proteinsfi

    include methylation, phosphorylation, acetylation, ubiquitylation,
      proline isomerization, ADP ribosylation and sumoylation .[87]

         These modi cations are controlled by a group of enzymes includingfi

     histone acetyltransferases (HATs) and deacetylases (HDACs),
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     methyltransferases (HMTs) and demethylases (HDMs), kinases,

      phosphatases, ubiquitin ligases and deubiquitinases, SUMO ligase
        and proteases. These modi cations are reversible and govern thefi

       structural prestige of chromatin. Histone modi cations involve infi

      different biological processes like transcriptional activation or

       inactivation, chromosome packaging and DNA damage or repair

          [88,89]. In spite of the role of histone modi cations in transcrip-fi

         tional gene regulation, there are fewer but more elaborate studies

         that demonstrate the role of histone modi cations in over-fi HER2

     expression. Mainly phosphorylation, acetylation and methylation

          of histones have been found to be incriminated in positiveHER2

        breast cancer . expression is regulated by estrogen[90 93]e HER2

 receptor-alpha (ERa      ) , by interacting with histone-modulating[94]

 enzymes. ERa     extensively regulates the epigenetic modi cationsfi

           of histones, which has been reviewed critically by Mann et al. .[95]

          On the other side, estrogen signaling has the ability to potentiate

       various kinase signaling cascades including signaling which,HER2

        in turn, cause the histone modulations. Hence, either ERa-induced

       histone modi cations can in uence expression or ERfi fl HER2 a-
       induced signaling can generate histone modi cations .HER2 fi [95]

         Mishra et al. reported the enhanced levels of acetylated and

        phosphorylated histone H3 and acetylated histone H4 in HER2

        overexpressing breast cancer cells. In addition, among over-HER2

       expressing cells, decreased recruitment of histone deacetylase was
      reported. Treatment with histone deacetylase inhibitor upregu-

         lated the association of acetylated histone H4 with promoterHER2

          and expression. On the other hand, the association of histoneHER2

        deacetylase-1 and -2 was reduced on treatment with histone

      deacetylase inhibitor. Moreover, the association of phosphorylated
         histone H3 with promoter and expression was stimu-HER2 HER2

    lated by tumor promoters 12- -tetradecanoylphorbol-13-acetateo

        and okadaic acid. Thus, histone acetylation and histone phosphor-
       ylation are the regulatory epigenetic alterations targeting HER2

       gene chromatin. Besides, the enhanced levels of chromatin-
       remodeling components in the neighbourhood of promoterHER2

      probably follows non-genomic mechanism of overexpressionHER2

    in human breast cancer .[90] 
        Certain histone modulations are of great importance as these

          have been found to repress . Falahi et al. transducedHER2 HER2

        overexpressing cancer cells with targeting zinc nger proteinHER2 fi

                     Fig. 1. Various epigenetic markers involved in positive breast cancer.HER2 Major epigenetic modi cations incriminated in positive breast cancer: DNA methylation,fi HER2

                    histone modi cations and non-coding RNAs. These markers mainly have their impact on cell-signaling and proliferation. Histone modulations regulate gene chromatin.fi HER2

                      Speci cally, ncRNAs impair the major proteins associated with pathway, hence, produce effects upon susceptibility, as well as, therapy. ( ).fi HER2 Refer text for details
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      (ZFP) fused to histone methyltransferases (G9a, SUV39-H1)/super

         KRAB domain (SKD). These cancer cells were evaluated for epige-
          netic changes. -ZFP fused to G9a was found to induce histoneHER2

       modi cation, histone H3 lysine 9 dimethylated (H3K9me2). In-fi

       duction of H3K9me2 caused repression. Transduction withHER2

        ZFP fused to SKD caused downregulation and ef cientHER2 fi

        removal of histone acetylation mark, histone H3 acetylated (H3ac)
         leading to hypoacetylation. The results of this study indicated that

       H3K9 methylation was responsible for downregulation andHER2

       hypoacetylation effect was a consequence of downregulation.HER2

      These epigenetic alterations suf ciently inhibited cellular meta-fi

   bolism and clonogenicity [91] .

        Histone methylation may not always be associated with HER2

         repression, but overexpression as well. The process seems toHER2

         be site-dependent such as histone H3 methylation. Unlike, the as-
       sociation of H3K9 methylation with downregulation ,HER2 [91]

 Table 1

            Abberantly-methylated genes in positive breast cancer.HER2 Representing the role of each gene.

  Gene Description Function

RARb2 a   Retinoic acid receptor b            2 Binds retinoic acid that aids cell signaling in embryonic morphogenesis [25]

RASSF1A a               Ras association domain-containing protein 1 Negatively regulates the (Mitogen-activated protein kinase) MAPK/Ras/ERK pathway, blocks cell-

  cycle progression [26,27]

APC a         Adenomatous polyposis coli Regulates stability and nuclear export of b      -catenin, a transcriptional co-activator of Wnt/ b-catenin

   stem-cell signaling pathway [28]

DLEC1 a                    Deleted in lung And esophageal Cancer 1 Suppression of colony formation in some cancer cell lines and reduced tumorigenesis [29]

GRIN2B a    Glutamate receptor, ionotropic, N-methyl

 D-aspartate 2B

           Encodes for N-Methyl D-Aspartate receptor that plays role in synaptic transmission [30]

HOXA1
a

             Homeobox A1 Transcription factor that controls cell proliferation and differentiation, acts through MAPK pathway

   to stimulate oncogenicity [31,32]

HOXA10a              Homeobox A10 Transcription factor that regulates the expression of tumor-suppressor p53 gene, stimulates cell-

      invasion by acting on MAPK pathway [33,34]

IGF2 a                 Insulin-like growth factor 2 Acts through IGF2 receptor pathway to regulate cell growth and tumor suppression .[35,36]

MT1G a           Metallothionein 1G Functions as tumor-suppressor by modulating phosphoinositide-3-kinase (PI3K/Akt) pathway [37]

RUNX3 a                Runt related transcription factor 3 Tumor suppression, regulates apoptosis by targeting B-cell lymphoma 2 (Bcl-2) [38]

SCGB3A1 a          Secretoglobin, family 3A, member 1 Methylation activates PI3K/Akt pathway .[39]

SFRP1 a         Secreted frizzled related protein 1 Tumor suppressor, represses Wnt/b    -catenin signaling pathway [40,41]

SFRP4 a        Secreted frizzled related protein 4 Inhibition of Wnt/b      -catenin signaling, interferes with cell-migration [42]

TMEFF2 a     Transmembrane protein with EGF like

     and two follistatin like domains 2

      Functions as tumor-suppressor in many cancers [43]

MINT31a    Methylation in gastric non-invasive

 neoplasia 31

        Modulates calcium signaling which, in turn, affects cell-proliferation [44]

CDH-13a         H-Cadherin Gene inactivation results in aberrant PI3K/Akt signaling [45]

HSD17B4a   Type 4 17-b     -hydroxysteroid dehydrogenase Hormonal regulation [18]

PGRa     Progesterone receptor Hormonal regulation [18]

MYOD1 a            Myogenic differentiation 1 Mutations lead to alteration in PI3K/Akt pathway components [46]

GSTP1a                Glutathione S-transferase P Cellular detoxi cation enzyme that acts on apoptotic pathway; prognostic marker in breast cancerfi

[47]

SLC25A43 a            Solute carrier family 25 member 43 Mitochondrial protein that regulates cell-cycle [48]

VIMa       Vimentin Regulates EMT in breast cancer [49]

PTPROa               Protein tyrosine phosphatase, receptor type O Suppresses -driven carcinogenesis by dephosphorylation and endosomal internalization ofHER2

 HER2 [50]

NPYa             Neuropeptide Y Regulates MAPK pathway activation ; inhibits estrogen-induced proliferation in breast cancer[51]

[52]

FGF2
a

           Fibroblast growth factor 2 Induces cell-cycle arrest in MAPK-driven tumor cells [53]

HS3ST2 a   Heparan sulphate -glucosamine

  3- sulphotransferase 2

      Regulates cell invasiveness MAPK pathwayvia [54]

Let-7a a              Lethal-7a Involved in the regulation of oncogenic pathways in numerous types of tumors [55]

DBX1
a

             Developing brain homeobox 1 Role in patterning the central nervous system during embryogenesis [56]

NKX2-6a      NK2 homeobox 6 Oligodendriocyte differentiation [57]

SIX6 a        Sine oculis homeobox homolog 6 Ocular development [58]

HER2 a                Human epidermal growth factor receptor 2 ampli cation/overexpression leads to enhanced cell-signaling and confers development ofHER2 fi

    HER2 positive breast cancer [3]

AKT3 a       Serine/threonine kinase 3 Putative oncogenic marker [59,60]

HK1a     Hexokinase 1 Oncogenic marker [61]

PFKP a          Phosphofructokinase, platelet type Regulates glycolytic activity in breast cancer [62]

AKR1B1a                     Aldo-keto reductase family 1 member B Catalyzes the reduction of a number of aldehydes; found to be having enhanced expression and

     activity in human breast cancers [63]

INA a   Internexin neuronal intermediate

  filament protein alpha

      Involved in the morphogenesis of neurons [64]

FOXC2 a           Forkhead box C2 Plays role in the vascular tissue development [65]

NEUROD1a          Neuronal differentiation 1 Regulates expression of the insulin gene [66]

CDKL2 a             Cyclin dependent kinase like 2 Promotes epithelial-mesenchymal transition (EMT) and breast cancer [67]

IRF4 a         Interferon regulatory Factor 4 Regulation of interferons; cell-growth [68]

DKK3a                Dickkopf WNT signaling pathway inhibitor 3 Involved in embryonic development through its interactions with the Wnt/b  -catenin signaling

        pathway and may function as tumor suppressor gene [69]

IGFBP7a             Insulin like growth factor binding protein 7 Cell-growth inhibition and apoptosis induction [70,71]

LRHIa           Liver receptor homologue 1 Controls cell-proliferation by regulating cyclin-dependent kinases [72]

Alub        Arthrobacter luteus Transposable elements that regulate transcription [73]

LINE-1b         Long interspersed nuclear element-1 Gene regulation and carcinogenesis [74]

a   Hypermethylated gene .[18,75 84]e

b   Hypomethylated gene .[85]
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       H3K4 methylation has been associated with overexpressionHER2

        [92]. Mungamuri et al. con rmed that non-ampli ed over-fi fi HER2

        expressing breast cancers attain epigenetic mark, histone H3 lysine
         4 trimethylated (H3K4me3) on the promoter. On the contrary,HER2

        HER2 ampli ed tumors attain histone H3 lysine 9 acetylatedfi

         (H3K9ac) mark, which in turn, depends on the acquisition of

       H3K4me3 mark. These ndings indicate that ampli cationfi HER2 fi

      and overexpression are epigenetically linked. overexpressionHER2

          is correlated with H3K4me3 mark on the promoter and WDHER2

         repeat domain 5 (Wdr5) is needed for enhancement of H3K4me3.
       Hence, targeting Wdr5 resulted in decreased overexpressionHER2

        [92]. Consistent with results of studies conducted by Mungamuri
           et al. , Li et al. also demonstrated the acquisition of H3K4me3[92]

         mark on the promoter in overexpressing breast carci-HER2 HER2

          nomas. In this study, enrichment of histone H3 lysine 27 acetylation
         (H3K27ac) mark was also identi ed in the overexpressing cellfi HER2

 lines .[93]
       Histone H3 methylation is aided by co-activator arginine

        methyltransferase1 (CARM1) that is an ER cofactor. CARM1 is

       basically embroiled in chromatin remodeling and, hence, gene
         regulation through histone H3 methylation. Davis et al. found that

         higher levels of both nuclear and cytoplasmic CARM1 are associ-
         ated with positive breast tumors. However, as a consequenceHER2

        of upregulation, CARM1 preferentially localizes itself to theHER2

            nucleus. In spite of the fact that CARM1 is an ER cofactor, its
         expression levels didn't rely upon ER. Therefore, this study signi esfi

           the association of CARM1 with positive as well as ER negativeHER2

 status .[96]

 2.3. ncRNAs/miRNAs

    2.3.1. Acting as prognostic markers

          Scientists have also ventured into the eld of ncRNAs to explorefi

         their role in positive breast carcinogenesis. Their efforts haveHER2

        characterized several miRNAs that are associated with posi-HER2

       tive breast cancer. microRNAs (miRNAs) are naturally occurring

      small regulatory ncRNAs approximately 21 25 nucleotides long,e

         which function as guide molecules in messenger RNA silencing and
       cause destabilization or inhibition of translation . Decreased[97]

         mean miRNA expression has been reported in positive tumorsHER2

       [98]. miRNAs are either upregulated or downregulated in HER2

         positive breast cancers. These have been enlisted in (Table 2).

        In particular, miRNA dysregulation caught the attention of re-
         searchers who were trying to speculate the mechanism of HER2

          overexpession, when a more direct and clearer study carried out by
          Persson and colleagues came into picture. Persson et al. found that

         miR-4728 encoded within intron of gene is overexpressed inHER2

         tumors and cell lines showing ampli cation. Based on thisHER2 fi

        study, Persson et al. hypothesized that miR-4728 could explain

        HER2 overexpression [106]. Persson et al. indicated that down-
       stream targets of activation mitogen-activated proteinHER2 i.e.,

         kinase1 (MAPKI) and son of sevenless1 (SOS1) were among the

        predicted targets of miR-4728-3p. Hence, this study speculates that
         miR-4728-3p is a constituent of a negative feedback loop that

       regulates function, establishing a direct correlation betweenHER2

    miRNA and overexpressionHER2 [10 6].

      miRNA-20 0 family (miR-200f) members have been character-

        ized as important prognostic markers in positive breastHER2

        cancer. Castilla et al. found lowered miRNA-200 family (miR-20 0f)
        expression in positive tumorsHER2 [109]. Moreover, Castilla and

         colleagues depicted that miR-200f could be an ideal biomarker to
         judge the extent of occurrence of epithelial to mesenchymal tran-

          sition (EMT) in breast cancer [109,114]. EMT and its contrary pro-
       cess, mesenchymal to epithelial transition (MET) are the

     rudimentary phenomena implicated in carcinogenesis [115,116].

        miRNA dysregulation may cause impairment of immune and EMT
       pathways, collaboratively. Oncostatin-M has been identi ed as anfi

       important marker in mesenchymal-like breast cancer cells that
         mediates EMT and is associated with negative breast cancerHER2

       [117]. Studies suggested that miR-200f targets genes controlling

        motility and invasion and hence, combat EMT [118]. Emphatically,
         miR-20 0f has been found to be epigenetically regulated to exert

       modulatory effect upon EMT-MET process [119]. Another study
         performed by Wee et al. depicted the association between miR-

        200f member (miR-200b) and positive breast cancer alongHER2

      with the epigenetic mechanism underlying miR-200b expression.
        Wee et al. determined that promoter hypermethylation of miR-

       200b precursor (hsa-mir-20 0b) is associated with positiveHER2

       status and found an inverse association between hsa-mir-200b

    methylation and miR-20 0b expression [110].

         Circulating miRNAs have also been explored in relation to HER2

        overexpression. Wu et al. found that enhanced miR-375 expression

       and diminished miR-122 expression were associated with HER2

  overexpressing tumors [101].

       HER2 positive breast cancer remains associated with aggressive

      clinicopathological properties such as higher cancer grade,
      advanced stage, metastasis, reduced survival [12,120]. Geneticists

       have also reported correlation between miRNA overexpression and
       clinicopathology of positive breast cancer. Enhanced expres-HER2

           sion of miR-21 was found to be associated with large tumor size,

        advanced stage, higher carcinoma grade and reduced overall sur-
           vival in positive breast cancer . Song et al. found higherHER2 [102]

         miR-155 levels in advanced stage positive breast cancer pa-HER2

         tients with lymph node metastasis [104]. Nassar et al. also

       con rmed the association between enhanced miR-155 levels andfi

      HER2 overexpression. Signi cant overexpression of miR-155 wasfi

           found in PR negative, positive women whose age at time ofHER2

           diagnosis was more than 40 years . Jung et al. identi ed the[105] fi

        correlation of higher levels of circulating miR-210 with tumor

         presence, and lymph node metastases [107]. Anfossi et al. found

          enhanced levels of miR-21 in the serum of patients with non-
        metastatic positive breast cancer. High expression levels ofHER2

         serum miR-19a and miR-10b were present in patients with meta-
         static positive invasive breast cancerHER2 [103]. Ferracin et al.

        characterized erythropoietin (EPO) and its receptor (EPOR) as true

       targets of miR-125b. Further, downregulation of miR-125b in
       metastatic breast cancers and a signi cant positive associationfi

         between EPOR and levels was also observed. This indicatesHER2

         EPO/EPOR and coregulation in breast cancer and the associ-HER2

        ation of miR125-b with clinically relevant cancer features [111]. I n a

           study carried out by Bailey et al., miR-125b was found to directly
  target HER2 [112].

 Table 2

           miRNA dysregulation in positive breast cancer.HER2 Representing upregulation/downregulation with overexpression.HER2

 Expression miRNAs

               Upregulated miR-520d, miR-376b ; miR-146a-5p ; miR-375 ; miR-21 ; miR-155 ; miR-4728-3p ; miR-10b, miR-[99] [100] [101] [102,103] [104,105] [106]

   19a ; miR-210[103] [107]

                Downregulated let-7f, let-7g, miR-107, miR-10b, miR-126, miR-154, miR-195 ; miR-181c ; miR-200f ; miR-200b, has-miR-200b ; miR-[108] [99] [109] [110]

           181d and miR-195-5p ; miR-122 ; miR-125b ; let-7c ; miR-744[100] [101] [111] [112] [113]
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          In addition, a study has also reported the involvement of long

           ncRNA in positive breast cancer. Su et al. have reported theHER2

      overexpression of long ncRNA Hox-antisense intragenic RNA

       (HOTAIR) in overexpressing breast cancer patientsHER2 [121].

        HOTAIR accounts for enhanced chances of metastasis and reduced
 survival [122].

         2.3.2. Inhibition of HER2 positive breast cancer by directly targeting

      HER2 and/or by interruption of HER2 signaling

    Eit her hom odi meri sati on or h eterod ime risa tion activate s
      H E R 2 H E R 2. homod imer isa tio n does n't requi re act ivatio n by

        l i g a n d . I t h a p p e n s o n l y w h e n t h e r e i s H E R 2 overexpr ess i on

        ( B r e n n a n e t a l . , 2  0 0  0 ) . H E  R 2 hetero dimer isa tio n ta kes pla ce in
         t h e p r e s e n c e o f l i g a n d o f d i m e r i s a t i o n p a r t n e r o f H E R 2 . Des pite

         bei ng devo id of liga nd, rem ains t he mo st co mpa tibl e asH E  R 2

        dim eris atio n pa rtne r in com par ison to ot her me mber s of EGF R

         fami ly. It is kn own to acco unt fo r most pote nt cel l -sig nal ing

       thro ugh act ivation of vario us downs trea m si gnal ing ev ent s su ch
    a s p h o s p h o i n o si t i d e - 3 - ki n a s e ( P I 3 K / A k t ) p a t h w ay, m i t o g e n -

      act ivated protei n k ina se (MA PK /Ra s/ER K) pa thway an d phos -
p h o l i p a s e C -g ( P L Cg       ) pa thway . T he mo st potent -HER 3[ 3 ] H E R 2

        heter odime r in c ien t sign alin g a nd acts throughfl i c t s t h e m  o s t e f fi

          PI3 K pa thway. The role of H E R 2 i n c e l l - s i g n a l i n g h a s a l r e a d y b e e n
   revi ewed by us [ 11 ] .

        Various miRNA act as and/or -induced signaling in-HER2 HER2

         hibitors Key miRNAs that directly inhibit or lower expressionHER2

      are: miR-125a/b, miR-491-5p, miR-634, miR-637, miR-342-5p, miR-

    34a, miR-199b-5p, miR-205-5p, miR-4 89, hsa-miR-125a
      [113,123e128]. Among these, miR-125a/b also inhibited HER3

       mRNA expression and miR-205-5p also inhibited HER1 mRNA
     expression [123,126]. miR-552, miR-541, miR-193a-5p, miR-453,

       miR-134, miR-498, miR-331-3p, miR-548d-3p and miR-559 act as

      regulators of translational mRNA expressionHER2 [113,129].
         Som e miRNAs d o not d irect ly tar get , bu t tar get itsH E R 2

       dim eris atio n pa rtne rs (H ER1 a nd H E R3) a nd/ or th e proteins
     medi ati ng pos itive b reas t carc ino genes is.H E R 2 s i g n a l i n g / H E R 2

     m i R- 4 5 0 b - 3 p , m i R - 14 9 , m i R - 14 8 b , m i R - 3 2 6 a n d m i R - 5 2 0 a - 3 p

      inh ibite d HE R3 expre ssi o n, fu rth er ca usi ng i mp ai rmen t in
        EGF R fa mily s igna lin g [ 13 0 ] . I mpor tanc e of H ER3 express ion or

          s u p p r e s s i o n l i  e s i n t h e f a c t o f i t s a c c o u n t a b i l i t y f o r t h e m o s t
       potent s igna ling a s /HER 3 hetero dimer s and ac tivati on ofH E R 2

      PI3 K/Ak t pat hway [ 11,131 ] . m i R - 12 5 a / b a n d m i R - 19 9 b - 5 p c a u s e d

      i n h i b i t i o n o f H E R 2 d ownst ream s igna lin g p athways ( MAPK /Ra s /
        ERK 1/2 and PI3K/ Ak t ) and H E R 2 p o s i t i v e b r e a s t c a n c e r c e l l

      growth [ 12 3 ,12 5 ]  . m i R - 3 4 2 - 5 p s p e c i fic a l l y i n h i b i t e d H E R 2 p o s i -
        tive bre ast c ance r cel l growth [ 113 ] . mi R-221 in hibi ted expre s-

          sion o f p 27 a nd PTE N gen es an d h ence , prom otes po sit iveH E R 2

       met asta tic brea st canc er [132 ,133 ]. The miR NAs i nvolved in
     r e g u l a t i o n / i n h i b i t i o n o f H E R 2 express ion and /or cel l-si gnal ing

        alo n g wit h the m ech anis m (if known ) have be en su mmar ize d
  i n ( Tabl e 3 ) .

     3. Epigenetics in targeted therapeuticsHER2

          Among the members of EGFR family, HER1 and are mainlyHER2

        involved in the pathogenesis of various cancers [134]. Resistance
          towards therapies targeting HER1 has been reported that arises as a

       result of HER1 cross-interactions with other genetic markers,
     extensively reviewed by Nigro et al.    [135]. Likewise the resistance

        towards anti-HER1 agents, the problem of resistance towards anti-

          HER2 agents due to cross-talk with genetic markers has also been
        well-documented [11]. In addition to the genetic markers, epige-

         netic markers are also implicated in the modulation of response
   towards targeted therapies.HER2

  3.1. DNA methylation

        Disease-relapse as a result of development of resistance against

       trastuzumab remains the major obstacle in therapeutics targeting

          HER2 positive breast cancer [136]. Palomeras et al. found that the
      methylation pro le was variable among the trastuzumab-resistantfi

        SKTR and trastuzumab-sensitive SKBR3 cells. In SK TR cells, four
   hypermethylated genes: transforming-growth factor b  1 (TGFb  1), B-

       cell lymphoma 6 (BCL6), p53-regulated DNA replication inhibitor

         (KILLIN) and cathepsin Z (CTSZ), were selected and analyzed by
       polymerase chain reaction (PCR) that indicated the downregulated

         expression of these genes. Further, the SKTR cells were given
       treatment with demethylation agent resulting into regain of

          expression of all four genes. The restored expression levels of these

         genes were concordant with those of SKBR3 cells. Hence, hyper-
  methylated genes: TGFb       1, BCL6, KILLIN and CTSZ present them-

        selves as predictive biomarkers of trastuzumab resistance in HER2

    positive breast cancer patients [137].

       As already discussed, DNA hypermethylation has been corre-
       lated with HER2 ampli cation . Aberrant DNA hyper-fi [22]

        methylation patterns are observed because of overactivity of DNA

      methyltransferases (DNMTs). Hence, DNMTs have been developed
          as therapeutic targets in cancer. Dou et al. facilitated the speci cfi

      delivery of siRNA-targeting DNMT1 and/or DNMT3b (siDNMTs)

         into expressing breast tumor cells. This caused silencing ofHER2

       DNMTs and hence, promoting demethylation of RASSF1A tumor

        suppressor gene promoter. Demethylation of RASSF1A led to re-
        expression of RASSF1A, trigerring the suppression of tumor cell

        proliferation. Thus, this study suggests that delivery of siDNMTs

          might prove as fruitful strategy to treat positive breast cancerHER2

       [138]. Besides, DNMT inhibitors, azacytidine and decitabine have

          also been utilized to target tumor cells. DNMT inhibitors can pro-
        duce highly synergistic effects, when given in combination with

     traditional chemotherapeutics doxorubicin, 5- uorouracil andi.e. fl

        oxiplatin [139]. However, these have not been explored particularly

    in positive breast cancer.HER2

  3.2. Histone modi cationsfi

        HDAC inhibitors hold an important place in therapeutic strate-

         gies targeting epigenetic markers, on the basis of aberrant HDAC

        activity documented across various tumors. Fuino et al. reported
       the downregulation of by HDAC inhibitor dacinostat/LAQ824.HER2

        Besides, dacinostat also increased the sensitivity of breast cancer
     cells towards trastuzumab by potentiating trastuzumab-mediated

           apoptosis [140]. In a study carried out by Bali and colleagues, ac-

     tivity of another HDAC inhibitor vorinostat/suberoylanilide
        hydroxamic acid (SAHA) against ampli ed breast cancer cellsHER2 fi

         has also been reported [141]. Activity of HDAC inhibitor, OSU-
        HDAC42 against positive breast cancer heat-shock pro-HER2 via

      tein 90 (HSP90) acetylation-mediated downregulation wasHER2

          observed by Weng and co-workers [142]. In a study performed by
       Finn et al., panobinostat/LBH589 induced cell-death and also,

       boosted the antitumor activity of trastuzumab against HER2

          ampli ed cell linesfi [143]. Huang et al. identi ed that HDAC inhib-fi

        itor entinostat/SNDX-275 can resolve the critical issue of trastu-

        zumab resistance, as increased ef cacy of trastuzumab in presencefi

        of entinostat was reported in overexpressing breast cancerHER2

         cells [14 4]. Wang et al. reported that entinostat caused signi cantfi

        upregulation of miR-125a, miR-125b, and miR-205 which, in turn,

 target HER2       and/or HER3 [145]. Thus, HDAC inhibitors represent

       putative targeting molecules. Moreover, entinostat has beenHER2

         found to enhance ef cacy of targeting small molecular tyro-fi HER2

        sine kinase inhibitor, lapatinib in overexpressing breast can-HER2

        cer cells. Lee and coworkers have propounded that entinostat
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        enhances the lapatinib ef cacy through Forkhead Box O3 (FOXO3)fi

     mediated bisindolylmaleimide-based protein kinase C inhibitor

        (Bim1) expression [146]. These studies indicate that HDAC in-

           hibitors can be a part of adjuvant therapeutics that can help to
      synergize the impact of anti agents.HER2

        On the basis of previous studies, HDAC inhibitors (vorinostat,
       entinostat and panobinostat) were taken to clinical evaluation.

       Vorinostat in combination with lapatinib showed antitumor ac-

         tivity and is tolerable in intensely pre-treated advanced solid tu-
         mors [147]. In phase 1/2 study (NCT00258349), a combination of

       vorinostat and trastuzumab was evaluated for treating patients
        with metastatic or locally recurrent positive metastatic breastHER2

          cancer and 22.22% of serious adverse events in phase 2 were

       recorded [148]. Vorinostat combined with trastuzumab failed to
        reverse the trastuzumab resistance in patients with positiveHER2

       metastatic or locally recurrent metastatic breast cancer [149]. A
       phase 1/2 clinical study (NCT0 0574587) is ongoing, evaluating

      vorinostat in combination with trastuzumab and chemotherapy
        against locally advanced positive breast cancerHER2 [150]. Enti-

         nostat in combination with lapatinib and trastuzumab is still under

        phase 1 evaluation (NCT01434303) for the treatment of locally
       recurrent or metastatic positive breast cancer patientsHER2

         initially treated with trastuzumab only [151]. A Phase 1/2 study
       (NCT00567879) that was planned to evaluate panobinostat and

        trastuzumab in positive metastatic breast cancer who pro-HER2

         gressed on or af ter trastuzumab, was terminated due to lacking
        clinical bene tfi [152]. A phase 1 trial (NCT00788931), evaluating

       panobinostat in combination with trastuzumab and paclitaxel in
        adult positive metastatic breast cancer has been completed,HER2

     but the data remains unpublished [153].

 3.3. ncRNAs/miRNAs

     miRNAs are induced upon trastuzumab/lapatinib treatment,
        mediate the antiproliferative effects of targeted agents and/orHER2

         act as biomarkers for sensitivity towards them. These include: mi-
      26a, miR-30b, miR-194, miR-16, miR-210, miRNA-450b-3p and

        miR-205 [107,130,154e15 7 ] . The roles of these miRNAs along with
        their respective targets and mechanisms (if known) have been

    summed up in (Table 4).

        Trastuzumab is an effective targeted therapy for positiveHER2

          breast cancer. Most of the patients develop resistance against it that

        represents the major drawback associated with this therapy [136].
        To avoid limitations of trastuzumab, lapatinib has been developed

          as the targeted agent. It is an approved small-moleculeHER2 HER2

        tyrosine kinase inhibitor. However, the issue of resistance devel-
         opment has emerged here, also [158]. miRNAs act through different

       mechanistic pathways and confer resistance to targetedHER2

       agents that have been tabulated in (Table 5).

        Resistance towards targeted therapy may occur due to various

         factors such as cross-talk with other receptors (HER1, HER3,HER2

          HER4 and IGF1R), masking of by CD4 4 and formation ofHER2

        spliced protein. PI3K/Akt pathway is the major pathwayHER2

       activated during this course of resistance development [136].

       To improve survival in patients receiving neoadjuvant chemo-
      therapy, pathological complete response (pCR) comprises an

           effective predictive marker. In a study carried out by Ohzawa et al.,

        40 positive breast cancer patients who underwent neo-HER2

       adjuvant chemotherapy with trastuzumab were sorted into pCR

       and non-pCR groups. Differential miRNA expression was observed
         between these pCR and non-pCR groups. Among the 40 patients

      analyzed, the downregulated miRNAs identi ed were: miR-106b-fi

     3p, miR-1180, miR-1238-5p, miR-142-5p, miR-150-5p, miR-181c-
     5p, miR-182-5p, miR-200a-5p, miR-218-5p, miR-3609, miR-362-

     5p, miR-3620-3p, miR-4418, miR-4506, miR-4657, miR-505-3p
       and miR-505-5p. Some miRNAs were also upregulated including

       miR-210, miR-31-3p, miR-449a and miR-449b-5p. Many of these

        miRNAs were found to be associated with carcinogenesis, prog-
       nostic features, outcome and chemoresistance in breast cancer

[162].

    4. Discussion and future perspectives

         In the past few years, overexpressing breast cancer hasHER2

 Table 3

           miRNAs acting as inhibitors of expression/signaling.HER2 Indicating the role of miRNAs.

  miRNA Role Reference

      miR-125a/b Suppression of /HER3 by targeting 3HER2 0        -UTR region of /HER3 mRNA, impairment of /HER3HER2 HER2

            mediated signaling involving inhibition of ERK1/2 pathway and Akt phosphorylation, inhibition of anchorage-

             dependent cell growth, reduction in cell migration and invasion in overexpressing SKBR3 cellsHER2

[123]

 miR-491-5p, miR-634,

  miR-637 and miR-342-5p

   Inhibition of HER2 [113]

  miR-552, miR-541, miR-193a-5p,

  miR-453, miR-134, miR-498

 and miR-331-3p

      Regulation of by directly targeting 3HER2 0      -UTR region of mRNAHER2 [113]

               miR-342-5p miRNA expression gets downregulated that is responsible for speci c inhibition of positive cancer cellfi HER2

growth

[113]

             miR-221 Regulates expression of cyclin-dependent kinase inhibitor 1B (CDKNIB/p27) and PTEN genes and promotes

    metastatic positive breast cancerHER2

[132,133]

              miR-34a miR-34a overexpression resulted in decreased expression, acts by targeting directly and hence,HER2 HER2

        inhibited breast cancer cell invasion and growth in vitro

[124]

             miR-199b-5p Directly targeted to hamper its expression, inhibited downstream signaling pathways (MAPK/Ras/HER2 HER2

             ERK1/2 and PI3K/Akt pathways) and further restrained clonogenicity and migration in positive breastHER2

 cancer cells

[125]

            miR-205-5p Highly expressed in breast cancer stem cells, cause repression of HER1/HER2 [126]

              miR-489 miR overexpression resulted in decreased levels and Akt activation. signi cantly reduced the tumorHER2 fi

     forming ability of positive cellsHER2

[127]

             miR-548d-3p and miR-559 Directly target by cooperatively regulating translational mRNA expressionHER2 HER2 [129]

              miR-125a Precursor hsa-miR-125a targets -UTR of mRNA. Variant rs12976445 (C/T and C/C) of hsa-miR-125aHER2

              sequence is associated with reduced levels of mature miR-125a and overexpression in breast tumorHER2

samples

[128]

        miR-450b-3p Inhibited HER3 mRNA expression by directly targeting 30         UTR of HER3 mRNA, hence causing impairment of HER

 family signaling

[130]

 miR-149, miR-148b,

  miR-326 and miR-520a-3p

          Caused HER3 downregulation and cell-signaling impairment, particularly affecting HRG-induced activation of

  the PI3K-Akt pathway

[131]
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          become a matter of concern since, 15 30% of breast cancers aree

        labelled as positive. Contributory factors in over-HER2 HER2

      expression mainly include gene ampli cation/polysomy 17.HER2 fi

           Alterations in gene as well as other genes have been wellHER2

          explored with an aim to unravel the mechanistic pathway of HER2

       overexpression. However the dominating role of epigenetics over

        genetics in cancer can't be neglected. Epigenetic alterations like

      aberrant DNA methylation patterns, histone modi cations andfi

      ncRNA/miRNAs have been associated with overexpression.HER2

        Hypermethylation of genes involved in cell signaling and hypo-
        methylation of transposable elements, have been found in HER2

      positive breast cancer. Histone modi cations including acetylation,fi

      phosphorylation and methylation regulate gene chromatin.HER2

      ncRNAs/miRNAs play signi cant role in epigenome management.fi

         These mainly regulate induced cell signaling and/or act asHER2

        prognostic markers in positive breast cancer. Since, epigeneticHER2

       alterations regulate signaling, these present themselves asHER2

       putative therapeutic markers. In addition epigenetic markers are
        also involved in modulation of response towards targeted therapy.

         In context of the role of epigenetic modi cations in cancer,fi

       therapeutic strategies against these markers have been developed.

        DNMT inhibitors (azacytidine and decitabine) are known to pro-

         duce synergistic effects in tumor cells when given along with
      traditional chemotherapeutic agents. However, their scope is

        limited to myelodysplastic syndrome. This may be attributed to
       the limitations like poor bioavailability, high toxicity associated

           with these agents [163]. This might be the reason for not exploring

         DNMT inhibitors in positive breast cancer. In that case,HER2

         siDNMTs may help to combat the effect of DNMTs. However,

        problems with administration of siDNMTs in humans may arise.
        So, appropriate agents targeting DNMTs need to be developed

        against positive breast cancer. Among the various histoneHER2

      modulations, histone deacetylation has been extensively devel-
         oped as therapeutic target in cancer through design and devel-

          opment of HDAC inhibitors. Much data has emerged in favour of
         the antitumor activity of these agents. As a consequence, these

        agents have reached the clinical evaluation. From the available

          clinical data, it is quite evident that these agents in combination
         with trastuzumab seem to be ineffective. The result of evaluation

        of these agents either as monotherapeutic agents or in

     combination with lapatinib/chemotherapy plus trastuzumab and/

       or lapatinib, is awaited. Clinical trials, NCT01118975 and

       NCT00777335 those were pre-planned to evaluate vorinostat plus
       lapatinib and panobinostat alone, respectively in positiveHER2

        breast cancer were terminated. The reasons behind the termina-
        tion of clinical studies, NCT01118975 and NCT0 0777335 were loss

        of sponsorship and low recruitment rate of patients, respectively

          [164, 165]. To establish the clinical status of these agents, these
   studies should be re-initiated.

        Till date, mainly HDAC inhibitors have remained under focus
         for development as agents against positive breast cancer. TheHER2

         development of HMT inhibitors remains to be instigated, yet. The

     indirect inhibition of histone methyltransferase, polycomb
         repressive complex (PRC) 2 member enhancer of zeste homolog 2

     (EZH2) S-adenosylhomocysteine (AdoHcy) hydrolase inhibitorvia

       (AHI) 3-deazaneplanocin A is well-documented. EZH2 is associ-

        ated with histone modulatory mark H3K27me3 which, in turn,

        correlates with positive breast cancer. In breast cancerHER2

        models, the synergistic interactions of AHIs with HDAC inhibition

         and targeted therapy, has also been reportedHER2 [16 6]. Hence,
          this study lays the foundation for the development of HMT in-

         hibitors for treatment of positive breast cancer. miRNAs haveHER2

          also been found to act as modulatory markers for the targeted
          therapy in positive breast cancer. Therefore, there is a needHER2

       for antisense oligonucleotides targeting miRNAs in positiveHER2

 breast cancer.

        Epigenetics represents an emerging arena that needs to be

        exploited for resolving mechanism of overexpression, as wellHER2

         as, for the management of treatment strategies in positiveHER2

 breast cancer.
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 Table 4

            miRNAs acting as biomarkers for sensitivity towards anti- agents.HER2 Representing respective mechanism involved.

  miRNA Role Reference

                 miR-26a Induced by trastuzumab causing arrest of G1 phase of cell-cycle in positive breast cancer cellsHER2 [154]

                miR-30b Induced by trastuzumab causing G1 arrest and induction of apoptosis in positive breast cancer cells,HER2

        reduces expression of cell-cycle regulatory gene, cyclin E2 (CCNE2)

[154]

                miR-194 Upon trastuzumab treatment mediates downregulation of cytoskeletal protein talin2 to exert cell migration inhibitory effects [155]

               miR-16 Mediates anti-proliferative effects of trastuzumab and lapatinib by targeting cyclin J and far upstream element-binding

  protein 1 (FUBP1)

[156]

     miR-210 Biomarker of trastuzumab sensitivity [107]

  miR-450b-3p Targets 3 0                -UTR of HER3 mRNA; inhibits clonogenic potential and increases sensitivity to trastuzumab in SKBR3 cells [130]

              miR-205 Inhibits the colonogenic potential and increases sensitivity to lapatinib by targeting HER3 and further,

   preventing PI3K/Akt pathway activation

[157]

 Table 5

             miRNAs acting as biomarkers for resistance towards anti- agents.HER2 Representation of respective mechanism involved.

  miRNA Role Reference

             miR-221 Confers resistance to trastuzumab by targeting phosphatase and tensin homologue (PTEN) gene [133]

           miR-375 Overexpression of miR-375 restored the sensitivity of cells to trastuzumab [133]

miR-520c-3p,

 miR-520-5p, miR-587-5p

            Caused reversal of trastuzumab resistance by signi cantly decreasing stem-cell marker, CD44 expressionfi [159]

            miR-21 Confers resistance to trastuzumab by targeting PTEN gene and triggering nuclear factor- kb (NF-kb  ) mediated

            signaling (through interleukin-6 (IL-6) and transcription factors activation) that further activates PI3K pathway

[160]

                miR-542-3p Knockdown results in the resistance to trastuzumab PI3-Akt pathway activation and decreased cell apoptosisvia [161]

             H. Singla et al. / European Journal of Medicinal Chemistry 142 (2017) 316 327e 323



References

            [1] Z. Zhou, D.G. Hick, ampli cation or overexpression in upper GI tractHER2 fi

           and breast cancer with clinical diagnosis and treatment, in: Y. Siregar (Ed.),
           Oncogene and Cancer - From Bench to Clinic, INTECH Open Access Publisher,

   2013, pp. 67 90, .e http://dx.doi.org/10.5772/53921
         [2] S.A. Eccles, The epidermal growth factor receptor/Erb-B/HER family in

           normal and malignant breast biology, Int. J. Dev. Biol. 55 (2011) 685 696e .
           [3] N. Iqbal, N. Iqbal, Human epidermal growth factor receptor 2 (HER2) i n

        cancers: overexpression and therapeutic implications, Mol. Biol. Int. 2014
  (2014) 1 9, .e http://dx.doi.org/10.1155/2014/852748

           [4] P.J. Brennan, T. Kumogai, A. Berezov, R. Murali, M.I. Greene, /neu:HER2
     mechanisms of dimerization/oligomerization, Oncogene 19 (2000)

6093 6101e .
             [5] J.W. Park, R.M. Neve, J. Szollosi, C.C. Benz, Unraveling the biologic and clinical

        complexities of , Clin. Breast Cancer 8 (2008) 392 401HER2 e .
               [6] W. Tai, R. Mahato, K. Cheng, The role of in cancer therapy and targetedHER2

       drug delivery, J. Control. Release 146 (2010) 264 275e .
              [7] T. Sasaki, N. Fuse, T. Kuwata, S. Nomura, K. Kaneko, T. Doi, T. Yoshino,

             H. Asano, A. Ochiai, Y. Komatsu, Serum levels and status in tumorHER2 HER2
            cells in advanced gastric cancer patients, Jpn. J. Clin. Oncol. 45 (2015) 43 48e .

          [8] M.M. Moasser, The oncogene : its signaling and transforming functionsHER2
          and its role in human cancer pathogenesis, Oncogene 26 (2007) 6469 6487e .

          [9] C. Gutierrez, R. Schiff, : biology, detection, and clinical implications,HER2
      Arch. Pathol. Lab. Med. 135 (2011) 55 62e .

            [10] W.M. Hanna, J. Rüschoff, M. Bilous, R.A. Coudry, M. Dowsett, R.Y. Osamura,
            F. Penault-Llorca, M. Van De Vijver, G. Viale, in situ hybridization inHER2

         breast cancer: clinical implications of polysomy 17 and genetic heteroge-
     neity, Mod. Pathol. 27 (2014) 4 18e .

              [11] H. Singla, S. Kalra, P. Kheterpal, V. Kumar, A. Munshi, Role of genomic al-
         terations in positive breast carcinoma: focus on susceptibility andHER2

       trastuzumab-therapy, Curr. Cancer Drug Targets 17 (2017) 344 356e .
          [12] J.S. Ross, E.A. Slodkowska, W.F. Symmans, L. Pusztai, P.M. Ravdin,

           G.N. Hortobagyi, The HER-2 receptor and breast cancer: ten years of targeted
anti        eHER-2 therapy and personalized medicine, Oncologist 14 (2009)

320 368e .
          [13] P.-K. Lo, S. Sukumar, Epigenomics and breast cancer, Pharmacogenomics 9

  (2008) 1879 1902, .e http://dx.doi.org/10.2217/14622416.9.12.1879
              [14] M. Duffy, R. Napieralski, J. Martens, P. Span, F. Spyratos, F. Sweep, N. Brunner,

           J. Foekens, M. Schmitt, Methylated genes as new cancer biomarkers, Eur. J.
    Cancer 45 (2009) 335 346e .

          [15] A. Munshi, S. Krupanidhi, Y.R. Ahuja, Epigenome: genomic response to
         environmental eccentricities, in: D. Barh, V. Zambare, V. Azevedo (Eds.),

       OMICS: Applications in Biomedical, Agricultural, and Environmental Sci-
     ences, CRC Press, 2013, pp. 43 63e .

            [16] P.A. Jones, Functions of DNA methylation: islands, start sites, gene bodies and

      beyond, Nat. Rev. Genet. 13 (2012) 484 492e .
             [17] T.N. Hasan, G. Sha , B.L. Grace, J. Tegner, A. Munshi, DNA methylation: anfi

          epigenetic marker of breast cancer in uenced by nutrients acting as anfl 

       environmental factor, in: Noninvasive Molecular Markers in Gynecologic
     Cancers, CRC Press, 2015, pp. 191 210e .

            [18] H. Fiegl, S. Millinger, G. Goebel, E. Müller-Holzner, C. Marth, P.W. Laird,
         M. Widschwendter, Breast cancer DNA methylation pro les in cancer cellsfi

         and tumor stroma: association with HER-2/neu status in primary breast
     cancer, Cancer Res. 66 (2006) 29 33e .

            [19] J.D. Roll, A.G. Rivenbark, R. Sandhu, J.S. Parker, W.D. Jones, L.A. Carey,
         C.A. Livasy, W.B. Coleman, Dysregulation of the epigenome in triple-negative

        breast cancers: basal-like and claudin-low breast cancers express aberrant

       DNA hypermethylation, Exp. Mol. Pathol. 95 (2013) 276 287e .
          [20] O.A. Stefansson, J.G. Jonasson, K. Olafsdottir, H. Hilmarsdottir, G. Olafsdottir,

         M. Esteller, O.T. Johannsson, J.E. Eyfjord, CpG island hypermethylation of
          BRCA1 and loss of pRb as co-occurring events in basal/triple-negative breast

    cancer, Epigenetics 6 (2011) 638 649e .
              [21] R. Barbano, L.A. Muscarella, B. Pasculli, V.M. Valori, A. Fontana, M. Coco, A. La

          Torre, T. Balsamo, M.L. Poeta, G.F. Marangi, Aberrant Keap1 methylation in
        breast cancer and association with clinicopathological features, Epigenetics 8

 (2013) 105 112e .
          [22] K. Terada, E. Okochi-Takada, S. Akashi-Tanaka, K. Miyamoto, K. Taniyama,

          H. Tsuda, K. Asada, M. Kaminishi, T. Ushijima, Association between frequent
         CpG island methylation and ampli cation in human breast cancers,HER2 fi

   Carcinogenesis 30 (2009) 466 471e .
           [23] M. Esteller, J.G. Herman, Cancer as an epigenetic disease: DNA methylation

          and chromatin alterations in human tumours, J. Pathol. 196 (2002) 1 7e .
            [24] P.A. Jones, S.B. Baylin, The fundamental role of epigenetic events in cancer,

     Nat. Rev. Genet. 3 (2002) 415 428e .
              [25] L. Liu, K. Suzuki, N. Nakagata, K. Mihara, D. Matsumaru, Y. Ogino, K. Yashiro,

          H. Hamada, Z. Liu, S.M. Evans, Retinoic acid signaling regulates Sonic
        hedgehog and bone morphogenetic protein signalings during genital tu-

          bercle development, Birth Defects Res. B Dev. Reprod. Toxicol. 95 (2012)
79 88e .

           [26] H. Donninger, M.L. Schmidt, J. Mezzanotte, T. Barnoud, G.J. Clark, Ras
          signaling through RASSF proteins, Semin. Cell Dev. Biol. 58 (2016) 86 95e .

             [27] J. Mezzanotte, G. Clark, Ras and RASSF effector proteins, in: A.S. Azmi (Ed.),
         Conquering RAS: From Biology to Cancer Therapy, Academic Press, 2016,

 pp. 3 23e .
            [28] J. Sierra, T. Yoshida, C.A. Joazeiro, K.A. Jones, The APC tumor suppressor

counteracts b         -catenin activation and H3K4 methylation at Wnt target genes,
    Genes Dev. 20 (2006) 586 600e .

            [29] J. Kwong, L.S.N. Chow, A.Y.H. Wong, W.K. Hung, G.T.Y. Chung, K.F. To,
           F.L. Chan, Y. Daigo, Y. Nakamura, D.P. Huang, Epigenetic inactivation of the

          deleted in lung and esophageal cancer 1 gene in nasopharyngeal carcinoma,
     Genes Chromosom. Cancer 46 (2007) 171 180e .

        [30] T.D. Prickett, Y. Samuels, Molecular pathways: dysregulated glutamatergic
         signaling pathways in cancer, Clin. Cancer Res. 18 (2012) 4240 4246e .

              [31] K. Mohankumar, X. Xu, T. Zhu, N. Kannan, L. Miller, E. Liu, P. Gluckman,
         S. Sukumar, B. Emerald, P. Lobie, HOXA1-stimulated oncogenicity is medi-

          ated by selective upregulation of components of the p44/42 MAP kinase
        pathway in human mammary carcinoma cells, Oncogene 26 (2007)

3998 4008e .
              [32] B. De Kumar, R. Krumlauf, HOXs and lincRNAs: two sides of the same coin,

     Sci. Adv. 2 (2016) e1501402, .http://dx.doi.org/10.1126/sciadv.1501402
           [33] M.C. Chu, F.B. Selam, H.S. Taylor, HOXA10 regulates p53 expression and

           matrigel invasion in human breast cancer cells, Cancer Biol. Ther. 3 (2004)
568 572e .

              [34] X.-P. Cui, C.-K. Qin, Z.-H. Zhang, Z.-X. Su, X. Liu, S.-K. Wang, X.-S. Tian,
        HOXA10 promotes cell invasion and MMP-3 expression via TGFb2-mediated

            activation of the p38 MAPK pathway in pancreatic cancer cells, Dig. Dis. Sci.
  59 (2014) 1442 1451e .

             [35] M.M. Chitnis, J.S. Yuen, A.S. Protheroe, M. Pollak, V.M. Macaulay, The type 1
         insulin-like growth factor receptor pathway, Clin. Cancer Res. 14 (2008)

6364 6370e .
        [36] J. Riley, Binding Interactions of the Mannose 6-phosphate/Insulin-like

      Growth Factor 2 Receptor Subdomains, 2015. http://digitalcommons.
    unomaha.edu. (Accessed 3 March 2017).

                  [37] J. Fu, H. Lv, H. Guan, X. Ma, M. Ji, N. He, B. Shi, P. Hou, Metallothionein 1G
          functions as a tumor suppressor in thyroid cancer through modulating the

        PI3K/Akt signaling pathway, BMC Cancer 13 (2013) 462, http://dx.doi.org/
10.1186/1471-2407-13-462.

           [38] Y. Zhang, Q. Lu, X. Cai, MicroRNA-106a induces multidrug resistance in
         gastric cancer by targeting RUNX3, FEBS Lett. 587 (2013) 3069 3075e .

                [39] Y. Yu, D. Yin, M.O. Hoque, B. Cao, Y. Jia, Y. Yang, M. Guo, AKT signaling
          pathway activated by HIN-1 methylation in non-small cell lung cancer, Tu-

    mor Biol. 33 (2012) 307 314e .

            [40] P.-K. Lo, J. Mehrotra, A. D'Costa, M.J. Fackler, E. Garrett-Mayer, P. Argani,
         S. Sukumar, Epigenetic suppression of secreted frizzled related protein 1

          (SFRP1) expression in human breast cancer, Cancer Biol. Ther. 5 (2006)
281 286e .

            [41] Y. Kawano, S. Diez, P. Uysal-Onganer, R. Darrington, J. Waxman, R. Kypta,
         Secreted Frizzled-related protein-1 is a negative regulator of androgen re-

          ceptor activity in prostate cancer, Br. J. Cancer 100 (2009) 1165 1174e .

            [42] C.E. Ford, E. Jary, S.S.Q. Ma, S. Nixdorf, V.A. Heinzelmann-Schwarz, R.L. Ward,
         The Wnt gatekeeper SFRP4 modulates EMT, cell migration and downstream

           Wnt signalling in serous ovarian cancer cells, PLoS One 8 (2013) e54362,
http://dx.doi.org/10.1371/journal.pone.0054362.

              [43] S.M. Lee, J.Y. Park, D.S. Kim, Methylation of TMEFF2 gene in tissue and serum

           DNA from patients with non-small cell lung cancer, Mol. Cells 34 (2012)
171 176e .

              [44] M. Negrini, E. Miotto, S. Sabbioni, R. Cardin, M. Rugge, C. Tieppo, M. Piciocchi,
          G. Maddalo, D. Nitti, F. Farinati, MINT31 methylation in gastric noninvasive

           neoplasia: potential role in the secondary prevention of gastric cancer, Eur. J.
    Cancer Prev. 21 (2012) 442 448e .

              [45] A.K. Bosserhoff, L. Ellmann, A.S. Quast, J. Eberle, G.M. Boyle, S. Kuphal, Loss of

        T-cadherin (CDH-13) regulates AKT signaling and desensitizes cells to
       apoptosis in melanoma, Mol. Carcinog. 53 (2014) 635 647e .

                [46] S. Kohsaka, N. Shukla, N. Ameur, T. Ito, C.K. Ng, L. Wang, D. Lim, A. Marchetti,
           A. Viale, M. Pirun, A recurrent neomorphic mutation in MYOD1 de nes afi

      clinically aggressive subset of embryonal rhabdomyosarcoma associated

        with PI3K-AKT pathway mutations, Nat. Genet. 46 (2014) 595 600e .
             [47] A. Oliveira, F. Oliveira Rodrigues, R. Dos Santos, R. Rozenowicz, M. Barbosa de

          Melo, GSTT1, GSTM1, and GSTP1 polymorphisms as a prognostic factor in
        women with breast cancer, Genet. Mol. Res. (2014). http://repositorio.

    unicamp.br/jspui/handle/REPOSIP/201149. (Accessed 2 March 2017).
             [48] M. Gabrielson, E. Reizer, O. Stål, E. Tina, Mitochondrial regulation of cell cycle

        progression through SLC25A43, Biochem. Biophys. Res. Commun. 469 (2016)
1090 1096e .

          [49] M.I. Kokkinos, R. Wafai, M.K. Wong, D.F. Newgreen, E.W. Thompson,
       M. Waltham, Vimentin and epithelial-mesenchymal transition in human

          breast cancer observations in vitro and in vivo, Cells Tissues Organs 185e

 (2007) 191 203e .

                    [50] H. Dong, L. Ma, J. Gan, W. Lin, C. Chen, Z. Yao, L. Du, L. Zheng, C. Ke, X. Huang,
      PTPRO represses ERBB2-driven breast oncogenesis by dephosphorylation

        and endosomal internalization of ERBB2, Oncogene 36 (2017) 410 422e .
            [51] S. Lecat, L. Belemnaba, J.-L. Galzi, B. Bucher, Neuropeptide Y receptor medi-

           ates activation of ERK1/2 via transactivation of the IGF receptor, Cell Signal.
  27 (2015) 1297 1304e .

              [52] J. Li, Y. Tian, A. Wu, Neuropeptide Y receptors: a promising target for cancer
       imaging and therapy, Reg. Biomat 2 (2015) 215 219e .

            [53] J. Salotti, M.H. Dias, M.M. Koga, H.A. Armelin, Fibroblast growth factor 2
           causes G2/M cell cycle arrest in ras-driven tumor cells through a Src-

            H. Singla et al. / European Journal of Medicinal Chemistry 142 (2017) 316 327e324



       dependent pathway, PLoS One 8 (2013) e72582, http://dx.doi.org/10.1371/
journal.pone.0072582.

              [54] A. Vijaya Kumar, E. Salem Gassar, D. Spillmann, C. Stock, Y.P. Sen, T. Zhang,
         T.H. Kuppevelt, C. Hülsewig, E.O. Koszlowski, M.S. Pavao, HS3ST2 modulates

        breast cancer cell invasiveness via MAP kinase-and Tcf4 (Tcf7l2)-dependent
          regulation of protease and cadherin expression, Int. J. Cancer 135 (2014)

2579 2592e .
          [55] C.D. Johnson, A. Esquela-Kerscher, G. Stefani, M. Byrom, K. Kelnar,

           D. Ovcharenko, M. Wilson, X. Wang, J. Shelton, J. Shingara, The let-7
        microRNA represses cell proliferation pathways in human cells, Cancer

   Res. 67 (2007) 7713 7722e .
              [56] K. Sokolowski, T. Tran, S. Esumi, Y. Kamal, L. Oboti, J. Lischinsky, M. Goodrich,

           A. Lam, M. Carter, Y. Nakagawa, Molecular and behavioral pro ling of Dbx1-fi

        derived neurons in the arcuate, lateral and ventromedial hypothalamic
      nuclei, Neural Dev. 11 (2016) 12, http://dx.doi.org/10.1186/s13064-016-

0067-9.

                [57] Q. Zhu, X. Zhao, K. Zheng, H. Li, H. Huang, Z. Zhang, T. Mastracci, M. Wegner,
             Y. Chen, L. Sussel, Genetic evidence that Nkx2. 2 and Pdgfra are major de-

         terminants of the timing of oligodendrocyte differentiation in the developing
    CNS, Development 141 (2014) 548 555e .

                [58] M. Hauser, M. Ulmer, Y. Liu, E. Davis, N. Katsanis, Y. Liu, L. Pasquale, J. Wiggs,
          A. Ashley-Koch, R.R. Allingham, The role of SIX6 in primary open-angle

        glaucoma, Invest. Ophthalmol. Vis. Sci. 54 (2013) 4501, 4501 .
             [59] Y.R. Chin, T. Yoshida, A. Marusyk, A.H. Beck, K. Polyak, A. Toker, Targeting

         Akt3 signaling in triple-negative breast cancer, Cancer Res. 74 (2014)
964 973e .

            [60] F.J. Carmona, F. Montemurro, S. Kannan, V. Rossi, C. Verma, J. Baselga,
        M. Scaltriti, AKT signaling in ERBB2-ampli ed breast cancer, Pharmacol.fi

   Ther. 158 (2016) 63 70e .
              [61] Y. Gao, D. Xu, G. Yu, J. Liang, Overexpression of metabolic markers HK1 and

         PKM2 contributes to lymphatic metastasis and adverse prognosis in Chinese
         gastric cancer, Int. J. Clin. Exp. Pathol. 8 (2015) 9264 9271e .

               [62] J.-S. Moon, H.E. Kim, E. Koh, S.H. Park, W.-J. Jin, B.-W. Park, S.W. Park, K.-
            S. Kim, Krüppel-like factor 4 (KLF4) activates the transcription of the gene for

          the platelet isoform of phosphofructokinase (PFKP) in breast cancer, J. Biol.
   Chem. 286 (2011) 23808 23816 e .

            [63] K.A. Reddy, P.U. Kumar, M. Srinivasulu, B. Triveni, K. Sharada, A. Ismail,
         G.B. Reddy, Overexpression and enhanced speci c activity of aldoketo re-fi

          ductases (AKR1B1 AKR1B10) in human breast cancers, Breast 31 (2017)&

137 143e .

  [64] C. L�         epinoux-Chambaud, J. Eyer, Review on intermediate laments of thefi

         nervous system and their pathological alterations, Histochem. Cell Biol. 140
 (2013) 13 22e .

               [65] M. Tsuji, M. Morishima, K. Shimizu, T. Kume, J. Tamaoki, T. Ezaki, The role of
            Foxc2 gene in lung development, Eur. Respir. J. 44 (Suppl 58) (2014) P829 .

           [66] O.A. Gioeva, A.A. Kolodkina, E.V. Vasilyev, V.M. Petrov, A.N. Tiulpakov, He-

            reditary variant of diabetes mellitus caused by a defect of the NEUROD1 gene
          (MODY6): the rst description in Russia, Probl. Endokrinol. 62 (2016) 16fi e20.

    http://endojournals.ru/index.php/probl/index. (Accessed 4 March 2017).
               [67] L. Li, C. Liu, R.J. Amato, J.T. Chang, G. Du, W. Li, CDKL2 promotes epithelial-

       mesenchymal transition and breast cancer progression, Oncotarget 5

 (2014) 10840 10853e .
         [68] M.L. Slattery, A. Lundgreen, K.L. Bondurant, R.K. Wolff, Interferon-signaling

         pathway: associations with colon and rectal cancer risk and subsequent
    survival, Carcinogenesis 32 (2011) 1660 1667e .

            [69] H. Mohammadpour, A.A. Pourfathollah, M.N. Zarif, S. Khalili, Key role of Dkk3
          protein in inhibition of cancer cell proliferation: an in silico identi cation,fi

     J. Theor. Biol. 393 (2016) 98 104e .

                    [70] W. Ruan, E. Xu, F. Xu, Y. Ma, H. Deng, Q. Huang, B. Lv, H. Hu, J. Lin, J. Cui,
         IGFBP7 plays a potential tumor suppressor role in colorectal carcinogenesis,

     Cancer Biol. Ther. 6 (2007) 354 359e .
            [71] T.C. Benatar, Y. Amemiya, V. Evdokimova, W. Yang, A. Seth, N-and C-terminal

        peptides of the tumor suppressor protein IGFBP7 differentially induce

            growth arrest or senescence in breast cancer cells, AACR, Clin. Cancer Res. 74
   (19 Suppl) (2014), .http://dx.doi.org/10.1158/1538 7445.AM2014-2249e

        [72] S. Bianco, M. Jangal, D. Garneau, N. G�     evry, LRH-1 controls proliferation in
         breast tumor cells by regulating CDKN1A gene expression, Oncogene 34

  (2015) 4509 4518, .e http://dx.doi.org/10.1038/onc.2014.382
            [73] C. Ade, A.M. Roy-Engel, P.L. Deininger, Alu elements: an intrinsic source of

        human genome instability, Curr. Opin. Virol. 3 (2013) 639 645e .
        [74] N. Kitkumthorn, A. Mutirangura, Long interspersed nuclear element-1

        hypomethylation in cancer: biology and clinical applications, Clin. Epigenet
  2 (2011) 315 330e .

            [75] M. Shinozaki, D.S. Hoon, A.E. Giuliano, N.M. Hansen, H.-J. Wang, R. Turner,
         B. Taback, Distinct hypermethylation pro le of primary breast cancer isfi

          associated with sentinel lymph node metastasis, Clin. Cancer Res. 11 (2005)
2156 2162e .

                 [76] S.Y. Park, H.J. Kwon, Y. Choi, H.E. Lee, S.-W. Kim, J.H. Kim, I.A. Kim, N. Jung, N.-
           Y. Cho, G.H. Kang, Distinct patterns of promoter CpG island methylation of

         breast cancer subtypes are associated with stem cell phenotypes, Mod.
   Pathol. 25 (2012) 185 196e .

             [77] A. Van Hoesel, Y. Sato, D. Elashoff, R. Turner, A. Giuliano, J. Shamonki,
            P. Kuppen, C. Van De Velde, D. Hoon, Assessment of DNA methylation status

           in early stages of breast cancer development, Br. J. Cancer 108 (2013)
2033 2038e .

           [78] B.M. Lindqvist, S.A. Farkas, S. Wingren, T.K. Nilsson, DNA methylation pattern
          of the SLC25A43 gene in breast cancer, Epigenetics 7 (2012) 300 306e .

                [79] Y.-T. Huang, F.-F. Li, C. Ke, Z. Li, Z.-T. Li, X.-F. Zou, X.-X. Zheng, Y.-P. Chen,
          H. Zhang, PTPRO promoter methylation is predictive of poorer outcome for

        HER2-positive breast cancer: indication for personalized therapy, J. Transl.
    Med. 11 (2013) 245, .http://dx.doi.org/10.1186/1479-5876-11-245

            [80] J.-M. Pang, A. Chand, K. Knower, E. Takano, D. Byrne, E. Sprenkeler,
             R. Molania, E. Millar, S. Lee, S. O'Toole, in: Amer. Assoc. Cancer Res. 106th

          Annual Meeting 2015; April 18-22, 2015, vol. 75, Cancer Res., Philadelphia,
    PA, 2015, (15 Suppl).http://dx.doi.org/10.1158/1538-7445.AM2015-2962

  Abstract no. 2962.
              [81] J. Ulirsch, C. Fan, G. Kna , M.J. Wu, B. Coleman, C.M. Perou, T. Swift-Scanlan,fl

         Vimentin DNA methylation predicts survival in breast cancer, Breast Cancer
    Res. Treat. 137 (2013) 383 396e .

            [82] N.G. Bediaga, A. Acha-Sagredo, I. Guerra, A. Viguri, C. Albaina, I.R. Diaz,
          R. Rezola, M.J. Alberdi, J. Dopazo, D. Montaner, DNA methylation epi-

          genotypes in breast cancer molecular subtypes, Breast Cancer Res. 12 (2010)
 R77, .http://dx.doi.org/10.1186/bcr2721

           [83] B.M. Lindqvist, S. Wingren, P.B. Motlagh, T.K. Nilsson, Whole genome DNA
        methylation signature of -positive breast cancer, Epigenetics 9 (2014)HER2

1149 1162e .
           [84] T. Yamaguchi, H. Mukai, S. Yamashita, S. Fujii, T. Ushijima, Comprehensive

        DNA methylation and extensive mutation analyses of -positive breastHER2
    cancer, Oncology 88 (2015) 377 384e .

                [85] S.Y. Park, A.N. Seo, H.Y. Jung, J.M. Gwak, N. Jung, N.-Y. Cho, G.H. Kang, Alu and
         LINE-1 hypomethylation is associated with enriched subtype of breastHER2

      cancer, PLoS One 9 (2014) e100429, http://dx.doi.org/10.1371/
journal.pone.0100429.

              [86] W. Yue, Q. Sun, S. Dacic, R.J. Landreneau, J.M. Siegfried, J. Yu, L. Zhang,
   Downregulation of Dkk3 activates b     -catenin/TCF-4 signaling in lung cancer,

   Carcinogenesis 29 (2008) 84 92e .
           [87] R. Kanwal, S. Gupta, Epigenetic modi cations in cancer, Clin. Genet. 81fi

 (2012) 303 311e .
            [88] A. Munshi, G. Sha , N. Aliya, A. Jyothy, Histone modi cations dictate speci cfi fi fi

       biological readouts, J. Genet. Genomics 36 (2009) 75 88e .
          [89] M.A. Dawson, T. Kouzarides, Cancer epigenetics: from mechanism to therapy,

   Cell 150 (2012) 12 27e .
          [90] S.K. Mishra, M. Mandal, A. Mazumdar, R. Kumar, Dynamic chromatin

           remodeling on the promoter in human breast cancer cells, FEBS Lett.HER2

  507 (2001) 88 94e .
              [91] F. Falahi, C. Huisman, H.G. Kazemier, P. van der Vlies, K. Kok, G.A. Hospers,

          M.G. Rots, Towards sustained silencing of /neu in cancer by epigeneticHER2
      editing, Mol. Cancer Res. 11 (2013) 1029 1039e .

           [92] S.K. Mungamuri, W. Murk, L. Grumolato, E. Bernstein, S.A. Aaronson, Chro-
       matin modi cations sequentially enhance ErbB2 expression in ErbB2-fi

       positive breast cancers, Cell Rep. 5 (2013) 302 313e .

                   [93] Y. Li, S. Li, J. Chen, T. Shao, C. Jiang, Y. Wang, H. Chen, J. Xu, X. Li, Comparative
        epigenetic analyses reveal distinct patterns of oncogenic pathways activation

         in breast cancer subtypes, Hum. Mol. Genet. 23 (2014) 5378 5393e .
            [94] L.M. Bender, R. Nahta, cross talk and therapeutic resistance in breastHer2

     cancer, Front. Biosci. 13 (2008) 3906 3912e .

          [95] M. Mann, V. Cortez, R.K. Vadlamudi, Epigenetics of estrogen receptor
          signaling: role in hormonal cancer progression and therapy, Cancers 3 (2011)

1691 1707e .
              [96] M.B. Davis, X. Liu, S. Wang, J. Reeves, A. Khramtsov, D. Huo, O.I. Olopade,

        Expression and sub-cellular localization of an epigenetic regulator, co-
        activator arginine methyltransferase 1 (CARM1), is associated with speci cfi

          breast cancer subtypes and ethnicity, Mol. Cancer 12 (2013) 40, http://

dx.doi.org/10.1186/1476-4598-12-40.
             [97] M. Ha, V.N. Kim, Regulation of microRNA biogenesis, Nat. Rev. Mol. Cell Biol.

  15 (2014) 509 524e .
            [98] C. Blenkiron, L.D. Goldstein, N.P. Thorne, I. Spiteri, S.-F. Chin, M.J. Dunning,

        N.L. Barbosa-Morais, A.E. Teschendorff, A.R. Green, I.O. Ellis, MicroRNA

      expression pro ling of human breast cancer identifi fi     es new markers of tumor
      subtype, Genome Biol. 8 (2007) R214, http://dx.doi.org/10.1186/gb-2007-8-

10-r214.
            [99] A.J. Lowery, N. Miller, A. Devaney, R.E. McNeill, P.A. Davoren, C. Lemetre,

           V. Benes, S. Schmidt, J. Blake, G. Ball, MicroRNA signatures predict oestrogen
        receptor, progesterone receptor and /neu receptor status in breastHER2

       cancer, Breast Cancer Res. 11 (2009) R27, .http://dx.doi.org/10.1186/bcr2257
             [100] H. Tashkandi, N. Shah, Y. Patel, H. Chen, Identi cation of new miRNA bio-fi

        markers associated with -positive breast cancers, Oncoscience 2 (2015)HER2
924 929e .

                [101] X. Wu, G. Somlo, Y. Yu, M.R. Palomares, A.X. Li, W. Zhou, A. Chow, Y. Yen,
           J.J. Rossi, H. Gao, De novo sequencing of circulating miRNAs identi es novelfi

        markers predicting clinical outcome of locally advanced breast cancer,
      J. Transl. Med. 10 (2012) 42, .http://dx.doi.org/10.1186/1479-5876-10-42

             [102] J.A. Lee, H.Y. Lee, E.S. Lee, I. Kim, J.W. Bae, Prognostic implications of
        microRNA-21 overexpression in invasive ductal carcinomas of the breast,

     J. Breast Cancer 14 (2011) 269 275e .
              [103] S. Anfossi, A. Giordano, H. Gao, E.N. Cohen, S. Tin, Q. Wu, R.J. Garza,

           B.G. Debeb, R.H. Alvarez, V. Valero, High serum miR-19a levels are associated
         with in ammatory breast cancer and are predictive of favorable clinicalfl

        outcome in patients with metastatic in ammatory breast cancer,HER2þ fl

     PLoS One 9 (2014) e83113, .http://dx.doi.org/10.1371/journal.pone.0083113

             H. Singla et al. / European Journal of Medicinal Chemistry 142 (2017) 316 327e 325



                [104] C. Song, X. Wu, F. Fu, Z. Han, C. Wang, Z. Shao, Correlation of miR-155 on
        formalin- xed paraf n embedded tissues with invasiveness and prognosis offi fi

            breast cancer, Zhonghua wai ke za zhi [Chinese Journal of Surgery] 50 (2012)
1011 1014e .

             [105] F.J. Nassar, M. El Sabban, N.K. Zgheib, A. Tfayli, F. Boulos, M. Jabbour,
           R. Talhouk, A. Bazarbachi, G.A. Calin, R. Nasr, miRNA as potential biomarkers

            of breast cancer in the Lebanese population and in young women: a pilot
      study, PLoS One 9 (2014) e107566, http://dx.doi.org/10.1371/

journal.pone.0107566.
              [106] H. Persson, A. Kvist, N. Rego, J. Staaf, J. Vallon-Christersson, L. Luts, N. Loman,

           G. Jonsson, H. Naya, M. Hoglund, Identi cation of new microRNAs in pairedfi

           normal and tumor breast tissue suggests a dual role for the ERBB2/Her2
     gene, Cancer Res. 71 (2011) 78 86e .

               [107] E.J. Jung, L. Santarpia, J. Kim, F.J. Esteva, E. Moretti, A.U. Buzdar, A. Di Leo,
           X.F. Le, R.C. Bast, S.T. Park, Plasma microRNA 210 levels correlate with

         sensitivity to trastuzumab and tumor presence in breast cancer patients,

   Cancer 118 (2012) 2603 2614e .
              [108] M.D. Mattie, C.C. Benz, J. Bowers, K. Sensinger, L. Wong, G.K. Scott, V. Fedele,

        D. Ginzinger, R. Getts, C. Haqq, Optimized high-throughput microRNA
        expression pro ling provides novel biomarker assessment of clinical pros-fi

          tate and breast cancer biopsies, Mol. Cancer 5 (2006) 24, http://dx.doi.org/
10.1186/1476-4598-5-24.

 [109] M.
�

     A. Castilla, J. Díaz-Martín, D. Sarri�   o, L. Romero-P�  erez, M.
�

 A. L�opez-García,
          B. Vieites, M. Biscuola, S. Ramiro-Fuentes, C.M. Isacke, J. Palacios, MicroRNA-

          200 family modulation in distinct breast cancer phenotypes, PLoS One 7
  (2012) e47709, .http://dx.doi.org/10.1371/journal.pone.0047709

                  [110] E. Wee, K. Peters, S. Nair, T. Hulf, S. Stein, S. Wagner, P. Bailey, S. Lee, W. Qu,
         B. Brewster, Mapping the regulatory sequences controlling 93 breast cancer-

          associated miRNA genes leads to the identi cation of two functional pro-fi

          moters of the Hsa-mir-200b cluster, methylation of which is associated with
         metastasis or hormone receptor status in advanced breast cancer, Oncogene

  31 (2012) 4182 4195e .
            [111] M. Ferracin, C. Bassi, M. Pedriali, S. Pagotto, L. D'Abundo, B. Zagatti,

          S. Volpato, P. Querzoli, M. Negrini, miR-125b targets erythropoietin and its

        receptor and their expression correlates with metastatic potential and
       ERBB2/ expression, Cancer Res. 74 (2014) 4785, 4785HER2 .

          [112] S.T. Bailey, T. Westerling, M. Brown, Loss of estrogen-regulated microRNA
          expression increases signaling and is prognostic of poor outcome inHER2

       luminal breast cancer, Cancer Res. 75 (2015) 436 445e .
      [113] S.-K. Leivonen, K.K. Sahlberg, R. M€a k e l€      a, E.U. Due, O. Kallioniemi, A.-

   L. Børresen-Dale, M. Per €a l€     a, High-throughput screens identify microRNAs
 essential for          HER2 positive breast cancer cell growth, Mol. Oncol. 8 (2014)

93 104e .
            [114] C.P. Bracken, P.A. Gregory, N. Kolesnikoff, A.G. Bert, J. Wang, M.F. Shannon,

         G.J. Goodall, A double-negative feedback loop between ZEB1-SIP1 and the
     microRNA-200 family regulates epithelial-mesenchymal transition, Cancer

   Res. 68 (2008) 7846 7854e .
          [115] R. Kalluri, EMT: when epithelial cells decide to become mesenchymal-like

      cells, J. Clin. Invest. 119 (2009) 1417 1419e .
        [116] D.S. Micalizzi, S.M. Farabaugh, H.L. Ford, Epithelial-mesenchymal transition

        in cancer: parallels between normal development and tumor progression,

       J. Mammary Gland. Biol. Neoplasia. 15 (2010) 117 134e .
          [117] G. Bottai, L. Diao, K.A. Baggerly, L. Paladini, B. Gy}     orffy, C. Raschioni, L. Pusztai,

       G.A. Calin, L. Santarpia, Integrated MicroRNA mRNA pro ling identi ese fi fi

       oncostatin M as a marker of mesenchymal-like ER-negative/ -negativeHER2
         breast cancer, Int. J. Mol. Sci. 18 (2017) 194, http://dx.doi.org/10.3390/

ijms18010194.
           [118] K. Sossey-Alaoui, K. Bialkowska, E.F. Plow, The miR200 family of microRNAs

         regulates WAVE3-dependent cancer cell invasion, J. Biol. Chem. 284 (2009)
33019 33029e .

            [119] V. Davalos, C. Moutinho, A. Villanueva, R. Boque, P. Silva, F. Carneiro,
        M. Esteller, Dynamic epigenetic regulation of the microRNA-200 family

       mediates epithelial and mesenchymal transitions in human tumorigenesis,

   Oncogene 31 (2012) 2062 2074 e .
           [120] C. Gutierrez, R. Schiff, HER 2: biology, detection, and clinical implications,

      Arch. Pathol. Lab. Med. 135 (2011) 55 62e .
               [121] X. Su, G.G. Malouf, Y. Chen, J. Zhang, H. Yao, V. Valero, J.N. Weinstein, J.-

          P. Spano, F. Meric-Bernstam, D. Khayat, Comprehensive analysis of long non-
          coding RNAs in human breast cancer clinical subtypes, Oncotarget 5 (2014)

9864 9876e .
            [122] M.J. Milevskiy, F. Al-Ejeh, J.M. Saunus, K.S. Northwood, P.J. Bailey, J.A. Betts,

           A.E.M. Reed, K.P. Nephew, A. Stone, J.M. Gee, Long-range regulators of the
          lncRNA HOTAIR enhance its prognostic potential in breast cancer, Hum. Mol.

   Genet. 25 (2016) 3269 3283e .
             [123] G.K. Scott, A. Goga, D. Bhaumik, C.E. Berger, C.S. Sullivan, C.C. Benz, Coordi-

          nate suppression of ERBB2 and ERBB3 by enforced expression of micro-RNA
        miR-125a or miR-125b, J. Biol. Chem. 282 (2007) 1479 1486e .

                [124] Y. Wang, X. Zhang, Z. Chao, H.F. Kung, M.C. Lin, A. Dress, F. Wardle, B.H. Jiang,
            L. Lai, MiR-34a modulates ErbB2 in breast cancer, Cell Biol. Int. 41 (2017)

93 101e .
             [125] C. Fang, Y. Zhao, B. Guo, MiR-199b-5p targets in breast cancer cells,HER2

     J. Cell. Biochem. 114 (2013) 1457 1463e .
             [126] A. De Cola, S. Volpe, M. Budani, M. Ferracin, R. Lattanzio, A. Turdo,

        D. D'agostino, E. Capone, G. Stassi, M. Todaro, miR-205-5p-mediated
          downregulation of ErbB/HER receptors in breast cancer stem cells results in

         targeted therapy resistance, Cell Death Dis. 6 (2015) e1823, http://dx.doi.org/
10.1038/cddis.2015.192.

               [127] Y. Patel, N. Shah, R. Botbyl, J. Lee, H. Chen, miR-489 function as tumor sup-
          pressor miRNA by targeting in -positive breast cancer, Cancer Res.HER2 HER2

    75 (2015) 3120, , 3120.http://dx.doi.org/10.1158/1538-7445.AM2015-3120
          [128] T.P. Lehmann, K. Korski, M. Ibbs, P. Zawierucha, S. Grodecka-Gazdecka,

 P.P. Jagodzi�         nski, rs12976445 variant in the pri-miR-125a correlates with a
         lower level of hsa-miR-125a and ERBB2 overexpression in breast cancer

     patients, Oncol. Lett. 5 (2013) 569 573e .
                [129] H. Chen, J. guo Sun, X.-w. Cao, X.-g. Ma, J.-p. Xu, F.-k. Luo, Z.-t. Chen, Pre-

         liminary validation of ERBB2 expression regulated by miR-548d-3p and miR-
       559, Biochem. Biophys. Res. Commun. 385 (2009) 596 600e .

                [130] Z. Zhao, R. Li, S. Sha, Q. Wang, W. Mao, T. Liu, Targeting HER3 with miR-450b-
          3p suppresses breast cancer cells proliferation, Cancer Biol. Ther. 15 (2014)

1404 1412e .
    [131] A. Bischoff, M. Bayerlov�        a, M. Strotbek, S. Schmid, T. Beissbarth, M.A. Olayioye,

          A global microRNA screen identi es regulators of the ErbB receptor signalingfi

       network, Cell Commun. Signal. 13 (2015) 5, http://dx.doi.org/10.1186/
s12964-015-0084-z.

             [132] R. Medina, S.K. Zaidi, C.-G. Liu, J.L. Stein, C.M. Croce, G.S. Stein, MicroRNAs
           221 and 222 bypass quiescence and compromise cell survival, Cancer Res. 68

 (2008) 2773 2780e .

                   [133] X. Ye, W. Bai, H. Zhu, X. Zhang, Y. Chen, L. Wang, A. Yang, J. Zhao, L. Jia, MiR-
      221 promotes trastuzumab-resistance and metastasis in -positiveHER2

         breast cancers by targeting PTEN, BMB Rep. 47 (2014) 268 273e .
         [134] A.W. Burgess, EGFR family: structure physiology signalling and therapeutic

     targets, Growth Factors 26 (2008) 263 274e .
            [135] C.L. Nigro, V. Ricci, D. Vivenza, C. Granetto, T. Fabozzi, E. Miraglio,

        M.C. Merlano, Prognostic and predictive biomarkers in metastatic colorectal
         cancer anti-EGFR therapy, World J. Gastroenterol. 22 (2016) 6944 6954e .

          [136] G. Valabrega, F. Montemurro, M. Aglietta, Trastuzumab: mechanism of ac-
       tion, resistance and future perspectives in -overexpressing breastHER2

     cancer, Ann. Oncol. 18 (2007) 977 984e .
          [137] S. Palomeras, A. Diaz-Lagares, S. Ariadna, C.A. Belen, G.-P. Ariadna,

          J. Sandoval, M. Rabionet, M. Esteller, T. Puig, Abstract 2130A: epigenetic
  silencing of TGFb          1, BCL6, KILLIN and CTSZ is related to trastuzumab resis-

          tance in -positive breast cancer models, Cancer Res. 76 (2016) 2130A,HER2
 http://dx.doi.org/10.1158/1538-7445.AM2016-2130A, 2130A.

               [138] S. Dou, Y.-D. Yao, X.-Z. Yang, T.-M. Sun, C.-Q. Mao, E.-W. Song, J. Wang, Anti-

       Her2 single-chain antibody mediated DNMTs-siRNA delivery for targeted
        breast cancer therapy, J. Control. Release 161 (2012) 875 883e .

      [139] S. Flis, A. Gnyszka, I. Misiewicz-Krzemi�   nska, J. Sp awił �   nski, Decytabine en-
         hances cytotoxicity induced by oxaliplatin and 5- uorouracil in the colo-fl

           rectal cancer cell line Colo-205, Cancer Cell Int. 9 (2009) 10, http://
dx.doi.org/10.1186/1475-2867-9-10.

              [140] L. Fuino, P. Bali, S. Wittmann, S. Donapaty, F. Guo, H. Yamaguchi, H.-G. Wang,

        P. Atadja, K. Bhalla, Histone deacetylase inhibitor LAQ824 down-regulates
         Her-2 and sensitizes human breast cancer cells to trastuzumab, taxotere,

         gemcitabine, and epothilone B, Mol. Cancer Ther. 2 (2003) 971 984e .
              [141] P. Bali, M. Pranpat, R. Swaby, W. Fiskus, H. Yamaguchi, M. Balasis, K. Rocha,

          H.-G. Wang, V. Richon, K. Bhalla, Activity of suberoylanilide hydroxamic Acid

          against human breast cancer cells with ampli cation of , Clin. Cancerfi her-2
   Res. 11 (2005) 6382 6389e .

                [142] S. Weng, E. Wu, S. Kulp, D. Wang, C. Chen, L. Yee, The antitumor effects of
        OSU-HDAC42, a novel histone deacetylase inhibitor, in HER-2-positive breast

       cancer, J. Clin. Oncol. 27 (2009) e14587, http://dx.doi.org/10.1200/
jco.2009.27.15.

              [143] R. Finn, W. Shao, J. Dering, C. Ginther, O. Kalous, D. Conklin, D. Cohen,

           A. Desai, Y. Yai, P. Atadja, Panobinostat (LBH589), a pan-DAC inhibitor, in-
              duces cell death in ER and ampli ed cell lines in vitro and is syner-þ HER2 fi

          gistic in vivo with trastuzumab, Cancer Res. 69 (2009) 4047, http://
dx.doi.org/10.1158/0008-5472.SABCS-4047.

              [144] X. Huang, S. Wang, C.-K. Lee, X. Yang, B. Liu, HDAC inhibitor SNDX-275 en-

        hances ef cacy of trastuzumab in erbB2-overexpressing breast cancer cellsfi

         and exhibits potential to overcome trastuzumab resistance, Cancer Lett. 307
 (2011) 72 79e .

                [145] S. Wang, J. Huang, H. Lyu, C. Lee, J. Tan, J. Wang, B. Liu, Functional cooper-
        ation of miR-125a, miR-125b, and miR-205 in entinostat-induced down-

          regulation of erbB2/erbB3 and apoptosis in breast cancer cells, Cell Death

    Dis. 4 (2013) e556, .http://dx.doi.org/10.1038/cddis.2013.79
          [146] J. Lee, C. Bartholomeusz, O. Mansour, J. Humphries, G.N. Hortobagyi,

          P. Ordentlich, N.T. Ueno, A class I histone deacetylase inhibitor, entinostat,
       enhances lapatinib ef cacy in -overexpressing breast cancer cellsfi HER2

        through FOXO3-mediated Bim1 expression, Breast Cancer Res. Treat. 146
 (2014) 259 272e .

              [147] S. Chumsri, N. Tait, M. Medeiros, K. Bauer, K.-M. Betts, J. Lewis, T. Bao,
          S. Feigenberg, S. Kesmodel, V. Stearns, P1-12-20: the safety and tolerability

          of vorinostat in combination with lapatinib in advanced solid tumors, Cancer
     Res. 71 (24 Suppl) (2011), http://dx.doi.org/10.1158/0008-5472.SABCS11-

P1-12-20. P1 e12-20.
          [148] U.S. National Library of Medicine, National Institutes of Health, Vorinostat

         and Trastuzumab in Treating Patients With Metastatic or Locally Recurrent
    Breast Cancer, in, . (accessedhttps://ClinicalTrials.gov/show/NCT00258349

10.06.17).
              [149] R. Swaby, M. Wang, J. Sparano, K. Bhalla, N. Meropol, C. Falkson, C. Pellegrino,

            H. Singla et al. / European Journal of Medicinal Chemistry 142 (2017) 316 327e326



              P. Klein, L. Goldstein, G. Sledge Jr., A phase II study of the histone deacetylase
        inhibitor, vorinostat, in combination with trastuzumab in patients with

        advanced metastatic and/or local chest wall recurrent HER-2 ampli edfi

       breast cancer resistant to transtuzumab-containing therapy:(E1104) a trial

           of the Eastern cooperative oncology group, Cancer Res. 69 (24 Suppl) (2009)
 5084, .http://dx.doi.org/10.1158/0008-5472.SABCS-09-5084

           [150] U.S. National Library of Medicine, National Institutes of Health, Trial for
        Locally Advanced Positive Breast Cancer Using Paclitaxel, Trastuzumab,Her2

        Doxorubicin and Cyclophasmide on a Weekly Basis, in, https://ClinicalTrials.
  gov/show/NCT00574587. (accessed 10.06.2017).

          [151] U.S. National Library of Medicine, National Institutes of Health, Entinostat,
        Lapatinib Ditosylate and Trastuzumab in Treating Patients With Locally

        Recurrent or Distant Relapsed Metastatic Breast Cancer Previously Treated
    With Trastuzumab Only, in, .https://ClinicalTrials.gov/show/NCT01434303

 (accessed 10.06.2017).
            [152] U.S. National Library of Medicine, National Institutes of Health, A Trial of

         Panobinostat and Trastuzumab for Adult Female Patients With PositiveHER2
          Metastatic Breast Cancer (MBC) Whose Disease Has Progressed on or After

   Trastuzumab, in, . (accessedhttps://ClinicalTrials.gov/show/NCT00567879
10.06.2017).

             [153] U.S. National Library of Medicine, National Institutes of Health, A Trial l of
        Panobinostat Given in Combination With Trastuzumab and Paclitaxel in

         Adult Female Patients With Positive Metastatic Breast Cancer, in,HER2
  https://ClinicalTrials.gov/show/NCT00788931. (accessed 10.06.2017).

              [154] T. Ichikawa, F. Sato, K. Terasawa, S. Tsuchiya, M. Toi, G. Tsujimoto, K. Shimizu,
       Trastuzumab produces therapeutic actions by upregulating miR-26a and

          miR-30b in breast cancer cells, PLoS One 7 (2012) e31422, http://dx.doi.org/
10.1371/journal.pone.0031422.

              [155] X.-F. Le, M.I. Almeida, W. Mao, R. Spizzo, S. Rossi, M.S. Nicoloso, S. Zhang,
           Y. Wu, G.A. Calin, R.C. Bast Jr., Modulation of MicroRNA-194 and cell

         migration by -targeting trastuzumab in breast cancer, PLoS One 7HER2
  (2012) e41170, .http://dx.doi.org/10.1371/journal.pone.0041170

            [156] L. Venturutti, R.C. Russo, M. Rivas, M. Mercogliano, F. Izzo, R. Oakley,
          M. Pereyra, M. De Martino, C. Proietti, P. Yankilevich, MiR-16 mediates

        trastuzumab and lapatinib response in ErbB-2-positive breast and gastric
          cancer via its novel targets CCNJ and FUBP1, Oncogene 35 (2016)

6189 6202e .
               [157] M.V. Iorio, P. Casalini, C. Piovan, G. Di Leva, A. Merlo, T. Triulzi, S. M�enard,

         C.M. Croce, E. Tagliabue, microRNA-205 regulates HER3 in human breast
     cancer, Cancer Res. 69 (2009) 2195 2200e .

            [158] N.V. Sergina, M. Rausch, D. Wang, J. Blair, B. Hann, K.M. Shokat,
         M.M. Moasser, Escape from HER-family tyrosine kinase inhibitor therapy by

      the kinase-inactive , Nature 445 (2007) 437 441HER3 e .
           [159] D.R. Boulbes, G.B. Chauhan, Q. Jin, C. Bartholomeusz, F.J. Esteva, CD44

       expression contributes to trastuzumab resistance in -positive breastHER2
        cancer cells, Breast Cancer Res. Treat. 151 (2015) 501 513e .

            [160] L. De Mattos-Arruda, G. Bottai, P.G. Nuciforo, L. Di Tommaso, E. Giovannetti,
     V. Peg, A. Losurdo, J. P �       erez-Garcia, G. Masci, F. Corsi, MicroRNA-21 links

      epithelial-to-mesenchymal transition and in ammatory signals to conferfl

       resistance to neoadjuvant trastuzumab and chemotherapy in -positiveHER2
      breast cancer patients, Oncotarget 6 (2015) 37269 37280e .

          [161] T. Ma, L. Yang, J. Zhang, miRNA-542-3p downregulation promotes trastu-
           zumab resistance in breast cancer cells via AKT activation, Oncol. Rep. 33

 (2015) 1215 1220e .

              [162] H. Ohzawa, A. Miki, T. Teratani, S. Shiba, Y. Sakuma, W. Nishimura, Y. Noda,
           N. Fukushima, H. Fujii, Y. Hozumi, Usefulness of miRNA pro les for pre-fi

       dicting pathological responses to neoadjuvant chemotherapy in patients
        with human epidermal growth factor receptor 2-positive breast cancer,

    Oncol. Lett. 13 (2017) 1731 1740e .
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