
A “NOTCH” deeper into the EMT program in Breast cancer

Introduction

Breast cancer (BC) has been widely studied as the result of tempo-spatial aberrations occurring during normal breast

tissue development. Similarities between mammary embryonic development and cell-transformation suggest that the

underlying mechanisms behind mammary gland development are mostly the ones that are disturbed during various

stages of mammary tumorigenesis. Nevertheless, based on the expression of immunohistochemistry (IHC) markers, such

as estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), BC

cancer can be split into four major subtypes; namely, ER+/PR+/HER2−, ER+/PR+/HER2+, ER-/PR-/HER2+ and ER-/PR-

/HER2−. Further, based upon the usage of “intrinsic” genes, BC can be split into another four groups; namely, luminal A,

luminal B, HER2 positive and basal-like. Interestingly, each of the aforementioned IHC-defined subtypes relate to a basic

gene expression profiling (GEP)-defined subgroup. For instance, luminal A and luminal B roughly correspond to

ER+/PR+/HER2− and ER+/PR+/HER2+ statuses, respectively; albeit a small percentage of ER+/PR+/HER2− tumors

(with Ki67 expression) are classified as luminal B type. The subtype with ER−/PR−/HER2− status (also called triple

negative breast cancer or TNBC) is primarily comprised of metaplastic, basal-like breast tumors that are rich in

interferons and express low levels of claudin . BC cells acquire metastatic abilities that allow them to relocate to sites far

away from the primary loci. And often, this metastatic potential determines tumor grade and drives prognosis in patients.

Epithelial-mesenchymal “transformation” was first studied by Elizabeth Hay using a model of chick primitive streak

formation. Later on, researchers described the process as a morphological conversion happening at specific sites in

embryonic epithelia to give rise to distinct migratory cells. Consequently, the term “transformation” was replaced with

“transition” and the phenomenon came known as epithelial–mesenchymal transition (EMT). BC cells, alike many other

cancer cells, utilize EMT that allows the epithelial cells to shed their markers and acquire mesenchymal features .

Therefore, EMT can also be defined as the trans-differentiation of static epithelial cells into motile mesenchymal cells.

EMT is a reversible process (mesenchymal–epithelial transition (MET) being the opposite of EMT) during which epithelial

cells acquire mesenchymal properties and exhibit reduced intercellular adhesion and increased motility. The epithelial

cells break through the basal membrane and traverse to distant sites by triggering subtle changes in their cytoskeleton

architecture. EMT is an important aspect of mammalian growth and development and is constantly involved in processes

such as wound healing, stem cell bearings, tumorigenesis, etc. .

EMT can been classified into three major types: Type 1 EMT that normally operates during embryonic development;
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Abstract: Notch signaling is a primitive signaling pathway having various roles in the normal origin and development of

each multicellular organisms. Therefore, any aberration in the pathway will inevitably lead to deadly outcomes such as

cancer. It has now been more than two decades since Notch was acknowledged as an oncogene in mouse mammary

tumor virus-infected mice. Since that discovery, activated Notch signaling and consequent up-regulation of tumor-

promoting Notch target genes have been observed in human breast cancer. Moreover, consistent over-expression of

Notch ligands and receptors has been shown to correlate with poor prognosis in human breast cancer. Notch regulates a

number of key processes during breast carcinogenesis, of which, one key phenomenon is epithelial–mesenchymal

transition (EMT). EMT is a key process for large-scale cell movement during morphogenesis at the time of embryonic

development. Cancer cells aided by transcription factors usurp this developmental program to execute the multi-step

process of tumorigenesis and metastasis. In this review, we recapitulate recent progress in breast cancer research that

has provided new perceptions into the molecular mechanisms behind Notch-mediated EMT regulation during breast

tumorigenesis.
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Type 2 EMT that is associated with wound healing, tissue regeneration and organ fibrosis; and Type 3 EMT that takes

precedence in epithelial cancer cells and participates in metastasis and cancer progression . EMT is driven by a panel

of transcription factors that are known to play acute roles during embryogenesis, and also during de-differentiation of

cancer cells. They trigger EMT through the transcriptional control of E-cadherin and include members such as Snail-1/2,

ZEB-1/2, Twist-1/2, FOXC-1/2, TCF-3 and GSC. Most importantly, Snail and Twist are capable alone, if activated, to

prompt a mesenchymal/cancer stem cell-like (CSC) phenotype in human immortalized human mammary epithelial cells

. Besides, Twist-1, FOXC-2, Snail-1, ZEB-2 and Twist-2 are reportedly over-expressed in stem-like cells isolated from

primary breast carcinomas, in contrast with more differentiated cancer cells . Metastatic breast cancer is largely

incurable; therefore, proper understanding of EMT regulation of the metastatic cascade can possibly lead to the

development of novel targeted therapeutic strategies.

The Notch signaling pathway plays an important role during normal breast development and during breast cancer

development and progression. Different subtypes of mammalian Notch are sensitive to delicate changes in protein levels,

and a number of studies have established a key relationship between breast carcinogenesis and Notch deregulation .

However, a lot remains to be deciphered especially in the context of breast cancer. Most importantly, Notch cooperates

with a panel of signaling pathways, transcription factors, RNAs and a multitude of modulators (activators/inhibitors),

thereby making the interactions hard to comprehend . For instance, Notch receptors (Notch-1/2/3/4) interact with the

epidermal growth factor receptor tyrosine kinase family (RTK) of proteins, such as HER-1, 2, 3 and 4. Over-expressions

of HER and/or Notch activity have been reported in BC, thereby identifying Notch as a potent oncogene capable of

advancing malignant state in BC . Moreover, Notch maintains HER-induced downstream signals radiated to pathways

such as mitogen activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K). Altogether, these equip the

BCs to resist molecular targeted therapies, undergo the process of EMT, and facilitate cellular invasion and metastasis

. This review focuses on the EMT program and identifies key Notch-based interactions that could possibly have an

important role in driving EMT during BC tumorigenesis. Additionally, the review highlights Notch based interactions in

several other cancers, which may act as drivers of the EMT program.

Epithelial–Mesenchymal Transition

Epithelial–mesenchymal transition (EMT), as introduced earlier, is a key embryonic process that is made possible by the

concerted activity of a range of EMT associated transcription factors (EMT-TFs), which are deregulated during

tumorigenesis. As a result, the discreet role of EMT-TFs during metastasis and cancer progression remains a subject of

intense scrutiny amongst researchers . EMT is a naturally occurring trans-differentiation process that moderates

transformation of cell states along the epithelial versus mesenchymal axis and imparts epithelial–mesenchymal plasticity

upon epithelial cells. Activation of the EMT program places neoplastic epithelial cells into states where they are almost

ready to enter the stem cell compartments . In the early stages of human development, EMT facilitates stem-cell

plasticity and morphogenesis and assists gastrulation and organ development. In adults, EMT (and the reverse process,

MET, as mentioned earlier) regulates tissue conservation, drives tissue reconstruction and restores cellular homeostasis

post inflammatory insults. The EMT process under normal physiological conditions is the same as under pathological

conditions because under both these conditions the process is driven by similar regulators, signaling pathways and

effectors . In human body, a panel of molecular sub-processes operates in a concerted manner to trigger and facilitate

EMT. Some of these include but not limited to the activation of transcription factors, expression of specific cell-surface

proteins, reorganization of cytoskeletal proteins, synthesis of ECM-degrading enzymes and changes in the expression

pattern of specific microRNAs. EMT is driven by several proteins and factors, such as Snail, Slug, cadherins, Twist, KLF-

4, NF-I, TBX-2, SIX, b-Myb, cyclooxygenase-2 (COX-2), ARF-6, FOXA-2, GATA-3, SMAR-1, zinc-finger E-box-binding

(ZEB) and basic helix–loop–helix transcription factors (bHLH) . Among all these factors, cadherins play a key role

during EMT. Cadherins are molecules located at the adherens’ junctions and are responsible for maintaining proper cell–

cell adhesion. There are several types of cadherins, such as E, N, P, VE, proto, desmosomal and FAT cadherins.

Notably, E-cadherin (CDH1) and N-cadherin (CDH2) are the ones that facilitate the transition from epithelial state to

mesenchymal state that further help the abnormal cells to invade and metastasize nearby and distant tissues. EMT has

rarely also been defined as “cadherin switching”; that implies the down-regulation of epithelial proteins E-cadherin and

cytokeratins and the up-regulation of mesenchymal proteins, such as N-cadherin, vimentin and fibronectin .

EMT is widely regarded as a key driver of tumor malignancy, primarily through the acquisition of malignant phenotypes by
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epithelial cancer cells. Several studies have reported that cancer cells are capable of acquiring a mesenchymal

phenotype and expressing mesenchymal markers, such as α-SMA, FSP-1, vimentin and desmin. Actually, mesenchymal

cells are the ones that are localized in the invasive face of primary tumors and are known to enter into the invasion-

metastasis cascade . EMT facilitates metastasis, by promoting changes in cell polarity from apical–basal to antero–

posterior, by triggering loss of adheren junctions, thereby resulting in a transition from the epithelial to the mesenchymal

state, and facilitating the mobility and invasiveness of the metastasizing cancer cells. Epithelial cells are capable of

establishing strong cell–cell adhesion with desmosomes, adherens and tight and gap junctions through the activity of

proteins such as matrix metalloproteinases (MMPs), E-cadherin and cytokeratin. Incidentally, MMP activity is highly

upregulated during EMT, as these enzymes are primarily responsible for extracellular matrix (ECM) degradation and

increasing the mobility of mesenchymal-like cells, and hence, promote invasion and metastasis . EMT-derived

mesenchymal cells go on to establish secondary tumors at distant sites. Secondary tumors histopathologically resemble

the primary tumor from which the cells were initially derived. Further, secondary tumor cells share none of the

mesenchymal attributes, which can be usually associated with metastasizing carcinoma cells. This is mainly because,

during the formation of secondary tumors, the metastasizing cancer cells shed their mesenchymal attributes by executing

the reverse process called MET. The tendency of mesenchymal cells at secondary tumor sites to undergo MET partly

reflects the microenvironment (possibly the absence of heterotypic EMT signals) that these cells encounter post-

extravasation into the organ parenchyma. Some of the driving factors behind MET are Pax2, bone morphogenetic protein

7 (Bmp7) and Wilms’ tumor 1 (WT1) .

The Notch Pathway

Notch receptor and extracellular domain organization of Notch ligands Serrate and Delta plays an important role in

canonical Notch pathway. Canonical Notch signaling is triggered by the interaction of Delta/Serrate/LAG-2 (DSL) ligands

Jagged and Delta and cognate Notch receptors on adjacent cells . This interaction results in a proteolytic cleavage of

the Notch receptor protein at the S2 cleavage site, mediated by either ADAM10 or ADAM17. After this cleavage, the

residual part of the Notch protein undergoes a second crucial proteolytic cleavage mediated by the γ-secretase enzyme

complex . The latter cleavage releases the Notch intracellular domain (NICD), which is free to translocate to the

nucleus. Inside the nucleus, NICD forms a complex with the DNA binding protein recombining binding protein suppressor

of hairless (RBPJ) and a member of the mastermind-like (MAML) family of transcriptional co-activators. This protein

complex activates the transcription of downstream Notch target genes, which principally includes the members of HEY

and HES family. Notch signaling activity can also be regulated by the post-translational modification of Notch receptors.

Notch receptors are glycosylated by the sequential action of peptide-O-fucosyltransferase-1 (POFUT1) and the Fringe

GlcNAc-transferases. These modifications modify the affinity of Notch for Delta and Serrate/Jagged ligands. Furthermore,

Notch proteins are targets of phosphorylation by glycogen synthase kinase-3β (GSK-3β) and ubiquitination by the E3

ubiquitin ligase F-Box and WD repeat domain containing 7 (FBXW7). These latter modifications adjust the level of NICD,

and thus, control the period of signaling .

Notch-Mediated EMT in Breast Cancer

EMT is a key phenomenon not only in BC, but across most cancer forms. Therefore undoubtedly, EMT has remained a

focus of intensive study in recent times with the sole purpose of identifying critical molecular interactions that might serve

as therapeutic nodes and/or improve prognoses in infirmaries . In the last decade or so, the Notch signal pathway

has emerged as a key regulator of EMT during breast carcinogenesis. Despite encouraging initial cues, the precise

mechanism of Notch-mediated EMT in breast cancer remains obscure mainly due to the “complexity of unknown

interactions.” Notch activation in endothelial cells brings about morphological, phenotypic and functional changes that are

consistent with mesenchymal transformation. These alterations include the down-regulation of endothelial markers such

as VE-cadherin, Tie1, Tie2, platelet-endothelial cell adhesion molecule-1 and endothelial NO synthase, and over-

expression of mesenchymal markers, such as α-SMA, fibronectin and platelet-derived growth factor receptors. In BC

patients, elevated Jagged1 expression and hyperactive Notch signaling has been shown to be predictive of poor

prognosis. One study suggests that Jagged1-mediated Notch activation triggers the process of EMT via the repression of

E-cadherin by Slug . The NICD positively regulates Slug expression by stimulating Slug promoter activation.

Further, Slug knock-down diminishes the invasion ability of BC cells and reverses the Jagged1/Notch1-induced EMT

process signaled by a decrease vimentin expression and increasing E-cadherin levels . Altogether, these
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observations prompt us towards the essential role of Notch signaling in modulating EMT, invasion and the growth of BC

cells. Herein, we discuss three modules, which present an insight into the process of Notch-mediated EMT in BC. These

interactions could be of particular interest, especially bearing in mind the potential therapeutic reputations of these Notch-

based processes.

The Notch/Akt Module

Notch regulates Akt activity, and it has been observed that during constitutive Notch-1 activity, the levels of

phosphorylated p85 and Akt (Thr308/Ser473) are reportedly very high, thereby signaling PI3K/Akt activation . The

PI3K/Akt pathway plays a significant role during key cellular functions, such as cell growth, proliferation and survival. The

NF-κβ transcription factor is a known downstream effector of the PI3K/Akt pathway, and NF-κβ has been reported to be

directly involved in both the induction and maintenance of EMT in mammary epithelial cells. One recent study reported

that the inhibition of NF-κβ activity in mesenchymal cells can result in the reversal of EMT by abolishing the metastatic

potential of mammary epithelial cells . Notch-1 upregulates NF-κβ’s transcriptional activity via the PI3K/Akt cascade,

and in doing so, facilitates EMT in human BC cell lines . The activation of this Notch/PI3K/Akt/NF-κβ axis during EMT

can be observed by mapping the expression levels of NF-κβ effectors, such as MMP-2/9, VEGF, survivin, Bcl-XL and

cyclin D1, which also are Notch downstream targets and have a fundamental role in EMT during carcinogenesis .

For instance, MMP-9 can be associated with TGF-β1-induced EMT. MMP-9 is a downstream effector of TGF-β1 and its

inhibition prevents TGF-β1-induced EMT and diminishes cell invasion and metastasis. Moreover, VEGF acts as both

activator and suppressor of the EMT program. For example, VEGF promotes tumor angiogenesis and confers efficient

tumorigenicity to murine BC cells by facilitating EMT. And conversely, VEGF can also suppress the EMT program by

abolishing the expression of Smad3 and miR-192 (a Smad3-dependent microRNA) . Altogether, these observations

suggest that Notch-1 signaling can promote the malignant phenotype of BC (EMT, migration and invasion), which may be

facilitated in part via the activation of Notch-1/PI3K/Akt/NF-κβ module.

The Notch/Cytokine Module

Cytokines released by the tumor microenvironment can induce EMT in BC. Among these cytokines, interleukin-6 (IL-6)

has been reported to promote BC stem cells’ renewal, EMT and metastasis. Most of these phenotypes that have been

observed are regulated by the IL-6/JAK/STAT3 cascade, and that primarily involves the IL-6 receptor/GP130 complex.

One recent study observed that Notch-2 mediates EMT by interacting with the IL-6/JAK/STAT3 pathway in response to

radiation. The study further stated that STAT3-mediated Notch-2 induction results in the downregulation of E-cadherin

and upregulation of N-cadherin in radiation treated tumors, a signal indicative of EMT induction. The study presents a

crucial interaction by which EMT is regulated by IL-6 in response to fractionated radiation in breast tumors, where Notch-

2 upregulation is frequently accompanied a by IL-6-dependent STAT3 activation. Incidentally, high levels of IL-6 in the BC

cells are always associated with a more advanced stage of the disease . Another study conducted on Notch-1 over-

expressing MCF7 and MCF10A cells showed that the cells acquired features of EMT partly due to the “reverse”

activation of STAT3 by Notch-1. Notch-1 triggers the phosphorylation of the STAT3 in BC cells that leads to the activation

of p65 and IL-1. The activation of p65 signals in turn signals the activation of the NF-κβ cascade that upregulates Twist-1

gene expression primarily through nuclear translocation of p65 .

Inositol is a known inhibitor of Akt activity, but, there are reports that suggest that inositol can impede EMT by blocking

the activity of presenilin-1 (PS1), a key component of the γ-secretase enzyme complex. Downregulation of PS1 impairs

the γ-secretase activity that in turn prevents Notch-1 intracellular domain (N1ICD) release. Inositol treated MDA-MB-231

cell lines display high E-cadherin and low MMP-9 levels and decreased activities of effectors such as NF-kβ, COX-2 and

Snail-1, which altogether suggest a reversal in the EMT program in these treated cells. Incidentally, the expression of

Notch downstream effectors such as HES and HEY is severely downregulated in these treated cells. Further, it has also

been observed that β-catenin is redistributed behind the cell membrane, and the cells lose their motility and invasion

capacity post-inositol treatment. Similarly, another recent study observed that inositol treatment limits vimentin expression

in cells placed behind the wound-healing edge primarily by stabilizing cortical F-actin. Further, lamellipodia and filopodia,

the two explicit membrane extensions that enable cell migration and invasiveness, were no longer detectable in MDA-

MB-231 cell-lines post-inositol treatment. Besides, the levels of fascin and cofilin, two obligatory required components for

F-actin assembly within cell protrusions, were found to be highly reduced post treatment . Altogether, these suggest

that inositol, due to its ability to impair and Notch-1 activity could be studied further as a blocker of EMT in BC by
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targeting the Notch/NF-kβ signaling cross-talk.

The Notch/Hypoxia Module

Notch signaling is frequently activated by hypoxia during tumor progression; however, the pathological role of hypoxia-

induced Notch signaling in facilitating EMT in BC is poorly understood. Nevertheless, Jagged-2 is considered to be a

prognostic marker for the EMT process in BC. At the hypoxic invasive front, both Jagged and Notch have been found to

be strongly upregulated in BC, and this activation in BC may trigger EMT and promote cell survival in vitro . Hypoxia

elevates the expression of Notch effectors downstream, such as HES1 and HEY1, that in turn upregulate Slug and Snail

expression and brings about a reduction in E-cadherin levels in BC cells. Notch-mediated activation of HES1 and HEY1

under hypoxic environment involves factors like HIF-1α and HIF-2α, and it was recently reported that HIF-1α binds to the

HES1 promoter directly under hypoxic conditions and that a HIF-1α knock-down lowers both HES1 and

HEY1 expression in BC cells . Nuclear HIF-1α-protein expression/translocation may be regulated in part by COX-2.

Conversely, hypoxic tumor microenvironment can co-activate COX-2 by utilizing the hepatocyte growth factor (HGF) and

TGF-β1 autoregulatory loops, and once activated, COX-2 modulates HIF-1α activation. Research in recent years has

revealed that, under hypoxic conditions, aberration in COX-2 expression levels directly links to the EMT process, and to

determining the invasive potential of breast tumor. COX-2 over-expression results in down regulation of E-cadherin and

β-catenin (epithelial markers), and up-regulation of vimentin, N-cadherin and Snail-1 (mesenchymal markers). Further,

COX-2 over-expression also results in increased invasiveness and release of MMP-9 protein. It, however, remains to be

seen whether COX-2-mediated EMT is facilitated by the hypoxia/Notch/EMT axis via HIF-1α or COX-2 interacts with HIF-

1α independently of Notch [ .

Snail (Snail-1) serves as one of key transmitters of Notch and HIF-1α-mediated EMT signals in BC. Notch modulates

Snail-1 expression by two separate but synergistic mechanisms, involving both the direct transcriptional activation of

Snail-1 and an indirect phenomenon operating via lysyl oxidase (LOX) that altogether leads to elevated Snail-1 protein

levels. This regulation of Snail-1 and LOX expression highlights how Notch and hypoxia signaling mechanisms are

integrated and how NICD and HIF-1α collaborate but adopt different roles on the two promoters. Refinement of Notch

blockers united with more local containment, e.g., in epithelial tumors at risk of metastasizing, may, therefore, be a fruitful

way forward towards improving cancer therapy by targeting hypoxia and Notch-mediated EMT program in BC .

Nevertheless, these observations altogether hint at the existence of a direct link between hypoxia and Notch in EMT,

underscoring the importance of a hypoxic microenvironment in promoting EMT. Further, the role of Notch based

interactions during EMT has also been reported in several cancers other than breast cancer.

Conclusions

In the last decade or so, tumor metastasis has been studied intensely as a key mechanism that drives mortality in BC

patients. EMT serves as a mechanism by which cancer epithelial cells acquire mesenchymal characteristics and develop

the ability to relocate and establish secondary colonies at distant sites. The mesenchymal tumor cells are highly motile

and invasive, and they “metastasize” vigorously. EMT is a well-studied phenomenon, but questions remain in the form of

how EMT is driven by signaling pathways in BC and the feedback controls. What are the specific EMT driving proteins

and TFs in BC? And how these proteins interact with a multitude of signaling pathways to drive the process as a whole?

Nevertheless, the EMT process and interactions are more complex than what they appear in vitro. As is the case with

this review, research has maintained a consistent stand on the fact that inverse correlations do exist between in vitro

migration and E-cadherin levels. However, there still remains a lot to be studied on whether EMT is an absolute necessity

for metastasis and invasion. For instance, most breast tumors are invasive, ductal carcinomas and display E-cadherin in

primary tumors, thereby refuting the inverse correlation theory [72]. Cancer progression and metastasis is itself a complex

and multi-step process, and EMT represents only part of that process. Hence, it becomes perplexing to ascertain whether

a particular molecule or pathway under exploration is explicit to the EMT program or is operating in parallel with other

programs, such as cell survival and proliferation. To add to this complexity, it is now known that EMT is not only triggered

from the program inside tumor cells, but through cues located in the tumor microenvironment, including extracellular

matrix, blood vasculature, inflammatory cells and fibroblasts. Owing to the sheer complexity of the process in BC, a lot

remains to be deciphered. Recent studies have reported the link between the embryonic signaling pathway, Notch, and

EMT in BC, and that has sparked considerable interest in the research community of late. Although the information is

limited, the results obtained have provided encouraging molecular evidence justifying the fact that Notch signaling is
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mechanistically linked with the acquisition of an EMT phenotype in BC cells. In this review, we have presented the

collated available data to identify possible Notch-based interactions primarily in BC and later in other cancers as well.

Altogether, this will improve our understanding of the Notch based regulatory networks governing EMT during BC

metastasis and progression. The involvement of proteins, such as Akt, NF-κβ, STAT3 and HIF-1α, only presents the tip

of the iceberg, as it clearly directs our acumen towards the vast array of networks that these proteins govern themselves

by, thereby making the EMT phenomenon even more obscure. But there is absolutely no harm in investigating deeper

into these interactions with the belief that this shall reveal potential nodes for therapeutic interference, and hence,

improve prognosis in patients. Nevertheless, the “complexity of unknown interactions” definitely presents an unyielding

challenge and only time shall tell whether targeting Notch or its associated molecular partners directly or indirectly shall

prevent or at least limit EMT.

References

54. Zhang, T.H.; Liang, L.Z.; Liu, X.L.; Wu, J.N.; Su, K.; Chen, J.Y.; Zheng, Q.Y. LncRNA UCA1/miR-124 axis modulates

TGFß1-induced epithelial-mesenchymal transition and invasion of tongue cancer cells through JAG1/Notch signaling. J.

Cell.Biochem. 2019, 120, 10495–10504.

55. Huang, C.C.; Cheng, S.H.; Wu, C.H.; Li, W.Y.; Wang, J.S.; Kung, M.L.; Chu, T.H.; Huang, S.T.; Feng, C.T.; Huang,

S.C.; Tai, M.H. Delta-like 1 homologue promotes tumorigenesis and epithelial-mesenchymal transition of ovarian high-

grade serous carcinoma through activation of Notch signaling. Oncogene 2019, 38, 3201–3215.

56. Su, H.; Wang, X.; Song, J.; Wang, Y.; Zhao, Y.; Meng, J. MicroRNA-539 inhibits the progression of Wilms’ Tumor

through downregulation of JAG1 and Notch1/3. Cancer Biomark. 2018, 24, 125–133. 57. Zheng, Y.; Wang, Z.; Xiong, X.;

Zhong, Y.; Zhang, W.; Dong, Y.; Li, J.; Zhu, Z.; Zhang, W.; Wu, H.; et al. Membrane-tethered Notch1 exhibits oncogenic

property via activation of EGFR-PI3K-AKT pathway in oral squamous cell carcinoma. J. Cell. Physiol. 2019, 234, 5940–

5952.

58. Liu, Z.; Li, H.; Fan, S.; Lin, H.; Lian, W. STAT3-induced upregulation of long noncoding RNA HNF1A-AS1 promotes

the progression of oral squamous cell carcinoma via activating Notch signaling pathway. Cancer Biol. Ther. 2018, 7, 1–

10.

59. Zhang, J.; Zheng, G.; Zhou, L.; Li, P.; Yun, M.; Shi, Q.; Wang, T.; Wu, X. Notch signalling induces epithelial-

mesenchymal transition to promote metastasis in oral squamous cell carcinoma. Int. J. Mol. Med. 2018, 42, 2276–2284.

60. Li,B.; Chen, M.; Lu, M.; Xin-Xiang, J.; Meng-Xiong, P.; Jun-Wu, M. Glutaredoxin 3 promotes migration and invasion

via the Notch signalling pathway in oral squamous cell carcinoma. Free Radic Res. 2018, 52, 390–401.

61. Yang, X.; Xia, W.; Chen, L.; Wu, C.X.; Zhang, C.C.; Olson, P.; Wang, X.Q. Synergistic antitumor effect of a γ-

secretase inhibitor PF-03084014 and sorafenib in hepatocellular carcinoma. Oncotarget 2018, 9, 34996–35007.

62. Wang, Y.; Song, W.; Kan, P.; Huang, C.; Ma, Z.; Wu, Q.; Yao, X.; Zhang, B. Overexpression of Epsin 3 enhances

migration and invasion of glioma cells by inducing epithelial-mesenchymal transition. Oncol. Rep. 2018, 40, 3049–3059.

63. Li, J.; Li, Q.; Lin, L.; Wang, R.; Chen, L.; Du, W.; Jiang, C.; Li, R. Targeting the Notch1 oncogene by miR-139-5p

inhibits glioma metastasis and epithelial-mesenchymal transition (EMT). BMC Neurol. 2018, 18, 133.

64. Chen, X.B.; Li, W.; Chu, A.X. MicroRNA-133a inhibits gastric cancer cells growth, migration, and epithelial-

mesenchymal transition process by targeting presenilin 1. J Cell Biochem. 2019, 120, 470–480.

65. Pei, L.; He, X.; Li, S.; Sun, R.; Xiang, Q.; Ren, G.; Xiang, T. KRAB zinc-finger protein 382 regulates epithelial-

mesenchymal transition and functions as a tumor suppressor, but is silenced by CpG methylation in gastric cancer. Int. J.

Oncol. 2018, 53, 961–972. 66. Wang, X.; Zhang, G.; Cheng, Z.; Dai, L.; Jia, L.; Jing, X.; Wang, H.; Zhang, R.; Liu, M.;

Jiang, T.; et al. Knockdown of LncRNA-XIST Suppresses Proliferation and TGF-ß1-Induced EMT in NSCLC Through the

Notch-1 Pathway by Regulation of miR-137. Genet. Test. Mol.Biomark. 2018, 22, 333–342.

67. Bocci, F.; Jolly, M.K.; Tripathi, S.C.; Aguilar, M.; Hanash, S.M.; Levine, H.; Onuchic, J.N. Numb prevents a complete

epithelial-mesenchymal transition by modulating Notch signalling. J. R. Soc. Interface 2017, 14, 20170512.

68. Chen, D.W.; Wang, H.; Bao, Y.F.; Xie, K. Notch signaling molecule is involved in the invasion of MiaPaCa2 cells

induced by CoCl2 via regulating epithelial-mesenchymal transition. Mol. Med. Rep. 2018, 17, 4965–4972.

69. Natsuizaka, M.; Whelan, K.A.; Kagawa, S.; Tanaka, K.; Giroux, V.; Chandramouleeswaran, P.M.; Long, A.; Sahu, V.;

Darling, D.S.; Que, J.; et al. Interplay between Notch1 and Notch3 promotes EMT and tumor initiation in squamous cell

carcinoma. Nat.Commun. 2017, 8, 1758.

70. Fukusumi, T.; Guo, T.W.; Sakai, A.; Ando, M.; Ren, S.; Haft, S.; Liu, C.; Amornphimoltham, P.; Gutkind, J.S.;

Encyclopedia 2020 doi: 10.32545/encyclopedia201911.0004.v2 6

http://doi.org/10.32545/encyclopedia201911.0004.v2
https://encyclopedia.pub
https://www.mdpi.com


Califano, J.A. The NOTCH4-HEY1 Pathway Induces Epithelial-Mesenchymal Transition in Head and Neck Squamous

Cell Carcinoma. Clin. Cancer Res. 2018, 24, 619–633.

71. Zhang, Y.; Jin, X.; Wang, Z.; Zhang, X.; Liu, S.; Liu, G. Downregulation of SNHG1 suppresses cell proliferation and

invasion by regulating Notch signaling pathway in esophageal squamous cell cancer. Cancer Biomark. 2017, 21, 89–96.

72. Padmanaban, V.; Krol, I.; Suhail, Y.; Szczerba, B.M.; Aceto, N.; Bader, J.S.; Ewald, A.J. E-cadherin is required for

metastasis in multiple models of breast cancer. Nature 2019, 573, 439–444.

References

1. Xiaofeng Dai; Yang Li; Zhonghu Bai; Xu-Qing Tang; Molecular portraits revealing the heterogeneity of breast tumor subtypes defined

using immunohistochemistry markers. Scientific Reports 2015, 5, 14499, 10.1038/srep14499.

2. Chia-Jung Li; Pei-Yi Chu; Giou-Teng Yiang; Meng-Yu Wu; The Molecular Mechanism of Epithelial-Mesenchymal Transition for Breast

Carcinogenesis.. Biomolecules 2019, 9, 476, 10.3390/biom9090476.

3. Seton-Rogers, S; Epithelial-mesenchymal transition. Nat. Rev. Cancer 2016, 16, 1, 10.1242/jcs.02552.

4. Yifan Wang; Binhua P. Zhou; Epithelial-mesenchymal Transition---A Hallmark of Breast Cancer Metastasis. Cancer Hallmarks 2013, 1,

38-49, 10.1166/ch.2013.1004.

5. Monica Fedele; Laura Cerchia; Gennaro Chiappetta; The Epithelial-to-Mesenchymal Transition in Breast Cancer: Focus on Basal-Like

Carcinomas. Cancers 2017, 9, 134, 10.3390/cancers9100134.

6. Jing Liu; Jia-Xin Shen; Xiao-Fen Wen; Yu-Xian Guo; Guo-Jun Zhang; Targeting Notch degradation system provides promise for breast

cancer therapeutics. Critical Reviews in Oncology/Hematology  2016, 104, 21-29, 10.1016/j.critrevonc.2016.05.010.

7. Maria Cristina Rangel; Daniel Bertolette; Nadia P. Castro; Malgorzata Klauzinska; Frank Cuttitta; David S. Salomon; Developmental

signaling pathways regulating mammary stem cells and contributing to the etiology of triple-negative breast cancer.. Breast Cancer
Research and Treatment 2016, 156, 211-26, 10.1007/s10549-016-3746-7.

8. Q Wang; Y Shi; HJ Butler; J Xue; G Wang; P Duan; H Zheng; Role of delta-like ligand-4 in chemoresistance against docetaxel in MCF-7

cells. Human & Experimental Toxicology 2016, 36, 328-338, 10.1177/0960327116650006.

9. Andrew T. Baker; Andrei Zlobin; Clodia Osipo; Notch-EGFR/HER2 Bidirectional Crosstalk in Breast Cancer. Frontiers in Oncology 2014,

4, 360, 10.3389/fonc.2014.00360.

10. Marc P. Stemmler; Rebecca L. Eccles; Simone Brabletz; Thomas Brabletz; Non-redundant functions of EMT transcription factors.

Nature 2019, 21, 102, 10.1038/s41556-018-0196-y.

11. Xin Ye; Robert A. Weinberg; Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression.. Trends in Cell Biology
2015, 25, 675-686, 10.1016/j.tcb.2015.07.012.

12. Henrieta Skovierova; Terézia Okajčeková; Ján Strnádel; Eva Vidomanová; Erika Halašová; Molecular regulation of epithelial-to-

mesenchymal transition in tumorigenesis (Review). International Journal of Molecular Medicine  2017, 41, 1187-1200,

10.3892/ijmm.2017.3320.

13. Maeirah Afzal Ashaie; Ezharul Hoque Chowdhury; Cadherins: The Superfamily Critically Involved in Breast Cancer.. Curr. Pharm. Des.
2016, 22, 616-638, 1.

14. Yanyuan Wu; Marianna Sarkissyan; Jaydutt V. Vadgama; Epithelial-Mesenchymal Transition and Breast Cancer. Journal of Clinical
Medicine 2016, 5, 13, 10.3390/jcm5020013.

15. Ahmet Acar; Bruno M. Simões; Robert B. Clarke; Keith Brennan; A Role for Notch Signalling in Breast Cancer and Endocrine

Resistance. Stem Cells International 2016, 2016, 1-6, 10.1155/2016/2498764.

16. Xu-Yan Li; Wen-Jun Zhai; Chun-Bo Teng; Notch Signaling in Pancreatic Development. International Journal of Molecular Sciences
2015, 17, 48, 10.3390/ijms17010048.

17. Sanaz Yahyanejad; Jan Theys; Marc Vooijs; Targeting Notch to overcome radiation resistance. Oncotarget 2015, 7, 7610-7628,

10.18632/oncotarget.6714.

18. Judy S. Crabtree; Ciera S. Singleton; Lucio Miele; Notch Signaling in Neuroendocrine Tumors. Frontiers in Oncology 2016, 6, 345,

10.3389/fonc.2016.00094.

19. Tilman Borggrefe; Matthias Lauth; An Zwijsen; Danny Huylebroeck; Franz Oswald; Benedetto Daniele Giaimo; The Notch intracellular

domain integrates signals from Wnt, Hedgehog, TGFβ/BMP and hypoxia pathways. Biochimica et Biophysica Acta (BBA) -
Bioenergetics 2016, 1863, 303-313, 10.1016/j.bbamcr.2015.11.020.

20. Eric J. Allenspach; Ivan Maillard; Jon C. Aster; Warren S. Pear; Notch Signaling in Cancer. Cancer Biology & Therapy 2002, 1, 466-476,

10.4161/cbt.1.5.159.

21. S. Artavanis-Tsakonas; Notch Signaling: Cell Fate Control and Signal Integration in Development. Science 1999, 284, 770-776,

10.1126/science.284.5415.770.

22. T. Borggrefe; F. Oswald; The Notch signaling pathway: transcriptional regulation at Notch target genes.. Cellular and Molecular Life
Sciences 2009, 66, 1631-1646, 10.1007/s00018-009-8668-7.

23. Srishti Kotiyal; Susinjan Bhattacharya; Breast cancer stem cells, EMT and therapeutic targets. Biochemical and Biophysical Research
Communications 2014, 453, 112-116, 10.1016/j.bbrc.2014.09.069.

24. Haiyan Zhu; Hui Luo; Wenwen Zhang; Zhaojun Shen; Xiaoli Hu; Xueqiong Zhu; Molecular mechanisms of cisplatin resistance in cervical

Encyclopedia 2020 doi: 10.32545/encyclopedia201911.0004.v2 7

https://doi.org/10.1038/srep14499
https://doi.org/10.3390/biom9090476
https://doi.org/10.1242/jcs.02552
https://doi.org/10.1166/ch.2013.1004
https://doi.org/10.3390/cancers9100134
https://doi.org/10.1016/j.critrevonc.2016.05.010
https://doi.org/10.1007/s10549-016-3746-7
https://doi.org/10.1177/0960327116650006
https://doi.org/10.3389/fonc.2014.00360
https://doi.org/10.1038/s41556-018-0196-y
https://doi.org/10.1016/j.tcb.2015.07.012
https://doi.org/10.3892/ijmm.2017.3320
https://doi.org/1
https://doi.org/10.3390/jcm5020013
https://doi.org/10.1155/2016/2498764
https://doi.org/10.3390/ijms17010048
https://doi.org/10.18632/oncotarget.6714
https://doi.org/10.3389/fonc.2016.00094
https://doi.org/10.1016/j.bbamcr.2015.11.020
https://doi.org/10.4161/cbt.1.5.159
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.1016/j.bbrc.2014.09.069
http://doi.org/10.32545/encyclopedia201911.0004.v2
https://encyclopedia.pub
https://www.mdpi.com


cancer. Drug Design, Development and Therapy 2016, 10, 1885-1895, 10.2147/DDDT.S106412.

25. Gonzalez, D.M.; Medici, D.; Signaling mechanisms of the epithelial-mesenchymal transition. Sci. Signal. 2014, 7, re8,

10.1126/scisignal.2005189.

26. Shaimaa Elzamly; Nabeel Badri; Osvaldo Padilla; Alok Kumar Dwivedi; Luis A Alvarado; Matthew Hamilton; Nabih Diab; Crosby Rock;

Ahmed Elfar; Marwa Teleb; et al.Luis SanchezZeina Nahleh Epithelial-Mesenchymal Transition Markers in Breast Cancer and

Pathological Responseafter Neoadjuvant Chemotherapy. Breast Cancer: Basic and Clinical Research 2018, 12, 12,

10.1177/1178223418788074.

27. Zhiwei Wang; Yiwei Li; Dejuan Kong; Fazlul H. Sarkar; The Role of Notch Signaling Pathway in Epithelial-Mesenchymal Transition

(EMT) During Development and Tumor Aggressiveness. Current Drug Targets 2010, 999, 1-7, 10.2174/1389210200418444501.

28. Shao, S.; Zhao, X.; Zhang, X.; Luo, M.; Zuo, X.; Huang, S.; Wang, Y.; Gu, S.; Zhao, X; Notch1 signaling regulates the epithelial–

mesenchymal transition and invasion of breast cancer in a Slug-dependent manner. Mol. Cancer 2015, 14, 28, 10.1186/s12943-015-

0295-3 PMCID: PMC4322803.

29. Yarden Katz; Feifei Li; Nicole Lambert; Ethan M Sokol; Wai-Leong Tam; Albert W Cheng; Edoardo M Airoldi; Christopher J Lengner;

Piyush B Gupta; Rudolf Jaenisch; et al.Zhengquan YuChristopher B Burge Musashi proteins are post-transcriptional regulators of the

epithelial-luminal cell state. Genomics 2014, 3, 006270, 10.1101/006270.

30. Gloria M. Calaf; Adayabalam S. Balajee; Maria T. Montalvo-Villagra; Mariana León; Navarrete M. Daniela; Raúl González Alvarez;

Debasish Roy; Gopeshwar Narayan; Jorge Abarca-Quinones; Vimentin and Notch as biomarkers for breast cancer progression.

Oncology Letters 2014, 7, 721-727, 10.3892/ol.2014.1781.

31. Navid Sadeghi; David E Gerber; Targeting the PI3K pathway for cancer therapy. Future Medicinal Chemistry 2012, 4, 1153-1169,

10.4155/fmc.12.56.

32. Naunpun Sangphech; Barbara A. Osborne; Tanapat Palaga; Notch signaling regulates the phosphorylation of Akt and survival of

lipopolysaccharide-activated macrophages via regulator of G protein signaling 19 (RGS19).. Immunobiology 2014, 219, 653-60,

10.1016/j.imbio.2014.03.020.

33. Xiao-Mei Wang; Min Yao; Shu-Xia Liu; Jun Hao; Qing-Juan Liu; Feng Gao; Interplay between the Notch and PI3K/Akt pathways in high

glucose-induced podocyte apoptosis. American Journal of Physiology-Renal Physiology  2014, 306, F205-F213,

10.1152/ajprenal.90005.2013.

34. Margit A. Huber; Ninel Azoitei; Bernd Baumann; Stefan Grunert; Andreas Sommer; Hubert Pehamberger; Norbert Kraut; Hartmut Beug;

Thomas Wirth; NF-κB is essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. Journal
of Clinical Investigation 2004, 114, 569-581, 10.1172/JCI200421358.

35. Li Li; Jing Zhang; Niya Xiong; Shun Li; Yu Chen; Hong Yang; Chunhui Wu; Hongjuan Zeng; Yiyao Liu; Notch-1 signaling activates NF-

κB in human breast carcinoma MDA-MB-231 cells via PP2A-dependent AKT pathway. Medical Oncology 2016, 33, 33,

10.1007/s12032-016-0747-7.

36. M. Reedijk; B. Cohen; M. Shimizu; N. Ng; Y. Bukhman; J. Pan; J. Dering; Cyclin D1 Is a Direct Target of JAG-Mediated Notch Signaling

in Breast Cancer.. Poster Session Abstracts 2009, 69, 2150-2150, 10.1158/0008-5472.sabcs-09-2150.

37. Yuqing Chen; Dianming Li; Hongli Liu; Huanbai Xu; Honghua Zheng; Feng Qian; Wei Li; Chengling Zhao; Zhenhuan Wang; Xiaojing

Wang; et al. Notch-1 signaling facilitates survivin expression in human non-small cell lung cancer cells.. Cancer Biology & Therapy
2011, 11, 14-21, 10.4161/cbt.11.1.13730.

38. Li Li; Fenglong Zhao; Juan Lu; Tingting Li; Hong Yang; Chunhui Wu; Yiyao Liu; Notch-1 Signaling Promotes the Malignant Features of

Human Breast Cancer through NF-κB Activation. PLOS ONE 2014, 9, e95912, 10.1371/journal.pone.0095912.

39. Xue Bai; Yun-Yun Li; Hong-Yan Zhang; Feng Wang; Hong-Liu He; Jin-Chao Yao; Ling Liu; Shan-Shan Li; Role of matrix

metalloproteinase-9 in transforming growth factor-β1-induced epithelial–mesenchymal transition in esophageal squamous cell

carcinoma. OncoTargets and Therapy 2017, 10, 2837-2847, 10.2147/OTT.S134813.

40. Rae-Kwon Kim; Neha Kaushik; Yongjoon Suh; Ki-Chun Yoo; Yan-Hong Cui; Min-Jung Kim; Hae-June Lee; In-Gyu Kim; Su-Jae Lee;

Radiation driven epithelial-mesenchymal transition is mediated by Notch signaling in breast cancer. Oncotarget 2016, 7, 53430-53442,

10.18632/oncotarget.10802.

41. Chia-Wei Li; Weiya Xia; Longfei Huo; Seung-Oe Lim; Yun Wu; Jennifer L. Hsu; Chi-Hong Chao; Hirohito Yamaguchi; Neng-Kai Yang;

Qingqing Ding; et al.Yan WangYun-Ju LaiAdam M. LabaffTing-Jung WuBeen-Ren LinMuh-Hwa YangGabriel N. HortobagyiMien-Chie

Hung Epithelial-mesenchymal transition induced by TNF-α requires NF-κB-mediated transcriptional upregulation of Twist1.. Cancer
Research 2012, 72, 1290-300, 10.1158/0008-5472.CAN-11-3123.

42. Xiaojin Zhang; Xiaoai Zhao; Shan Shao; Xiaoxiao Zuo; Qian Ning; Minna Luo; Shanzhi Gu; Xinhan Zhao; Notch1 induces epithelial-

mesenchymal transition and the cancer stem cell phenotype in breast cancer cells and STAT3 plays a key role. International Journal of
Oncology 2014, 46, 1141-1148, 10.3892/ijo.2014.2809.

43. Pasquale Sansone; Claudio Ceccarelli; Marjan Berishaj; Qing Chang; Vinagolu K. Rajasekhar; Fabiana Perna; Robert L. Bowman;

Michele Vidone; Laura Daly; Jennifer Nnoli; et al.Donatella SantiniMario TaffurelliNatalie N. C. ShihMichael FeldmanJun J.

MaoChristopher ColamecoJinbo ChenAngela DeMicheleNicola FabbriJohn H. HealeyMonica CriccaGiuseppe GasparreDavid

LydenMassimiliano BonafèJacqueline Bromberg Self-renewal of CD133hi cells by IL6/Notch3 signalling regulates endocrine resistance

in metastatic breast cancer. Nature Communications 2016, 7, 10442, 10.1038/ncomms10442.

44. En-Chi Hsu; Samuel K. Kulp; Han-Li Huang; Huang-Ju Tu; Santosh B. Salunke; Nicholas J. Sullivan; Duxin Sun; Max S. Wicha; Charles

Encyclopedia 2020 doi: 10.32545/encyclopedia201911.0004.v2 8

https://doi.org/10.2147/DDDT.S106412
https://doi.org/10.1126/scisignal.2005189
https://doi.org/10.1177/1178223418788074
https://doi.org/10.2174/1389210200418444501
https://doi.org/10.1186/s12943-015-0295-3%20PMCID:%20PMC4322803
https://doi.org/10.1101/006270
https://doi.org/10.3892/ol.2014.1781
https://doi.org/10.4155/fmc.12.56
https://doi.org/10.1016/j.imbio.2014.03.020
https://doi.org/10.1152/ajprenal.90005.2013
https://doi.org/10.1172/JCI200421358
https://doi.org/10.1007/s12032-016-0747-7
https://doi.org/10.1158/0008-5472.sabcs-09-2150
https://doi.org/10.4161/cbt.11.1.13730
https://doi.org/10.1371/journal.pone.0095912
https://doi.org/10.2147/OTT.S134813
https://doi.org/10.18632/oncotarget.10802
https://doi.org/10.1158/0008-5472.CAN-11-3123
https://doi.org/10.3892/ijo.2014.2809
https://doi.org/10.1038/ncomms10442
http://doi.org/10.32545/encyclopedia201911.0004.v2
https://encyclopedia.pub
https://www.mdpi.com


L. Shapiro; Ching-Shih Chen; et al. Function of Integrin-Linked Kinase in Modulating the Stemness of IL-6-Abundant Breast Cancer

Cells by Regulating γ-Secretase-Mediated Notch1 Activation in Caveolae.. Neoplasia 2015, 17, 497-508, 10.1016/j.neo.2015.06.001.

45. Rayanah Barnawi; Samiyah Al-Khaldi; Ghida Majed Sleiman; Abdullah Sarkar; Abdullah Al-Dhfyan; Falah Al-Mohanna; Hazem Ghebeh;

Monther Al-Alwan; Fascin Is Critical for the Maintenance of Breast Cancer Stem Cell Pool Predominantly via the Activation of the Notch

Self-Renewal Pathway. STEM CELLS 2016, 34, 2799-2813, 10.1002/stem.2473.

46. Simona DiNicola; Gianmarco Fabrizi; Maria Grazia Masiello; Sara Proietti; Alessandro Palombo; Mirko Minini; Abdel Halim Harrath;

Saleh H. Alwasel; Giulia Ricci; Angela Catizone; et al.Alessandra CucinaMariano Bizzarri Inositol induces mesenchymal-epithelial

reversion in breast cancer cells through cytoskeleton rearrangement. Experimental Cell Research 2016, 345, 37-50,

10.1016/j.yexcr.2016.05.007.

47. Fei Xing; Hiroshi Okuda; Misako Watabe; Aya Kobayashi; Sudha K. Pai; Wen Liu; Puspa R. Pandey; Koji Fukuda; Shigeru Hirota;

Tamotsu Sugai; et al.Go WakabayshiKeisuke KoedaMasahiro KashiwabaKazuyuki SuzukiToshimi ChibaMasaki EndoYin-Yuan

MoKounosuke Watabe Hypoxia-induced Jagged2 promotes breast cancer metastasis and self-renewal of cancer stem-like cells..

Oncogene 2011, 30, 4075-86, 10.1038/onc.2011.122.

48. N Imanaka; J Chen; J D Griffin; Hypoxia potentiates Notch signaling in breast cancer leading to decreased E-cadherin expression and

increased cell migration and invasion. British Journal of Cancer 2009, 102, 351-360, 10.1038/sj.bjc.6605486.

49. Cecilia Sahlgren; Maria V. Gustafsson; Shaobo Jin; Lorenz Poellinger; Urban Lendahl; Notch signaling mediates hypoxia-induced tumor

cell migration and invasion. Proceedings of the National Academy of Sciences 2008, 105, 6392-6397, 10.1073/pnas.0802047105.

50. Cláudia Bocca; Monica Ievolella; Riccardo Autelli; Manuela Motta; Luciano Mosso; Bruno Torchio; Francesca Bozzo; Stefania Cannito;

Claudia Paternostro; Sebastiano Colombatto; et al.Maurizio ParolaAntonella Miglietta Expression of Cox-2 in human breast cancer cells

as a critical determinant of epithelial-to-mesenchymal transition and invasiveness. Expert Opinion on Therapeutic Targets 2013, 18,

121-135, 10.1517/14728222.2014.860447.

51. Honor J. Hugo; C. Saunders; R. G. Ramsay; Erik Walter Thompson; New Insights on COX-2 in Chronic Inflammation Driving Breast

Cancer Growth and Metastasis. Journal of Mammary Gland Biology and Neoplasia 2015, 20, 109-119, 10.1007/s10911-015-9333-4.

52. Mousumi Majumder; Xiping Xin; Ling Liu; Elena Tutunea-Fatan; Mauricio Rodriguez-Torres; Krista Vincent; Lynne-Marie Postovit; David

Hess; Peeyush K. Lala; Mauricio Rodriguez-Torres; et al.Elena Tutunea‐FatanMauricio Rodriguez‐TorresLynne‐Marie Postovit COX-2

Induces Breast Cancer Stem Cells via EP4/PI3K/AKT/NOTCH/WNT Axis. STEM CELLS 2016, 34, 2290-2305, 10.1002/stem.2426.

53. Mousumi Majumder; Pinki Nandi; Ahmed Omar; Kingsley Chukwunonso Ugwuagbo; Peeyush K. Lala; EP4 as a Therapeutic Target for

Aggressive Human Breast Cancer. International Journal of Molecular Sciences  2018, 19, 1019, 10.3390/ijms19041019.

Keywords

Notch; EMT; breast cancer; metastasis; invasion; signaling pathway; hypoxia; cytokine; PI3K/Akt

    © 2019 by the author(s). Distribute under a Creative Commans CC BY license

Encyclopedia 2020 doi: 10.32545/encyclopedia201911.0004.v2 9

https://doi.org/10.1016/j.neo.2015.06.001
https://doi.org/10.1002/stem.2473
https://doi.org/10.1016/j.yexcr.2016.05.007
https://doi.org/10.1038/onc.2011.122
https://doi.org/10.1038/sj.bjc.6605486
https://doi.org/10.1073/pnas.0802047105
https://doi.org/10.1517/14728222.2014.860447
https://doi.org/10.1007/s10911-015-9333-4
https://doi.org/10.1002/stem.2426
https://doi.org/10.3390/ijms19041019
https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.32545/encyclopedia201911.0004.v2
https://encyclopedia.pub
https://www.mdpi.com

	A “NOTCH” deeper into the EMT program in Breast cancer
	Introduction
	Epithelial–Mesenchymal Transition
	The Notch Pathway
	Notch-Mediated EMT in Breast Cancer
	The Notch/Akt Module
	The Notch/Cytokine Module
	The Notch/Hypoxia Module

	Conclusions
	References
	Keywords


