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Abstract

The Notch signaling pathway maintains a balance between cell proliferation and apoptosis, and
thus it is believed that Notch signaling pathway may play an important role in the development
and progression of several malignancies. However, the functions of Notch signaling in EMT are
largely unknown. This mini review describes the role of Notch signaling pathway in EMT, and
cataloging how its deregulation is involved in EMT and tumor aggressiveness. Further attempts
have been made to summarize the role of several chemopreventive agents that could be useful for
targeted inactivation of Notch signaling, and thus it may cause reversal of EMT, which could
become a novel approach for cancer prevention and treatment.
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THE CONCEPT OF EPITHELIAL-MESENCHYMAL TRANSITION (EMT)

In recent years, we have witnessed the sudden explosion in the literature regarding the
biological significance of epithelial-mesenchymal transition (EMT) in tumor aggressiveness
[1-4]. It is now widely accepted that epithelial cells can acquire mesenchymal phenotype by
a fundamental yet complex processes. EMT is a unique process by which epithelial cells
undergo remarkable morphologic changes characterized by a transition from epithelial
cobblestone phenotype to elongated fibroblastic phenotype (mesenchymal phenotype)
leading to increased motility and invasion [1, 2]. During the acquisition of EMT
characteristics, cells lose epithelial cell-cell junction, actin cytoskeleton reorganization and
the expression of proteins that promote cell-cell contact such as E-cadherin and y-catenin,
and gains in the expression of mesenchymal markers such as vimentin, fibronectin, a-
smooth muscle actin (SMA), fibrillar collagen (type I and I11), fibroblast-specific protein-1,
N-cadherin as well as increased activity of matrix metalloproteinases (MMPs) like MMP-2,
MMP-3 and MMP-9 [3, 4]. Specifically, a disassembly of cell-cell junction, including
down-regulation and relocation of E-cadherin and B-catenin from cell membrane to nucleus,
results in the induction of EMT [1-4].
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The original definition of EMT was reported in different areas of embryos [5]. Although,
EMT was originally identified as a crucial differentiation and morphogenetic process during
embryogenesis, it has now been well illustrated in many patho-physiological conditions
including tumor progression and metastasis. Interestingly, it has been proposed that cancer
stem cells (CSCs) may represent the critical contributions of the complex processes of EMT
in the context of a growing tumor mass [6]. In addition, recent studies have shown that EMT
is associated with drug resistance and cancer cell metastasis [7-9]. EMT has been shown to
be important on conferring drug resistance characteristics to cancer cells against
conventional therapeutics including taxol, vincristine and oxaliplatin [10]. Therefore,
discovery of precise mechanisms that governs the acquisition of EMT phenotype of growing
cancer cells would likely be useful for devising targeted therapeutic approaches in
combination with conventional therapeutics for the treatment of human malignancies.

A number of factors that transcriptionally repress E-cadherin have emerged as potent EMT
drivers during normal development and cancer. These include the zinc finger binding
transcription factors Snail homologues (Snaill, Snail2/Slug, and Snail3) and several other
basic helix-loop-helix transcription factors such as Twist, ZEB1, ZEB2/SIP1, and TCF3/
E47/E12 [1, 2]. One must acknowledge that the processes of EMT is a dynamic process, and
it is triggered by the interplay of extracellular signals (such as collagen and hyaluronic acid)
and many secreted soluble factors including, at least, transforming growth factor-p (TGF-B),
fibroblast growth factor (FGF), epidermal growth factor (EGF), hepatocyte growth factor
(HGF), platelet-derived growth factors (PDGF) as well as different isoforms of Wnt
proteins, MMPs, bone morphogenic proteins and many others. Among many of these
signaling pathways, the Wnt, TGF-f, Hedgehog, and nuclear factor-xB (NF-«xB) signaling
pathways have been claimed to be critical for the induction of EMT phenotype [3, 11-13].
Emerging evidence also implicated the critical role of several microRNAs (miRNAS) in the
processes of EMT [14, 15]. Recent experimental evidence has shown that the presence of
hypoxia can also induce EMT [16, 17]. Moreover, Notch signaling pathway was reported to
be involved in the acquisition of EMT in both physiological conditions and pathological
processes [7, 18-21]. Notch signaling pathway has been believed to play critical roles in
CSCs. Recently, we have reviewed the emerging roles of Notch signaling pathway in cancer
stem cells [22]. However, the functions of Notch in the processes of EMT are largely
unknown. Therefore, in this review article, we will focus our discussion on describing the
role of Notch in the acquisition of EMT phenotype. The reader can also be referred to
several other excellent reviews that have been published in the field of EMT involving many
signaling events [4, 14, 23, 24].

BACKGROUND LITERATURE ON NOTCH SIGNALING PATHWAY

Notch signaling is involved in cell proliferation, survival, apoptosis, and differentiation
which affects the development and function of many organs [25-27]. Notch genes encode
proteins which can be activated by interacting with a family of its ligands. To date, in
mammals, the Notch family of trans-membrane receptors consists of four members:
Notch-1-4. Mammals also express Notch ligands for which five members have been found:
DllI-1 (Delta-like 1), DII-3 (Delta-like 3), DII-4 (Delta-like 4), Jagged-1 and Jagged-2 [27].
Notch signaling is initiated when Notch ligand binds to an adjacent Notch receptor between
two neighboring cells. Upon activation, Notch is cleaved, releasing the intracellular domain
of the Notch (ICN) through a cascade of proteolytic cleavages by the metalloprotease tumor
necrosis factor-a-converting enzyme (TACE) and y-secretase complex [26, 27]. Therefore,
inhibiting y-secretase function would prevent the cleavage of the Notch receptor, blocking
Notch signal transduction [26, 27], and thus y-secretase inhibitors could be useful for the
treatment of human malignancies. Consistent with this rationale, y-secretase inhibitors are
now undergoing clinical trials (see website: clinicaltrials.gov).
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In the absence of ICN cleavage, transcription of Notch target genes is inhibited by a
repressor complex mediated by the CSL (C protein binding factor 1/Suppressor of Hairless/
Lag-1). When ICN enters the nucleus, it binds to CSL and recruits transcription activators to
the CSL complex and converts it from a transcriptional repressor into a transcription
activator complex [26, 27]. The transcriptionally active Notch-CSL complexes then direct
the expression of numerous downstream target genes, including two families of basic helix-
loop-helix transcription factors: Hes (Hairy enhance of split) family and Hey (Hairy/
enhancer of spit related with YRPW motif). A few other Notch target genes have been
identified, some of which are dependent on Notch signaling in multiple tissues, while others
are tissue specific. Notch target genes also include nuclear factor-kappa B (NF-«B), cyclin
D1, c-myc, p21, p27, Akt, mTOR, VEGF, etc [25-27], all of which have been well
documented for their roles in tumor development and progression.

Because Notch signaling has been shown to maintain the balance between cell proliferation,
differentiation and apoptosis, alterations in Notch signaling are also associated with
tumorigenesis as discussed below. It has been reported that Notch gene is abnormally
regulated in many human malignancies [25-27]. These observations suggest that dysfunction
of ICN prevents differentiation, ultimately guiding undifferentiated cells toward malignant
transformation. Interestingly, it has been shown that the function of Notch signaling in
tumorigenesis could be either oncogenic or anti-proliferative, and the function could be
context dependent [28-30]. In a limited number of tumor types, including skin cancer,
human hepatocellular carcinoma and small cell lung cancer, Notch signaling has been shown
to be anti-proliferative rather than oncogenic [29]; however, most of the studies have shown
opposite function of Notch in many human carcinomas. Emerging evidence suggest that the
Notch signaling network is frequently deregulated in human malignancies with up-regulated
expression of Notch receptors and their ligands in cervical, lung, colon, head and neck, renal
carcinoma, acute myeloid, Hodgkin and large-cell lymphomas and pancreatic cancer [25-27,
31, 32], thus in these tumors Notch is undoubtedly oncogenic. Moreover, high-level
expression of Notch-1 and its ligand Jagged-1 was found to be associated with poor
prognosis in breast cancer, bladder cancer, leukemia, and prostate cancer [33-38]. Moreover,
Jagged-1 was found to be highly expressed in metastatic prostate cancer compared to
localized prostate cancer or benign prostatic tissues [39]. Furthermore, high Jagged-1
expression in a subset of clinically localized tumors was significantly associated with
recurrence, suggesting that Jagged-1 may be a useful marker in distinguishing indolent vs.
aggressive prostate carcinomas [40, 41]. Multiple oncogenic pathways, such as NF-xB, Akt,
Sonic hedgehog (Shh), mammalian target of rapamycin (mTOR), Ras, Wnt, estrogen
receptor (ER), androgen receptor (AR), epidermal growth factor receptor (EGFR) and
platelet-derived growth factor (PDGF) signaling have been reported to cross-talk with Notch
signaling pathway, and thus it is believed that the cross-talk between Notch and other
signaling pathways may play critical roles in tumor aggressiveness. The main features of
these pathways and cross-talk with Notch signaling have recently been reviewed [42]. Those
readers who are interested in learning more on the cross-talk between these pathways and
Notch pathway are also referred to other published review articles [25-27, 42-46]. In the
following sections, we have attempted to summarize the functional role of Notch during the
acquisition of EMT and its biological significance in a succinct manner.

THE ROLE OF NOTCH IN THE PROCESSES OF EMT

It is believed that the processes that govern the acquisition of EMT is stimulated and
regulated by many stimuli, signal transduction pathways and transcription factors. Recently,
Notch signal pathway has been found to be a key regulator in the induction of EMT [18-21].
Notch activation in endothelial cells results in morphological, phenotypic, and functional
changes consistent with mesenchymal transformation. These changes include down-

Curr Drug Targets. Author manuscript; available in PMC 2011 April 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 4

regulation of endothelial markers (VE-cadherin, Tiel, Tie2, platelet-endothelial cell
adhesion molecule-1, and endothelial NO synthase), up-regulation of mesenchymal markers
(a-SMA, fibronectin, and platelet-derived growth factor receptors), and migration toward
PDGF-B driven processes [47]. Therefore it is believed that Notch-induced EMT is
restricted to cells expressing activated Notch. Moreover, Jagged-1 stimulation of endothelial
cells is known to induce a similar mesenchymal transformation, suggesting that Jagged-1
mediated activation of Notch signaling is important during the induction of EMT [47]. In the
following sub-sections, we will describe the role of Notch and other associated molecules
that are known to be important in the processes of EMT.

Notch and Snail

During the acquisition of EMT phenotype, the loss of E-cadherin expression appears to be a
crucial step which reduces the cell-cell adhesion, and leading to destabilization of the
epithelial architecture. Moreover, a central role of E-cadherin gene repression has been
attributed to the function of Snail expression, which is activated during the acquisition of
EMT. Snail can bind to the two E-boxes of human E-cadherin promoter and function as a
repressor of E-cadherin gene expression [48], thus any biological processes that will trigger
Snail over-expression is likely to down-regulate E-cadherin expression resulting in the
acquisition of EMT. Because Snail-1 is an important regulator of E-cadherin expression,
questions have been asked whether the effects of Notch on E-cadherin expression could be
mediated through ICN via regulating the expression of Snail-1. The answer to this question
is yes because Notch has been shown to promote EMT through the regulation of Snail. For
example, Timmerman et al. reported that over-expression of Notch-1 in immortalized
endothelial cells in vitro induces Snail, yielding attenuated VVE-cadherin expression, loss of
contact inhibition, and the acquisition of EMT, which was accompanied by oncogenic
transformation [20]. These authors have also found that Notch acts via lateral induction in
the endocardium, and is crucial for endocardial EMT. They have also demonstrated the
absolute requirement for Notch in the promotion of EMT during cardiac valve development.
Cardiac explants of Notch mutants or wild-type embryos treated with y-secretase inhibitor
DAPT show severely impaired EMT. Consistent with this notion, transient ectopic
expression of Notch-1 in embryos led to hypertrophic cardiac valves, and DAPT treatment
inhibited valve formation, suggesting that Notch plays a crucial role in the promotion of
EMT both during development and tumor progression [20].

Recently, Sahlgren et al. found that Notch signaling is required for the induction of EMT
mediated by hypoxic stimulus, which was associated with increased cell motility and
invasiveness [19]. These authors have proposed that Notch signaling functions by two
distinct mechanisms in controlling the expression of Snail-1. First, Notch could directly up-
regulate Snail-1 expression by recruitment of ICN to the Snail-1 promoter. Secondly, Notch
mediated induction of hypoxia-inducible factor 1a(HIF-1a) could get recruited to the lysyl
oxidase (LOX) promoter, resulting in the elevated expression of LOX, which stabilizes the
Snail-1 protein [19]. Interestingly, Snail could also regulate the Notch expression. For
example, Kuphal et al found down-regulation of Notch-4 by anti-sense Snail cDNA
transfection of melanoma cells [49], and the above results are convincing in support of the
complex cross-talk between Notch and Snail during the acquisition of EMT.

Notch and Slug

Slug (also called Snail-2) is one of the repressors of E-cadherin promoter similar to Snail-1.
Repression of E-cadherin by Slug initiates EMT through permitting loss of cell-cell
adhesion, thereby disrupting apical-basal polarity and promoting cell migration. Recently, it
has been reported that Slug is a direct Notch target required for initiation of cardiac cushion
cellularization [18]. Slug is expressed by a subset of endothelial cells and mesenchymal cells
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of the atrioventricular canal at E9.5 (embryonic day), at the initiation step of EMT. Slug
deficiency results in impaired cellularization of the cardiac cushion at E9.5 but not E10.5, as
EMT in Slug-deficient embryos is rescued by an increase in Snail expression by E10.5 [18].
During this EMT process, Notch signaling directly regulates the Slug promoter through CSL
interaction, resulting in the up-regulation of Slug in endothelial cells [18]. Slug also can
directly binds and represses the VVE-cadherin promoter. Furthermore, activation of Notch in
the context of TGF-f stimulation results in synergistic up-regulation of Snail in endothelial
cells, suggesting that combined expression of Slug and Snail is required for the induction of
EMT in cardiac cushion morphogenesis [18].

Recently, Slug has been demonstrated to be important for cancer cells, especially in the
down-regulation of epithelial markers and up-regulation of mesenchymal markers in order
for cancer cells to become matile and invasive. In addition, several studies have shown Slug
over-expression in breast carcinoma, esophageal carcinoma, colorectal carcinoma, which
was associated with shorter survival [50-52]. The expression of Slug was significantly
associated with Dukes stage and distant metastasis, and the expression of Slug had a
significant impact on patient overall survival in human colorectal carcinoma. Moreover,
patients with positive expression of Slug and reduced expression of E-cadherin showed the
worst prognosis. For example, Jethwa et al. reported that Slug was more abundant in
adenocarcinoma and inversely correlated to E-cadherin expression compared to matched
Barrett's metaplastic specimens [53]. Over-expression of Slug in human esophageal
carcinoma OE33 was linked with E-cadherin repression and over-expression of
mesenchymal markers such as vimentin and fibronectin [53]. It has also been reported that
Slug up-regulation is intimately linked with the down-regulation of E-cadherin, which was
found to be correlated with the presence of distant metastases and with advanced pTNM
stages in gastric carcinomas [54]. Moreover, it has been reported that Slug is a downstream
target gene of Notch that is up-regulated in Jagged-1 and Notch-1 positive human breast
cancers [55], suggesting that Jagged-1-mediated activation of Notch in breast epithelial cells
leads to the induction of EMT mediated via induction of Slug and subsequent repression of
the Ecadherin. In addition, Slug was found to be essential for Notch-mediated repression of
E-cadherin, resulting in B-catenin activation and resistance to anoikis [55]. Notch-1 target
gene Hey is also known to be a potential marker of human breast cancers that exhibit
activation of the Jagged-Notch-Slug signaling axis [55]. These findings clearly suggest that
Jagged-induced activation of Notch and its downstream events is mediated via activation of
Slug, thereby promotes tumor growth and metastasis, which are associated with the
acquisition of EMT.

Notch and TGF-

TGF-B signaling is involved in the vast majority of cellular processes including EMT. The
functioning of the TGF-p pathway depends on its constitutive and extensive communication
with other signaling pathways, resulting in synergistic or antagonistic effects and desirable
biological outcomes. Recent studies have documented a cross-talk between TGF-f and
Notch signaling. For example, TGF-B can induce the expression of Notch ligands and that
Jagged-1 up-regulation contributes to TGF-B-stimulated p21 expression and cytostasis in
epithelial cells [56]. TGF-B, a primary driver of cellular changes in the kidney during
nephropathy, showed increased Jagged-1 and Hes-1 expression in human kidney epithelial
cells. Elevated levels of Jagged-1 and Hes-1 were also detected in extracts from renal
biopsies from diabetic nephropathy patients, suggesting that Notch signaling pathway-
regulated gene expression is relevant in the pathogenic processes primarily due to activated
functioning of TGF-B [57]. Moreover, Zavadil et al. reported that expression of Hey-1 and
Jagged-1 was induced by TGF-p at the onset of EMT in epithelial cells from mammary
gland, kidney tubules, and epidermis [21]. The Hey-1 expression was found to be biphasic,
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consisting of immediate-early Smad3-dependent, Jagged-1/Notch-independent activation,
followed by delayed, indirect Jagged-1/Notch-dependent activation [21]. TGF-B-induced
EMT was found to be blocked by RNA silencing using Hey-1 or Jagged-1, and by chemical
inactivation of Notch, and thus these limited yet interesting findings clearly suggest the
functional role of Hey-1, Smad3, and Jagged-1/Notch in mediating TGF-p-induced EMT
[21]; however further studies in this interesting area would be highly rewarded.

Notch and FGF

FGF signals have been implicated in the control of cell proliferation, differentiation,
migration, and survival, which is mediated by the activation of FGF receptors (FGFR). FGF
dimers are associated with heparan sulfate proteoglycan, which then binds to FGF receptors
in inducing receptor dimerization, activation of its tyrosine kinase activity associated with
receptor auto-phosphorylation. The FGFs together with their tyrosine kinase receptors play a
critical role in autocrine and paracrine growth control of malignant tumors [58]. Enhanced
FGF/FGFR signaling activity has been reported in human cancers [59]. It has been reported
that FGF signals are transduced via activation of the PI3KAKT signaling pathway, the
MAPK signaling pathway, and the PLCy signaling pathway [58-60], suggesting a complex
cross-talk between several ligand-receptor mediated signaling pathways in transducing FGF-
FGFR signaling.

It has now been well accepted that FGF could induce EMT in many cell lines. Rat bladder
carcinoma NBT-II cells was found to undergo EMT upon stimulation with FGF [61].
Moreover, non-autocrine cells behave like epithelial parental cells, whereas autocrine cells
have a mesenchymal pheno-type, which was correlated with the over-expression of
urokinase plasminogen activator receptor (UPAR), the internalization of E-cadherin, and the
redistribution of B-catenin from the cell surface to the cytoplasm and nucleus, and the
behavior of autocrine cells was consistent with a decrease in tumor-suppressive activity of
E-cadherin [61]. Interestingly, epithelial carcinoma NBT-II cells stimulated over time with
FGF-1 allowed the identification of immediate, immediate-early and late EMT gene targets
[62]. Among those genes Notch-1 was found to be expressed at a basal level in the non-
stimulated cells whereas it was up-regulated at 0.5 and 2 hours with FGF-1 treatment,
suggesting that Notch-1 is an immediate early target gene that is involved in the acquisition
of EMT induced by FGF-1 [62]. The cross-talk between FGF-FGFR signaling with Notch
signaling pathways during the acquisition of EMT clearly suggest that further research in
this exciting area is urgently needed for the development of targeted therapies for human
malignancies.

Notch and PDGF

PDGF signaling has been reported to regulate the expression of the Notch-1 receptor in
some cell lines. The PDGFs are composed of four different polypeptide chains encoded by
different genes. Four PDGF family members have been identified to date: PDGF A-D. The
four PDGF chains assemble into disulphide-bonded dimers via homo- or hetero-
dimerization, and five different dimeric isoforms have been described so far; PDGF-AA,
PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD [63-65]. The PDGFs have a common
structure with the typical growth factor domain involved in the dimerization of the two
subunits, and in receptor binding and activation [64, 65]. Growing body of evidence in the
literature strongly suggests the role of PDGF signaling in cancer cell growth, invasion and
metastasis [66-69]. The expression of PDGF-B correlates with Notch ligand Dll-4
expression in developing retinal arteries [70]. We also found recently that down-regulation
of PDGF-D leads to the inactivation of Notch-1 and NF-xB DNA-binding activity and, in
turn, down-regulates the expression of its target genes, such as VEGF and MMP-9 [71].
Therefore, the inactivation of PDGF-D-mediated cell invasion and angiogenesis as reported
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by our results could in part be due to inactivation of Notch-1 activity, and further supporting
a critical cross-talk between PDGF and Notch signaling.

Moreover, we have also reported that PDGF signaling contributes to EMT phenotype,
resulting in the aggressiveness of tumor cells such as increased invasion and angiogenesis
characteristics [11]. We have also found that over-expression of PDGF-D in prostate cancer
cells (PC3 PDGFD cells) resulted in a significant induction of EMT as shown by changes in
cellular morphology concomitant with the loss of E-cadherin and zonula occludens-1
(Z0-1), and gain of vimentin [11]. Interestingly, we found that Notch-1 was highly
expressed in PC3 PDGF-D cells (unpublished data), suggesting a cross-talk between PDGF-
D and Notch signaling in the acquisition of EMT by prostate cancer cells. Moreover, we
have recently found down-regulation of miR-200 family in PC3 PDGF-D cells, which was
associated with up-regulation of ZEB1, ZEB2 and Slug expression [72]. Similar findings
were also observed in PC3 cells chronically treated with purified recombinant active PDGF-
D. Interestingly, re-expression of miR-200b in PC3 PDGF-D cells led to the reversal of
EMT phenotype, which was associated with the down-regulation of ZEB1, ZEB2 and Slug
expression and these results were consistent with increased gene expressions of epithelial
markers [72]. Moreover, transfection of PC3 PDGF-D cells with miR-200b also inhibited
cell migration and invasion with concomitant repression of cell adhesion to culture surface
and cell detachment [72]. We also found that re-expression of miR-200 down-regulated the
expression of Notch-1 (unpublished data). From these results, we concluded that PDGF-D-
induced acquisition of EMT phenotype of PC3 cells is in part due to repression of miR-200
and activation of Notch-1. Taken together, Notch pathway plays an important role in EMT
progression as illustrated in Fig. (1).

NOTCH AS A CANCER THERAPEUTIC TARGET AND OVERALL
PERSPECTIVES

The growing body of literature strongly suggests that increased expression of Notch genes
and their ligands are detected in many human cancer cells and tissues [22, 26, 27, 45, 73,
74]. These results clearly suggest that inactivation of Notch signaling by novel approaches
will have a significant impact in cancer therapy. Interestingly, our recently published data
showed that pancreatic cancer cells that are gemcitabine-resistant (GR) acquired epithelial-
mesenchymal transition (EMT) phenotype as evidenced by elongated fibroblastoid
morphology, lower expression of epithelial marker E-cadherin, and higher expression of
mesenchymal markers such as vimentin and ZEB1 [7, 75, 76]. We also found that Notch-2
and its ligand, Jagged-1, are highly up-regulated in GR cells, which is consistent with the
role of the Notch signaling pathway in the acquisition of EMT [7]. We also found that
down-regulation of Notch signaling by siRNA approach led to partial reversal of the EMT
phenotype, resulting in the mesenchymal-epithelial transition, which was associated with
decreased expression of vimentin, ZEB1, Slug, Snail, and NF-«xB [7]. These results provide
molecular evidence showing that the activation of Notch signaling is mechanistically linked
with chemoresistance phenotype consistent with the acquisition of EMT phenotype of
pancreatic cancer cells, suggesting that the inactivation of Notch signaling by novel
strategies could be a potential targeted therapeutic approach for overcoming
chemoresistance toward the prevention of tumor progression and/or treatment of pancreatic
cancer for which current conventional therapeutic strategies are highly disappointing.

Since Notch signaling is activated via the enzymatic activity of y-secretase and, thus
inhibition of y-secretase is becoming an exciting new area of drug development for the
targeted therapy of many human cancers. Several forms of y-secretase inhibitors have been
tested for their anti-tumor effects. Recently, y-secretase inhibitor DAPT was reported to
suppress medulloblastoma growth and induce Gg-G1 cell cycle arrest and apoptosis ina T-
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ALL animal model [77]. We also found that y-secretase inhibitor suppress the prostate
cancer cell growth [78]. Inhibitors of y-secretase are being tested in Phase I clinical trials,
suggesting that Notch signaling is an important target in cancer therapy (see website:
clinicaltrials.gov). However, one of the major challenges is to eliminate unwanted toxicity
associated with the y-secretase inhibitors, especially the cytotoxicity in the gastrointestinal
tract [79]. Moreover, y-secretase inhibitors could have widespread adverse effects in vivo
because proteases such as y-secretase participates in a wide array of cellular functions [80],
suggesting that novel targeted agents must be developed for the inactivation of Notch
signaling toward the treatment of human malignancies.

Interestingly, our recent studies have shown that chemo-preventive agents that are known to
be non-toxic to humans, such as genistein and curcumin (non-toxic dietary agents) inhibited
Notch-1 activation in pancreatic cancer cells leading to apoptotic cell death [32, 74].
Whereas other studies have shown that resveratrol, another non-toxic dietary agent, could
also induce apoptosis by inhibiting the Notch pathway mediated via inactivation of p53 and
PI3K/Akt in T-ALL [81]. Moreover, one Chinese herb anti-tumor B also inhibited Notch
expression in a mouse lung tumor model [82]. More recently, we found that the expression
of miR-200b, miR-200c, let-7b, let-7c, let-7d, and let-7e was significantly down-regulated in
gemcitabine-resistant (GR) cells having EMT characteristics and interestingly re-expression
of miR-200 by transfection studies or treatment of GR cells with either 3,3'-
diinodolylmethane (DIM) or isoflavone resulted in the down-regulation of ZEB1, slug, and
vimentin, which was consistent with morphological reversal of EMT phenotype leading to
epithelial morphology. We also found that miR-200 down-regulated the expression of
Notch-1 in pancreatic cancer cell lines (unpublished data). These results provide
experimental evidence suggesting that DIM and isoflavone could function as miRNA
regulators leading to the reversal of EMT phenotype, which is likely to be important for
designing novel therapies for pancreatic cancer especially those with EMT phenotype that
are typically drug-resistant, the typical characteristics of most pancreatic cancer.
Collectively, our findings together with those reported in the literature are becoming an
exciting area for further in-depth research for targeted inactivation of Notch signaling,
especially by genistein, DIM, resveratrol, curcumin and others, as a novel therapeutic
approach for the treatment of human malignancies.
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Fig. (1).

A mechanistic diagram showing how Notch could promote EMT progress.
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