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Abstract Notch signaling pathway is evolutionarily con-

served in mammals, which plays an important role in cell

development and differentiation. In recent years, increasing

evidence has shown that aberrant activation of Notch is

associated with tumor process. Aberrant activation of

Notch signaling pathway has been found in many different

solid tumors can induce cell proliferation, metastasis and

epithelial-mesenchymal transition. Notch receptor and its

ligand are both single transmembrane protein, and Notch is

activated when it binds to the Notch ligand of neighbor

cells. The signal transduction of Notch signaling pathway

is only between cells that are in contact with each other,

which is independent of second messengers. Thus, Notch

needs to cross talk with other signaling pathways, including

PI3K/AKT, NF-jB, integrin and miRNAs, to precisely

regulate cell fate. In this review, we summarize the roles of

Notch signaling pathway in tumor metastasis and its

regulatory mechanisms and discuss the current treatment

strategies targeting Notch signal pathway.
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Introduction

Cancer is a major public health problem in the word. The

latest statistics report in 2017 indicates that lung cancer,

colon cancer, breast cancer, and pancreas cancer are still

the most common causes of cancer death according to the

American Cancer Society, and these four cancers account

for 46% of all cancer deaths [1]. The main reason for the

high mortality of cancer is due to the highly invasive

behavior of cancer cells, which usually results in cancer

progression and metastasis. Metastasis is responsible for

the vast majority of cancer-related death, so it is clear that

the mechanism of cancer metastasis deserves urgent

attention. The process of tumor metastasis is extremely

complicated, which must (1) detach from the primary

tumor, (2) adhere to extracellular matrix (ECM) and

degrade it, (3) invade into bloodstream or lymphatic sys-

tem, (4) tumor angiogenesis, (5) proliferate at the sec-

ondary site to form metastases [2]. Metastasis is a

characteristic of malignant behavior of the tumor and is

responsible for the failure of clinical treatment. Therefore,

finding targets to treat or prevent tumor metastasis is an

important therapeutic priority [3]. Progression toward a

metastatic phenotype requires a concerted effort between

different molecules that have been implicated in advancing

of metastasis. It is a complex process controlled by multi-

genes. Accumulated evidences show that Notch gene is

aberrantly activated in many human malignancies [4–7].
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Overexpression of Notch and its ligands has been shown to

be associated with poor prognosis in breast cancer [4, 8, 9].

Notch signaling pathway is evolutionarily conserved

which was first identified to play important role in diverse

development progress. In recent decades, there are con-

siderable studies suggesting that Notch signaling pathway

is implicated in the development progress of cancer. In this

review, we summarize the Notch signaling and its cross

talk networks in tumor metastasis.

Notch structure and function

Notch was discovered by appearance of a notch in the wing

of fruit fly [10], which was subsequently found to have an

important role in embryonic development. Notch receptor

is type I single-pass transmembrane protein, which is

encoded by 2370 amino acids [11]. Notch signaling path-

way consists of three parts: Notch receptor, Notch ligand

and DNA binding sequence CSL (CBF1/Su(H)/Lag-1). In

mammals, there are four isoforms of Notch receptors

(Notch-1, Notch-2, Notch-3 and Notch-4 [12]) and five

Notch ligands (Dll-1, Dll-3, Dll-4, Jagged-1 and Jagged-2

[13]). All the Notch receptors exhibit the same overall

structures: 36 homologous epidermal growth factor (EGF)-

like tandem repeats and three Lin-12/Notch repeats (LNR)

in the extracellular domain; a CSL-binding domain RAM, a

PEST sequence, and seven ankyrin-like repeat (ANK) in

the intracellular domain [14]. Notch ligands are also type I

transmembrane proteins, containing extracellular EGF-like

repeats, a DSL (Delta/Serrate/Lag-2) motif accounting for

Notch interaction and short and quite divergent intracel-

lular domains [15]. Notch signaling pathway will be acti-

vated, when ligand binds to Notch receptor between two

adjacent cells, to determine cell fate and regulate organ

formation and morphogenesis. Classic Notch activation

requires three steps of proteolytic cleavage (Fig. 1): First

step, Notch single-stranded precursors are cleaved by Furin

proteases in Golgi complex to form a large fragment con-

taining extracellular domain and a small fragment con-

taining transmembrane regions and intracellular regions,

which are combined by Ca2?-dependent non-covalent bond

to form a mature heterodimer receptor and transferred to

cell membrane. When the mature receptor binds to the

ligand, it undergoes a second cleavage by TACE or Kuz,

which belongs to ADAM (A Disintegrin and Metallopro-

tease) metalloproteinase family, to release the extracellular

fragment. The remainder fragment, containing transmem-

brane domain and intracellular domain, is cleaved for the

third time by c-secretase to release soluble Notch intra-

cellular domain (NICD) and transferred to the nucleus. The

NICD binds to transcription factor CSL in nucleus, leading

to downstream gene transcription [16]. Besides CSL-

dependent activation, Notch signaling pathway also has

CSL-independent activation [17], but most Notch target

genes have CSL binding site [18]. The Notch signal

transduction is second messenger independent, which

directly accepts the adjacent cell signaling and transfers to

the nucleus, initiating the downstream transcription factor

expression. Notch signaling conduction cannot amplify the

signal, but it is necessary for precise control of cell dif-

ferentiation in the initiation process. Notch target genes

vary in different tissue and different cells, such as HES and

HEY families, MMP-2, MMP-9, cyclin D1, Her2, c-Myc,

p21 and cell apoptosis-associated genes. Notch precisely

regulates cell differentiation, proliferation and tumorigen-

esis might by modulating these genes expression.

Notch signaling pathway in tumorigenesis

Notch signaling pathway was found to maintain the

undifferentiated state of cells through paracrine inhibition

and induce cell differentiate under appropriate stimulation

at early stage. Subsequent studies had found that Notch not

only regulates cell differentiation, but also participates in

the development of various tissues. Accumulated evidence

showed that dysregulated Notch signaling is involved in

tumorigenesis and cancer development. Notch signaling

directly leads to not only tumorigenesis, but also cross talks

with other signaling pathways to induce carcinoma [19].

The carcinogenicity of Notch signaling pathway was

initially identified in human T cell acute lymphoblastic

leukemia (T-ALL), where Notch-1 was found to be acti-

vated, which was caused by the release of Notch-1 intra-

cellular domain (N1ICD) [20]. Notch-1 signaling pathway

was found to be aberrantly activated in more than 50%

T-ALL patients [21], to activate NF-jB by inhibiting

ubiquitin carboxyl-terminal hydrolase (CYLD) [22]. Sub-

sequent studies indicated that Notch family were aberrantly

activated in the tumorigenesis of many cancers. e.g., breast

cancer [23], pancreatic cancer [24] and cervical cancer

[25].

Notch is known to function as both oncogene and tumor

suppressive gene, which depends on the tumor cell type

and tissue type. As an oncogene, Notch is overexpressed in

breast cancer [23], gastric cancer [26], pancreatic cancer

[24] and colon cancer [27]. However, Notch expression is

down-regulated in skin cancer [28], liver cancer [29],

prostate cancer [30], non-small cell lung cancer [31] and

some breast cancers [32], where Notch acts as a tumor

suppressor gene. Moreover, Notch also plays a different

role in cancer cells at different times. Notch-1 promotes

tumor growth at early stage of cervical cancer, while it

inhibits tumor growth at the late stage [33]. Whether Notch

acts as a tumor suppressor gene or an oncogene is
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determined by the microenvironment. The microenviron-

ment factors includes the type of Notch receptors, cell type,

Notch activation state, and other signaling pathways which

Notch is cross talking with.

Notch signaling in tumor metastasis

Tumor metastasis is the leading reason to the poor prog-

nosis of various cancers. There are several theoretical

models trying to decipher the mechanism of tumor

metastasis, among which the commonly accepted mecha-

nism of metastasis is the epithelial-mesenchymal transition

(EMT) theory. During the process of tumor metastasis,

tumor cells in primary tumor lose cell–cell adhesion and

invade into the blood through intravasation to form circu-

lating tumor cells (CTCs). These CTCs re-adherent and

exit the bloodstream to form micrometastases at the other

places suitable for the growth. In these processes, these

cells loss the mesenchymal characteristics and transited

into epithelial cells (MET). Thus, EMT and MET form the

initiation and completion of the invasion-metastasis cas-

cade [34]. EMT process is regulated by a variety of

signaling pathways. Growth factors, such as HGF, FGF,

TGF-b, initiate downstream signaling transduction through

RTK, cMET and ERK/MAPK cascade signaling pathways.

The PI3K/AKT and MAPK signaling pathways can

directly induce the transcription of EMT-related genes

(snail, slug and twist, etc.), thereby inducing EMT [35].

Accumulated evidence has confirmed that Notch is a key

regulator for EMT. NICD can directly bind to the promoter

of snail-1, a critical regulator of EMT, to upregulate snail-1

expression. Additionally, overexpression of NICD also

inhibits the expression of E-cadherin to induce EMT [36].

Hypoxia/HIF-inducing EMT is a well-known phe-

nomenon which has been implicated in numerous cancers

[37]. Tumor cell migration and invasion in hypoxia are

significantly accelerated. Notch-1 can replace hypoxia to

induce cell migration and invasion in ovarian cancer [36].

What is more, overexpression of Notch-1 enhances cell

invasion in breast cancer [38] and lung cancer [39] by

promoting EMT. Notch signaling pathway has been found

to upregulate the expression of Lysyl oxidase (LOX),

which was implicated in stabilizing Snail protein and

hypoxia-induced tumor invasion [40, 41], leading to the

increase in snail-1 protein in hypoxia [36].

Fig. 1 Schematic diagram of

the Notch signaling pathway.

Notch single precursors are

cleaved by furin in Golgi

apparatus to form mature Notch

receptors and translocate to

plasmic membrane. Notch is

activated when Notch ligands

on adjacent cells bind to it,

resulting in the second and the

third cleavage by ADAM and c-
secretes, releasing Notch

intracellular domain NICD,

which translocates into the

nucleus and binds to CSL to

initiate the expression of

downstream genes

Med Oncol (2017) 34:180 Page 3 of 10 180

123



During EMT, tumor cell skeleton undergoes rearrange-

ment, cell stiffness, and cell–cell connectivity decreases,

facilitating tumor cell migration and invasion [42]. Cell

mechanical properties depend on cytoskeletal fibrous

structures, including actin filaments, microtubules and

intermediate filaments [43]. Thus, down-regulating

Vimentin, an intermediate filamentous protein, leads to cell

motility inhibition. It has been found that Notch receptors

are linked to myosin and affect cell motility [44].

The re-adherent cells need to extravasate vascular

endothelial cells into tissue, which involves the degradation

of ECM and the formation of pseudopods. Pseudopods are

specific regions of the cell membrane, containing adhesion

and proteolytic enzymes, to help cell adhesion, migration

and extracellular proteolysis. Therefore, inhibiting the

ability of cancer cells to form pseudopodia can limit tumor

metastasis and invasion. Hypoxia can induce the pseu-

dopodia formation of cancer cells in vitro, accompanied

with F-actin aggregation at the leading edge of invasive

cells. Diaz, B., et al. had found that blocking Notch-1

signaling pathway abrogated hypoxia-induced pseudopodia

formation and F-actin aggregation [45]. Heparin-binding

EGF-like growth factor (HB-EGF) [46] is synthesized as a

membrane-anchored growth factor (pro-HB-EGF) [47].

The extracellular domain of pro-HB-EGF cleaved by

metalloproteases releases a soluble form of HB-EGF,

which potentiates tumor growth and angiogenesis [48].

ADAM12, a hypoxia effector, is regulated by Notch-1 and

also a shedding enzyme of HB-EGF. Hypoxia-induced

invasion pseudopodia formation through HB-EGF-acti-

vated EGFR signaling pathway is Notch-1 dependent.

Studies have shown that hypoxia increases ADAM12

expression through the activation of Notch-1, thereby

promoting the invasion pseudopodia formation induced by

HB-EGF [45].

Matrix metalloproteinase (MMP) is an essential regu-

lator of ECM degradation and is important for cancer cell

metastasis. Among the MMP family, MMP-2 and MMP-9

could specifically degrade collagen type IV, which are

abundant in ECM [49]. It has been reported that Notch-1

activation induces the MMP-2 and MMP-9 expression and

activation, while down-regulation of Notch-1 decreases the

MMP-2 and MMP-9 activation to inhibit cell metastasis in

breast cancer cells and pancreatic cancer cells [50, 51].

These studies demonstrated that Notch signaling path-

way plays an important role in every step of tumor

metastasis process. Although Notch signaling pathway

does not have second messenger to amplify signals, it

precisely regulates the cell fate through cross talking with

other signaling pathways (Fig. 2).

Notch signaling and NF-jB

Nuclear factor Kappa-light-chain-enhancer of activated B

cells (NF-jB) is a transcriptional complex, being involved

in physiological processes by regulating cell immune,

differentiation, apoptosis, migration and invasion. A con-

siderable number of studies have shown that aberrantly

activated NF-jB promotes tumorigenesis and leads to

tumor malignancy by inducing the expression of genes

associated with survival, metastasis and carcinogenesis

[52, 53].

Activated NF-jB upregulates the expression of Jagged-

1, a ligand for Notch signaling pathway, in breast cancer

stem cells, suggesting that NF-jB activation promotes the

production of breast cancer stem cells by activating Notch

signaling pathway [54]. More evidence has shown that

Notch signaling pathway leads to NF-jB activation

through IKK phosphorylation [19]. Notch-1 activation can

induce AKT phosphorylation, resulting in Wnt/b-catenin
and NF-jB activation to facilitate the migration and

invasion of glioblastoma [55]. In breast cancer cells, sup-

pressed Notch-1 activity decreases cell proliferation,

migration and invasion by down-regulating AKT and NF-

jB activity [56]. Notch also inhibits PI3K/AKT dephos-

phorylation by inhibiting PP2A and PTEN activation and

consequently promotes cancer malignant process

[26, 56, 57].

These findings suggest that there is an interaction

between Notch and NF-jB pathways, but the mechanisms

of action vary in different cells. The complicated interac-

tion between Notch and NF-jB might depend on the exact

pathophysiological context [58].

Notch signaling pathway and integrin

Integrins are transmembrane receptors that mediate cell–

cell interaction and cell–ECM connection [59]. Integrin

receptors are heterodimers constituted with a subunits and

b subunits. There are 18 known a-subunits and 8 known b-
subunits that can combine in various ways to form 24

functional integrins [60]. Integrin ligand has a special

binding site containing an Arg-Gly-Asp (RGD) sequence

[61]. MAGP2, an extracellular matrix protein, contains an

RGD domain, which was found to suppress Notch activa-

tion by binding to integrin b1 and integrin b3 [62].

Moreover, Notch signaling can enhance cell adhesion by

activating integrin b1 through small GTP-binding protein

R-Ras when cancer cells enter the blood circulation system

[63, 64].

It was revealed that CCN1 knockdown resulted in sig-

nificant down-regulation of Notch ligand Jagged-1 [65].
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Additionally, knockdown of integrin av and b5 also

inhibited Jagged-1 expression [65]. Activated avb5, which
is downstream of CCN1, can activate NF-jB. CCN1

induces Jagged-1 expression through avb5/NF-jB path-

way, which is essential for cholangiocyte proliferation

[65]. CCN1 enhances the stability of Notch-1 intercellular

domain (N1ICD) by preventing the proteasomal degrada-

tion events in pancreatic cancer cells. Moreover, the

functional role of CCN1 can be mediated by the interaction

with avb3 integrin receptor [66].

Integrin-linked kinase (ILK), an integrin-interacting

protein with serine/threonine kinase, phosphorylates AKT,

GSK3b and integrin b1/b3 [67]. It was found that over-

expression of ILK facilitated the phosphorylation of AKT

and also induced Notch-1 activation, associating with the

increased mammosphere formation of tumor cells in 3D

culture [68]. It has been reported that interleukin-6 (IL-6)

can cross talk with Notch signaling pathway [69]. IL-6-

inducing Notch activation is mediated by ILK, for that ILK

regulates the assembly of c-secretase complex [70]. IL-6

can promote breast cancer bone metastasis through Notch-

1 [69] and induces mammosphere formation through

Notch-3 in breast cancer cells [71]. Recent studies showed

that IL-6 induced Notch-1 activation, which is dependent

on the caveolin-1 [70]. Caveolin-1, a major component of

caveolae, participates in various cellular processes,

including lipid transport, membrane trafficking and

tumorigenesis [72]. These findings suggested that Notch

signaling pathway can be cross talking with caveolin-1.

The avb6 integrin, a receptor for fibronectin, tenascin-C

and TGF-b1, is upregulated in several epithelial cancers

and associated with poor prognosis of these cancers. Fur-

ther research indicated that the cytoplasmic domain of b6
modulates the composition of intermediate filaments, thus

regulating EMT. Truncation of the b6 cytoplasmic tail

decreased RBP-Jj expression by 75%, thereby also regu-

lating the Notch pathway, indicating that Notch pathway is

under the control of signals provided by the b6 cytoplasmic

domain [73].

Notch activation can induce the expression of integrin

avb5 in myeloma cells companied with enhanced cells

adhesion on vitronectin. However, only integrins av and

b5, but not b1 and b3, were found increased upon Notch

activation [74]. Notch downstream effector Hes-1 can

directly bind to the promoter regions of N-cadherin and a9-
integrin genes [75]. In rhabdomyosarcoma (RMS), Notch

signaling inhibition significantly reduced N-cadherin and

integrin a9 expression, but no changes were observed in

the amount of integrin b1, the partner of a9 [75]. The

evidence suggests that the cross talking between Notch and

integrin depends on the subunit of integrin and the

microenvironment in which they are located.

Fig. 2 The Notch signaling

pathway cross talking network

in regulating cell metastasis.

Notch signaling pathway is

aberrant activated in tumor

cells, which is associated with

NF-jB and AKT

hyperactivation. Notch

signaling pathway is regulated

by many other pathways,

including CCN1, IL-6/IL-6R,

Cav-1 and integrins
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Notch signaling pathway and miRNAs

MicroRNAs (miRNAs) are short, conserved, noncoding

RNA molecules that modulate mRNA translation and

degradation, which were implicated in various cellular

processes including metabolism and immunoregulation

[76, 77]. In the recent years, increasing miRNAs have

implicated human diseases including cancers. Many Notch

signaling pathway-related molecules are identified to be the

posttranscriptional targets of miRNAs. Accumulating evi-

dence shows that the interaction between Notch signaling

pathway and miRNAs contributes to tumor development

[78]. MiR-223 plays an important role in regulating cell

survival and is implicated in chronic inflammatory diseases

[79, 80]. Notch and NF-jB are able to increase miR-223

expression. A conservative RBP-Jj and NF-jB overlap-

ping binding site has been found in the promoter of miR-

223 [81]. Notch-1, Notch-3 and NF-jB are directly

recruited to the promoter region of miR-233 to promote

miR-233 expression [82]. miR-233 silencing resulted in

cell cycle arrest and apoptosis [79], which is in accordance

with the result that Notch and NF-kB signaling pathway

inhibition led to cell cycle arrest at G1 phase and increased

apoptosis [50].

miR-200 has been implicated in EMT and tumor

motility. The EMT activator ZEB1 controls central cellular

processes and states by inhibiting the expression of miR-

200 family [83]. Furthermore, ZEB1 also promotes Notch

expression. Jagged-1 is a predicted target of miR-200

family members. Overexpression of miR-200 leads to the

reduced expression of Jagged-1. It has been reported that

EMT inducer ZEB1 can trigger Notch signaling in cancer

cells by stabilizing the expression of Notch pathway

components, such as Jagged-1, Maml-2 and Maml-3,

through inhibiting miR-200 expression [84]. Studies also

found that tumor cell EMT and metastasis are dependent

upon Jagged-2 and Notch-3, which promote EMT by

decreasing miR-200 expression. [85, 86]. In addition, miR-

200 interacting with Notch signaling pathway is also found

in cancer stem cells (CSCs), such as breast CSC [87] and

pancreatic CSC [88].

miR-598, which is down-regulated in colorectal cancer

tissues, is implicated in colorectal cancer metastasis. It

regulates EMT by directly suppressing its downstream

target gene Jagged-1 to inactivate Notch signaling pathway

[89]. Additionally, tumor suppressor miR-206 inhibiting

cell proliferation and migration is reported by down-regu-

lating Notch-3 expression [90]. These researches demon-

strated that Notch signaling pathway is regulated by

microRNAs, suggesting that targeting these microRNAs

might be an effective strategy of therapeutics for cancers.

Notch signaling as a therapeutic target

Notch signaling pathway plays a critical role in develop-

ment and tissue homeostasis, which is recapitulated in

different forms of cancer. Dysregulated Notch signaling

due to mutation or amplification or overexpression of

ligands and/or receptors is implicated in a number of

malignancies. Due to the important role of Notch signaling

in tumorigenesis and metastasis, blocking Notch signaling

pathway could be a potential therapy for cancer treatment.

High level of Notch signaling pathway molecules has

been found in many types of cancer, resulting in Notch

signaling enhancement, and promoting tumor cell survival.

High expression of Notch-1 and Jagged-1 is associated

with poor prognosis in breast cancer, promoting breast

epithelial cell transformation. Aberrant expression of

Notch-1, Notch-4 or Jagged-1 is usually present in breast

ductal carcinoma and lobular carcinoma. In estrogen

receptor-positive (ERa?) cells, estradiol suppresses Notch-
1 activity by inhibiting the nuclear translocation of N1ICD.

This effect can be reversed by tamoxifen and raloxifene to

reactivate Notch-1. It was revealed that inhibition of

Notch-1 signaling pathway decreased the expression of

cyclin A and cyclin B1, causing G2 arrest in human breast

carcinoma MDA-MB-231 cells (ERa-) and T47D:A18 cells
(ERa?) [91]. Furthermore, Notch-1 inhibition enhanced

the anti-tumor effects of tamoxifen. In addition, tamoxifen

in combination with c-secretase inhibitor (GSI) signifi-

cantly inhibited the growth of MDA-MB-231 cells in vitro

[91].

The N1ICD level is associated with the xenogeneic

transplantation ability of triple-negative breast cancer, and

the expression of Hes-4, a direct target gene of Notch, is

related to the prognosis of triple-negative breast cancer

patients. Notch signaling inhibitors MRK-003 markedly

inhibited the proliferation of triple-negative breast cancer

cell lines [92]. Hyperactivation of Notch-1 can be found in

a variety of other solid tumors, including adenoid cystic

carcinoma, pancreatic cancer and lung cancer. However,

adenoid cystic carcinomas with activated Notch-1 muta-

tions or overexpressed N1ICD are sensitive to GSI,

whereas adenoid cystic carcinomas with low N1ICD

expression or without Notch-1 mutations are insensitive to

GSI [93]. In addition, although GSI can effectively inhibit

the growth of pancreatic cancer, breast cancer and lung

cancer xenograft model in preclinical research, it has var-

ious side effects in vivo. The chronic administration of GSI

LY-411575 significantly changes the structure of intestinal

tract and increases the number of goblet cells and mucin

secretion, causing inflammatory cells to invade the lamina

propria, all of which is due to that Notch-1 and Notch-2 are

essential in these organs, but GSI blocks the signal
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transduction of all Notch family members, suggesting that

more drugs specifically targeting Notch are needed. Recent

studies have confirmed that the combination of GSI and

glucocorticoid can reduce their side effects. Combination

treatment of GSI with glucocorticoid induced a synergistic

anti-leukemic effect in human T-ALL. Treatment of glu-

cocorticoid dexamethasone could reverse GSI-induced

gastrointestinal toxicity by inhibiting the transformation of

goblet cells in vivo [94]. This enhances the capability that

GSI can be successfully used in combination with gluco-

corticoid in adjuvant chemotherapy.

Notch-1 and its ligands Jagged-1 and Jagged-2, Dll-4 are

overexpressed in clear cell renal cell carcinoma (CCRCC).

Treatment with LY3039478, a small molecular GSI,

inhibited the growth of CCRCC cells [95]. The data from a

phase I study (NCT01695005) in breast cancer, adenoid

cystic carcinoma and leiomyosarcoma suggest that

LY3039478 is modestly effective against a range of

advanced or metastatic cancers [96]. However, LY3039478

showed high efficacy (73% disease control rate) in adenoid

cystic carcinoma with a manageable safety profile in a

phase II study (NCT02518113).

Bristol-Myers Squibb (BMS) has developed a Notch

receptor inhibitor, a small molecular compound named

BMS-906024, which inhibits both leukemia (T-ALL-1)

and triple-negative breast cancer cell proliferation [97]. In

a clinical trial of BMS-906024 (NCT01363817), relapsed/

refractory early T cell progenitor acute lymphoblastic

leukemia patients received a treatment with BMS-906024

combined with dexamethasone. All the patients had com-

plete hematologic response without complication. Next-

generation sequencing and RNA sequence showed that

high levels of activated Notch-1 and multiple Notch target

genes were repressed by GSI [98]. Up to date, the BMS-

906024 is in phase I clinical trial in advanced or metastatic

solid tumors and acute lymphocytic leukemia.

Although there are more than ten GSIs under clinical

trials, many of them failed due to modest efficacy and

adverse events, except LY3039478 and BMS-906024.

GSIs inhibit the activation of all Notch receptors and lead

to gastrointestinal toxicity, limiting their clinical efficacy in

patients. Combination with other drugs might be an

effective strategy to limit the toxicity of GSI.

Future considerations

Accumulating studies have elucidated the role of the Notch

signaling pathway in development and tissue homeostasis.

Increasing experimental evidence suggests that Notch sig-

naling pathway contributes to the proliferation of tumor

cells and promotes EMT, drug resistance and tumor

metastasis. Notch signaling pathway cross talks with other

signaling pathways to form a complicated net in regulation

of cancer development. It is important to clarify the role of

Notch target genes in the process of cancer occurrence and

metastasis. Further development in specific anti-tumor drug

that acts on Notch signaling pathway will benefit for cancer

patients, and the combination of Notch targeted drugs with

other drugs is also an important direction for future

research.
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