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Abstract: Metastasis is a major cause factor for breast cancer (BC)-associated mortality. During
the metastatic process, disseminated tumor cells (DTCs) detach from the primary sites, and
enter the bloodstream and establish the secondary colonies. Recent studies have provided
substantial evidence for the importance of Notch signaling in BC metastasis. Therefore, this
review focuses on the mechanisms by which Notch contributes to the origin of BC DTCs,
increases their motility, regulates their intravasation and extravasation, protects them from host
surveillance, and finally facilitates colonization. Identification of the mechanisms underlying
Notch-related BC metastasis will lead to the development of novel Notch-targeted therapeutic
strategies to reduce metastasis and significantly improve outcomes.
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1. Background

The incidence of breast cancer (BC), by far the most common cancer in females, has steadily
increased in much of the world over the last few decades [1, 2]. BC-associated mortality is
typically due to distant metastasis, rather than due to the primary tumor. Despite recent advances
in the application of targeted therapeutic strategies, significant improvements in the prognosis of
patients with metastatic BC have not yet been observed due to the poor understanding of the
molecular mechanisms underlying the metastatic process.

Metastasis is a complicated cascade involving interactions between cancer cells and
surrounding microenvironmental components such as mesenchymal cells, immune cells, and the
extracellular matrix. The first stage of BC metastasis is characterized by the invasion of the
basement membrane by primary tumor cells, which then become disseminated tumor cells
(DTCs). These cells then promote abnormal angiogenesis, intravasate into the circulatory or
lymphatic system, head towards distant organs, and establish secondary tumors.

Accumulating evidence indicates the important role of Notch, a highly conserved family of
signaling molecules, in BC metastasis. The deregulation of Notch signaling is reflected in all
aspects of the metastatic processes and its role in BC seems to be highly context dependent.

2. Notch signaling

The mammalian Notch family consists of four receptors (Notch 1-4), each of which includes an
extracellular domain (ECD), a transmembrane domain and an intracellular domain (ICD). Notch
ligands in Drosophila have two homologs: Delta and Serrate. Their counterparts in mammals are
Delta-like molecules (DLLs) and Jagged [3].

Activation of Notch signaling includes receptor and ligand binding, cleavage of the ICD, and
translocation of activated Notch ICD (NICD) into the nucleus. The receptor undergoes two
cleavages following ligand-ECD binding. First, the S2 site is cleaved by tumor necrosis factor-a-
converting enzyme (TACE, also called ADAM17) to release the ECD[4]. Second, y-secretase
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cleaves the S3 site to release NICD, which requires the involvement of Presenilin [5]. Then, NICD
enters the nucleus and binds to CSL (also known as Rbp-Jk in mice and CBF in human) within its
RAM region[6].

3. Notch and BC tumorigenesis
3.1. Biased cell fate

Symmetric divisions (contribute to normal replication and amplification) and asymmetric
divisions (contribute to mammary gland morphogenesis, bi-potent mammary stem cells (MaSCs)
divide into luminal or basal stem cells, and then become ductal/alveolar or myoepithelial cells
respectively) help to maintain the balance between proliferation, self-renewal, and differentiation
in breast cells[7].

Notch signaling contributes to MaSCs biological behaviors[8]. CBF disruption in mammary
gland during pregnancy can lead to a luminal to basal fate switch and stronger expansion of basal
cell population[9]. While the developmental decisions of Notch signaling is controlled by Numb,
a protein asymmetrically segregated in dividing progenitor cells. Numb facilitates Notch
ubiquitination at the membrane, promotes degradation of NICD, circumvents its nuclear
translocation and inhibits Notch signaling downstream activation[10].

However, involvement of Notch signaling in the disorder of BC stem cells is also of great
importance due to its overexpression. once balance is disturbed, MaSCs steady state numbers
may be disrupted, allowing mutant stem cells to arise, compete with existing stem cells, and
establish tumors. E74-Like Factor 5 (ELF5) regulates differentiation into the mammary alveolar
and luminal lineages. It also inhibits BC metastasis by suppressing the activation of Slug (a
transcription factor that drives the epithelial-mesenchymal transition (EMT)) and loss of which
provides a fertile ground for tumorigenesis[11]. Notch1 gene contains ELF-5 responsive elements.
NICD1 and NICD4, are hyperactivated in ELF5-null mammary epithelial cells[12]. Thus,
hyperactivation of Notch pathway may be a potent driver for the ELF-5-null BC phenotype.

4. Notch and local invasion
4.1. Invasion of the basement membrane and mesenchyme

Specific gene programs equip cancer cells with increasrd mobility, driving their migration away
from primary sites.

EMT is central to the regulation of epithelial plasticity and cancer cell mobility. During this
cascade process, epithelial cells lose their cellular polarity and adhesion junctions but acquire
mesenchymal characteristics. In vitro studies have suggested that Notch1 knockdown can reverse
the Jagged1-induced EMT. These Notchl-silenced cells are capable of a less aggressive form of
invasion characterized by a cobblestone-shaped phenotype rather than a spindle-like
mesenchymal phenotype [13]. Notably, many studies have demonstrated that Jagged1-mediated
Notch activation suppresses the expression of E-cadherin and increase levels of mesenchymal
markers Vimentin and N-cadherin, and the transcription factors Slug, Snail and Zebl, as well as
B-catenin in BC cells, can translocate to the nucleus and promote migration and invasion [14-19].

Notch1 can activate EMT by inducing STAT3 and upregulating the expression of p65 and IL-
1 [20]. Further, Notch2 has been found to promote EMT through the IL-6/JAK/STAT3 pathway in
a radiation-driven model of BC EMT[21]. In the more aggressive triple-negative breast cancer
(TNBC), loss of Numb can activate Notch signaling and induce both EMT and CSC-like
properties, leading to early relapse and metastasis[22, 23]. Other mobility-promoting programs,
including F-actin polymerization can also be induced by Notch1[24].

Enhanced migratory ability by itself, however, is not sufficient to drive metastasis.
Disseminating cancer cells must also invade the surrounding complex network, which mainly
consists of ECM, basement membrane, and mesenchyme. The matrix metalloproteinase (MMP)
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family is known to degrade the ECM and promote cancer cell invasion and metastasis[25]. In BC,
Notchl activation mostly promotes MMP-2 and MMP-9 expression to break down the elements
of ECM[26]. Urokinase-type plasminogen activator (uPA) is an ECM-degradating enzyme
associated with poor outcomes and a high risk of metastasis and recurrence[27]. Under normal
conditions, uPA induces a plasminogen proteolytic sequence. However, in BC, uPA works with
MMPs to erode the microvasculature and degrade the ECM to facilitate the tumor cell metastasis.
uPA receptor (uUPAR) is highly expressed in malignant tissues and tends to be located at the
leading edge or invasion front. Upon binding to uPA, the receptor converts plasminogen to
plasmin[28]. Recent studies place Notch upstream of the uPA cascade[29]. A positive link has
been observed between Jagged-1 and uPA in various BC cell lines, and Notch lknockdown
reduces uPA levels. Furthermore, Notch may directly regulate uPA transcription via CBF-1
binding sites within the uPA promoter and enhancer. The subsequently activated uPAR can then
cleave ECM-related signaling molecules including fibronectin and the laminin receptor[29, 30].
The low oxygen environment (hypoxia) resulting from leaky vasculature and a lack of blood
supply is important for tumor progression. Hypoxia-inducible factor 1a (HIF-1a) can promote
metastasis and is associated with poor prognosis [31-33]. Accumulation of HIF-1a and HIF-2a
enhance Notch signaling (both ligands and receptors) as well as the expression of following genes
HES1 and HEY1. HIFs and MAML1 (a key Notch co-activator) form a complex with NICD to
recruit other Notch co-activators such as p300, indicating a hypoxia/(HIF/MAML1)/Notch axis.
Hypoxia stabilizes HIFs through this signaling cascade, resulting in elevated Notch[14].
Hypoxia-induced Notch activation causes EMT in BC. First, NICD can directly bind to Snail-
1 promoter. Second, Notch can potentiate HIF-1a to bind to the lysyl oxidase (LOX) promoter
and then stabilizes the secretion of Snail-1 and tissue inhibitor of metalloproteinase 4 (TIMP4),
leading to EMT and metastasis [34, 35]. Consistent with its ability to simulate ECM degradation,
LOX mostly correlates with ER (estrogen receptor)-negative breast cancer, which is more likely
to metastasize to bone rather than ER-positive BC[36]. The ability of LOX to induce metastasis
indicates that it may be a potential target to prevent bone metastasis of breast cancer.
4.2. The interaction between BC cells and stromal cells

The tumor microenvironment mainly consisting of mesenchymal and immune cells, is central to
BC progression. Solid experimental evidence indicates that cancer-associated fibroblasts (CAFs)
can secrete cytokines to support BC cells and protect them from host surveillance. CAFs can
secrete ADAM10-rich exosomes (recently found to be associated with loss of Timp family
member expression[37]) to potentiate cell motility and aldehyde dehydrogenase expression
through RhoA and Notch, respectively[37]. In turn, silencing of Notch effector Rbp-Jk, combining
with down-regulation of p53, induces a senescent phenotype and the expression of CAF-effector
genes [38].

4.3. Angiogenesis

The angiogenic phenotype is necessary for malignant growth. Vascular endothelial growth factor
(VEGF) is the most important mitogenic factor that stimulates the formation of vascular
endothelial cells and recruits perivascular support cells to establish a neovasculature; this allows
for the entry of DTCs and transport of nutrition factors[39]. Endothelial Notch signaling is also
essential for tumor angiogenesis.

Notch ligands exert opposite effects on angiogenesis. The ends of vessel sprouts are made of
tip cells, while the other cells are called stalk cells; both cell types are essential for vessel polarity
and barrier function of vessels[40]. This endothelial cell specification is regulated by Notch
signaling. Upregulation of DLL4 by VEGF in endothelial tip cells suppresses the tip-like
phenotype. Conversely, DLL4 knock-out leads to excessive tip cell formation. Vessel sprouting is
also dramatically augmented by DLL4 inhibition. However, this process by itself cannot lead to
tumor angiogenesis because the dysfunctional, immature vasculature have a reduced lumen size
and are thus mostly non-productive and can actually repress tumor growth[41]. Accumulating
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evidence attributes tumor inhibition to poor perfusion and Angiopoietinl (Angl)-induced
vascular quiescence[42].

Another ligand, Jagged-1 mainly exists in stalk cells. Overexpression of Jagged-1 results in a
hybrid tip/stalk phenotype, thus transforming angiogenesis from a physiological to pathological
pattern[43]. Jagged-1 regulates the function of angiocrine through Notch3/Hey1 to promote EMT
as well as DTC proliferation and survival[44]. Interestingly, Jagged-1 can attenuate DLL4-
mediated inhibition of VEGFR2 and VEGFR3 through its pro-angiogenic function, indicating a
“tug-of-war” that maintains a balance between VEGFR isoform[45].

Demethylases and methyltransferases dynamically regulate the histone methylation in BC.
Expression of the lysine demethylase 2A (KDM2A) is increased in human BC and is correlated
with poor prognosis. Jagged-1 is a direct downstream target of KDM2A and is essential for
KDM2A-driven tumor angiogenesis. Inhibition of KDM2A in BC cells blocks Notch activation
and endothelial cell tube formation [46].

Notch-related proteases also participate in angiogenesis. MMPs can make space for
angiogenesis and lymphangiogenesis[25]. Additionally, uPA and uPAR together can active
VEGEF [29].

4.4. Intravasation

Notch signaling modulates the ability of BC cells to cross both mesenchymal and endothelial
barriers. Different integrins have been associated with both normal mammary epithelial cells and
BC cells. Integrin 81 inhibits the expression of Notch [47]. Meanwhile, activation of Notch
signaling can also control p1 integrin affinity, suggesting a feedback loop between Notch and
integrins [48]. 1 integrin cooperates with Notch to promote the transendothelial migration of BC
cells, which is characterized by enhanced polarity reversal and adhesion to the blood vessel wall
[49, 50].

Aberrant Notch activation stimulates endothelial cells (ECs) to promote BC intravasation.
Vascular cell adhesion molecule-1 (VCAM1) can be subverted by Notchl to enhance the adhesion
of tumor cells and neutrophils to ECs, thus favoring the dissemination of tumor cells[51]. As
mentioned above, BC cells can also recruit factors such as MMPs that increase vascular
permeability and thus promote intravasation Figurea.
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Figure. a BC DTCs detach from primary sites and intravasation. They obtain increased motility
to and break basement membrane and overcome ECM with the Notch-related processes such as
hypoxia and EMT as well as enzymes including MMPs and uPA. Notch takes part in angiogenesis
to sprout new vessels and BC DTCs can enter bloodstream through these vasculatures
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5. Notch and survival in circulation

BC cells detach from primary sites and then enter the circulation, becoming circulating tumor
cells (CTCs). DTCs must first survive in the bloodstream before they can arrive at distant organs.
5.1. Anti-apoptosis

Apoptosis negatively regulates tumor progression by preventing overgrowth. This process
depends on the coordination of many ligands and receptors including tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)/TRAIL-receptorl and 2 (also called DR4 and DRS5).
Administration of GSIs (y-secretase inhibitors) can strongly upregulate DR4 and DRS5, increase
the sensitization of BC cells to TRAIL-mediated apoptosis[52], active the caspase system (caspase-
8 here)[53], promoting mitochondrial membrane leakiness and further inducing apoptosis. This
Notch-mediated anti-apoptosis function may depend on AP1, a dimeric transcription factor
complex constituted by c-Jun. Blockage by GSIs, failed cleavage of Notch increases the level of
AP1 and JNK (the enzyme responsible for c-Jun activation)[52, 54, 55], thus actives DR4 and
DR5[56]. A recent study showed that Notch4, but not Notchl, is involved in the sensitization of
TRAIL [57]. Alternatively, inhibition of 1 integrins can sensitize tumor cells to TRAIL-induced
apoptosis, which is mediated by Notch[58]. The GSI/TRAIL combination also decrease several
survival factors like survivin and Bcl-2. Moreover, diverse types of BC cells differ in their
response to such inhibition. For example, ER-negative BC cells are more sensitive to GSI/TRAIL
synergism than ER-positive cells [52].

AKT impedes DNA damage induced-apoptosis through the inhibition of apoptosis signal-
regulating kinase 1 (ASK1) and prevents JNK-mediated activation of p53[59], leading to an
aberrant increase in the number of mammary stem and progenitor cells [60]. Substantial evidence
has demonstrated that impairment of Notch signaling can both inhibit AKT activity and sensitize
cells to apoptosis[59, 61]. Notch can also directly bind the amino terminus of p53 independent of
the presence of AKT, thus inhibiting p53 phosphorylation and DNA binding activity[62].

Notch-mediated regulation of AKT contributes to tumor cell survival through multiple
pathways. AKT can increase MMP production via several downstream target proteins including
NF-kB and mammalian target of rapamycin (mTOR)[63]. Li et al [26] suggests that Notchl
inhibition can enhance protein phosphatase 2A (PP2A) activity and downregulate NF-kB, which
can be restored by PP2A inhibitor, okadaic acid (OA). Treatment with OA also upregulates VEGF,
MMP2, and MMPY, suggesting a key role of PP2A in the Notch/AKT/NF-kB axis. mTOR also
takes part in AKT-mediated tumor cell survival, which contributes to chemoresistance. Its
downstream effector, eukaryotic initiation factor 4E (elF4E), is crucial for mTOR-mediated
inhibition of p53 and can reverse p53-mediated cytotoxicity[64].

5.2. Chemoresistance

DTCs must employ several elegant approaches to overcome the threat of chemotherapy. To
contend with Adriamycin or paclitaxel, two first-line chemotherapy agents for BC, DTCs may
acquire morphological and functional endothelial features characteristic of tumor
vascularization. DLL3 and Notch4, together with their downstream targets p65 (an NF-«xB
subunit) and Zeb1, are overexpressed in tumor-derived endothelial cells during chemotherapy.
Silencing of Notch4/DLL3 can decrease the functionality of tumor-derived endothelial cells and
endothelial markers. The expression of VEGFR3 (important in tumor angiogenesis) is
significantly upregulated in patients receiving chemotherapy. Notch4/DLL3 silencing can also
suppress the expression of VEGFR3 transcripts, indicating that BC chemotherapy triggers the
formation of functional tumor-derived endothelial microvessels by regulating Notch signaling
and VEGF signaling [65].

ER-positive BC patients with high levels of aldehyde dehydrogenase 1 (ALDH1) and Notch4
exhibit poor prognosis following anti-estrogen treatment. Although short-term treatment does
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suppress tumor cell proliferation, it also increases DTC activity through Jagged-1-Notch4
activation. Administration of Notch inhibitors tends to attenuate drug resistance and improve
overcomes [66]. Long-term hormonal therapies can reduce ERa expression and increase the IL-6
levels, thus enhancing the self-renewal properties of hormonal therapy-resistant tumor cells (both
ER-dependent and ER-independent). Further studies have demonstrated that hormonal therapy
initially abolishes oxidative phosphorylation (OXPHOS) to generate self-renewal-deficient cells.
Then, IL-6 cause a departure from metabolic dormancy induced by mitochondrial activation
through IL-6/STAT3/Notch3 transduction pattern, hence gaining resistance[67]. STAT1 can also
facilitate the expansion of therapy-resistant BC cells through Notch3 [68].

Interestingly, multiple courses of treatment for ER-positive/human epidermal growth factor
receptor
2 (HER2)-negative BC patients can endow their CTCs with HER2 expression[69]. Further study
demonstrated that BC CTCs which exhibit this transformation maintain discrete HER2-positive
and HER2-negative subpopulations. More importantly, HER2-positive and HER2-negative BC
CTCs interconvert spontaneously but function differently. HER2-positive CTCs acquire a
stronger proliferation potential and a higher lung metastasis frequency but no more sensitive to
HER2-targered therapy. While HER2-negative CTCs show an increased level of Notchl but a
resistance to chemotherapy. Therefore, dual treatment in chemotherapy-sensitive HER2-
positive/Notchl-negative and Notch inhibitor-sensitive HER2-negative/Notch-positive CTCs
makes sense[70].

6. Notch and secondary colonization

Prior to establishing metastases in secondary organs, BC CTCs release factors including MMPs
and gather bone marrow-derived hematopoietic precursor cells (HPCs) to combine with
perivascular fibroblasts and fibronectin (FN), to form the pre-metastatic niche. Once DTCs (or
CTCs) extravasate and colonize the niche, they become micrometastases[71].

The mechanism underlying metastatic organotropism is still unknown; specifically, studies
have been unable to provide a rationale for the propensity of BC to metastasize to the bone, lung
and liver. But several evidences reveal bone metastasis of BC with help of Notch. In bone, BC
cells employ many signaling pathways, including Notch, to mediate osteoblast activation and
differentiation [72]. Bone marrow osteoblasts produce TGF-, which increases levels of the Notch
signaling proteins Notch3 and Jagged1, thus promoting the secretion of osteoblast-derived IL-6
and osteoblast differentiation. Inhibition of Notch signaling via knockdown of Notch3 or
treatment with a y-secretase inhibitor markedly reduces BC bone metastasis[73, 74], Figure-b,
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Figure. b BC CTCs survives in bloodstream and colonize in bone. Notch helps BC CTCs to survive
from TRAIL apoptosis systems and tumor suppressor gene p53. Chemotherapies increases IL-6
level by IL-6/STAT3/Notch3 axis to enhance self-renewal property of ER+BCs. Notch also
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facilitates bone metastasis of BCs by regulating osteoblasts activation and differentiation

KiSS1, a metastasis suppressor gene, is downregulated in BC secondary tumor sites[75]. By
enhancing I-kB activation, KiSS1 prevents NF-«B binding to pro-inflammatory and pro-
metastatic gene promoters, thus potentially competing with Notch. KiSS1 encodes a COOH-
terminally amidated active peptide, metastin, whose ligand is a novel G protein-coupled
receptor. Interestingly, metastin only affects secondary tumor sites rather than primary lesions
[76].

Nm23 is also a suppressor of BC metastasis[77]. The Nm23 protein, particularly the Nm23-
H1 isoform, has three main targets: ATP citrate lyase (involved in metabolism); aldolase C
(involved in hypoxia); and kinase suppressor of Ras (KSR) (involved in regulation of mitogenic
activity). Meanwhile, Nm23 can suppress several metastasis-related factors such as Smoothened
(a key receptor in Hedgehog signaling) and pleiotrophin [71]. Treatment with nonsteroidal anti-
inflammatory drugs (NSAIDs), such as aspirin, can upregulate Nm23 expression, thus inhibiting
Notch/HES]1 and reducing CTCs [78, 79]. Ignesti et al suggested that loss of Drosophila awd, a
homolog of Nm23, might inhibit Notch signaling after S2 cleavage [80].

Expression of Tenascin C (TNC), an ECM protein that is located in the stem cell niche, is a
potential biomarker for breast CTCs that have infiltrated the lung[81]. TNC enhances the
expression of musashi homolog 1 (MSI1), a regulator of Notch signaling, and thus confers breast
CTCs with enhanced migratory and invasive properties [82]. Moreover, TNC can also prevent
MSI1-mediated Notch signaling through the inhibition of STATS5. Thus, high levels of MSI1,
Notchl, and Jaggedl are associated with poor prognosis of patients with BC [83, 84]. More
importantly, cancer-induced sprouting neovasculature can promote tip cells to secret POSTN
(POSTN associates with Notchl physically at its EGF repeats [85, 86]) to bind to TNC and ECM
and help TNC deposition on the ECM and incorporation into the ECM [87].

It is incumbent on DTCs to expand and establish new colonies. Otherwise, these cells will
enter dormancy, which is defined as growth arrest or a balance between proliferation and
apoptosis [88]. Dormant breast DTCs in the lung may be experiencing an absence of uPA- and
a5pB1 integrin-triggered proliferative signaling[89]. Reactivation of dormancy calls for increased
uPAR-a5p31 integrin complexes and activation of upstream Notch signaling. Notch3 is
responsible for the stability of MKP-1 (mitogen-activated protein kinase phosphatase-1), a
widely-expressed phosphatase. Previous reports have demonstrated that levels of Notch3 and
MKP-1 are quite low in dormant tumors, resulting in high levels of phosphorylated p38, a target
of MKP-1 that contributes to the maintaince of dormancy[90].

7. Conclusion and clinical development

Itis clear that Notch signaling has many roles in tumor metastasis. Exploring of only one pathway
may be insufficient for the development of appropriate therapeutic since the activation of related
pathways as well as the cross-talk between Notch and other signaling pathways (such as
wingless-type MMTYV integration site (WNT)) is of critical importance. Specific aspects that will
be improtant to consider include TNC stimulation of both Notch and WNT signaling to balance
dormancy and quiescence make sense [82].

Current treatments for metastatic BC are mainly palliative with little clinical
effectiveness[91]. Encouragingly, many studies over the last few years have focused on the
treatment of metastatic BC via targeting Notch signaling[92]. y-secretase inhibitors show great
potential. PF-03084014 (Pfizer Oncology), a small molecule selective noncompetitive and
reversible GSI, displays synergistic activity with docetaxel and has demonstrated significant
antitumor activity in triple-negative BC patients[93]. Moreover, a potent non-competitive oral
GSI, MK-0752 (MERK), has been evaluated for the treatment of metastatic BC via induction of
GO/G1 arrest[94]. Monoclonal antibodies against DLL4, such as OMP-21M18 (OncoMed
Pharmaceuticals) and REGN421/SAR153192 (Regeneron Pharmaceuticals) as well as OMP-59R5
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and OPM-52M51, which target Notch 2/3 and Notch 1 receptors, respectively, are also in clinical
trials[92].

Though many drugs are in development, enormous challenges remain before a Notch-
targeted therapeutic strategy can be clinically applied. BC patients receiving continuous doses of
MK-0752 at 450 mg daily present significant symptoms of toxicity and fatigue[95]. Further,
gastrointestinal toxicity is also a major side effect in patients being treated with GSIs[96].

Despite surgical resection of primary tumors and subsequent chemotherapy and
radiotherapy, recurrence at distant organs suggests that dissemination of tumor cells may occur
at very early, typically asymptomatic, stages. Advanced detection technology allows for very
early diagnosis of metastasis, even when very few tumor cells have disseminated to the
peripheral blood or bone marrow. Interestingly, some patients carrying DTCs never develop
metastasis while other patients with large metastases do not present with DTCs at the time of
primary tumor detection. Thus, the complicated mechanisms of metastasis reveal just the tip of
the iceberg, and our knowledge of Notch signaling and BC metastasis is nowhere near enough.
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