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Abstract
Mammary gland development primarily occurs postnatally, and this unique process is complex and regulated by systemic 
hormones and local growth factors. The mammary gland is also a highly dynamic organ that undergoes profound changes 
at puberty and during the reproductive cycle. These changes are driven by mammary stem cells (MaSCs). Breast cancer is 
one of the most common causes of cancer-related death in women. Cancer stem cells (CSCs) play prominent roles in tumor 
initiation, drug resistance, tumor recurrence, and metastasis. The highly conserved Notch signaling pathway functions as a 
key regulator of the niche mediating mammary organogenesis and breast neoplasia. In this review, we discuss mechanisms 
by which Notch contributes to breast carcinoma pathology and suggest potentials for therapeutic targeting of Notch in breast 
cancer. In summary, we provide a comprehensive overview of Notch functions in regulating MaSCs, mammary develop-
ment, and breast cancer.
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Introduction

The mammary gland distinguishes mammals from all other 
animals. Its function is to produce and secrete milk in order 
to nourish offspring. Development of the mammary gland is 
unique: its main stages occur postnatally under the influence 
of steroid hormones. Throughout the lifespan of female mam-
mals, the mammary gland may undergo multiple rounds of 
expansion and proliferation accompanied by structural and 
functional changes caused by pregnancy. Because of these 
features, the mammary gland is an ideal model for research 
into adult stem cell and organ development. Indeed, studies 
on mammary gland development have offered insights into 
mechanisms regulating cell fate specification, branching mor-
phogenesis, and involution of functional organs. As such, the 
mouse mammary gland has been widely used to investigate 

how systemic hormones and local growth factors coordinate 
to control mammary development and breast cancer.

Mammary gland development involves four major stages: 
embryonic, pubertal, adult and reproductive. During embry-
ogenesis, the rudimentary ductal tree, which includes a pri-
mary duct and several secondary branches, is formed. This 
simple ductal system is still present at birth and remains 
largely quiescent during postnatal development. At puberty, 
estrogen and other system factors induce ductal elongation 
and branching, which results in formation of an elaborate 
epithelial ductal tree extending throughout the entire fat pad. 
In the adult mammary gland, ductal complexity increases 
through lateral branching in response to recurrent estrous 
cycles under progesterone stimulation. During pregnancy, 
progesterone stimulates the formation of alveolar clusters 
on small bore side branches. These secretory structures 
function to synthesize and secrete milk for the nourishment 
of offspring. After weaning, the mammary gland is remod-
eled, returning to the adulthood state [1]. Overall, mammary 
gland development is regulated by a complex network of 
systemic hormones and local growth factors. Interestingly, 
many of the pathways and processes that are deregulated in 
breast cancer are related to those controlling normal mam-
mary gland development and remodeling (Fig. 1).

Breast cancer remains a major health problem and is cur-
rently a top biomedical research priority. Despite progress in 
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early detection and clinical therapy, metastasis and drug resist-
ance remain a formidable challenge. Extensive research has 
aimed to further understand breast carcinogenesis and to develop 
novel targeted therapies to improve patient survival outcomes.

In the past few years, dysregulation of Notch signaling 
has been recognized as a critical determinant of breast can-
cer initiation [2], progression [3], metastasis [4] and thera-
peutic resistance [5]. Here, we summarize major progress on 
the role of the Notch signaling pathway in the regulation of 
mammary stem cells (MaSCs) and gland development. We 
also provide an overview on how alterations in this pathway 
contribute to initiation, progression, metastasis, and therapy 
resistance of breast cancer. Finally, we discuss strategies for 
treating breast cancer by regulating the Notch pathway.

The Mammalian Notch Signaling Pathway

As a short-range signaling system, the Notch pathway plays a 
regulatory role in both signal-generating and signal-receiving 
cells [6]. Notch signal transduction occurs through direct con-
tact between transmembrane ligands and receptors. In mam-
mals, canonical Notch ligands include Delta-like (Dll)-1, -3, 
and -4, as well as Jagged (Jag)-1 and -2, while Notch receptor 
homologs include Notch-1, -2, -3, and -4 [7]. In the absence 
of a bound ligand, receptors are in an inactive state. Dll and 
Jag ligands bind to the Notch extracellular domain (NECD), 
pulling it towards the ligand-expressing cell, thereby exposing 
an S2 cleavage site within the negative regulatory region [8]. 
This site is then cleaved by ADAM/TACE metalloprotease. 
Ultimately, Notch extracellular sequences are endocytosed into 
the ligand-expressing cell. Subsequently, the intracellular por-
tion of Notch together with attached transmembrane domain 
sequences and a small extracellular facing stump are cleaved 

again, this time by γ-secretase, which targets the transmem-
brane domain, thereby releasing a Notch intracellular domain 
fragment (NICD). Next, the NICD translocates to the nucleus, 
where it binds to a CSL (CBF1/RBP-J/Su(H)/Lag-1): MAML 
activation complex and induces transcription of target genes. 
The list of Notch targets includes several members of the HES 
and HEY gene families, which code for small bHLH transcrip-
tional repressors. Thus, Notch activation is typically associated 
with upregulation of one or more HES and HEY genes. In 
some tissues, cell cycle regulators including Cyclin D1 and 
c-Myc are Notch targets [9–11] (Fig. 2).

Notch, which has been studied for more than 100 years, is 
involved in regulating cell fate during development of many if 
not most tissues. In fact, Notch is a key regulator of stem cell 
maintenance [12], cell fate specification [13], and differen-
tiation [14] during mammary gland development. Abnormal 
Notch activation and/or mutation of Notch genes has been 
linked to breast cancer [15]. Clinical studies have revealed an 
association between high-level expression of NOTCH1 and 
JAG1 in breast cancer and poor prognosis [3, 16]. In addition, 
NUMB, a negative regulator of Notch signaling, is expressed 
at a low level in 50% of breast tumors [17].

Notch Signaling in Mammary Gland 
Development

Notch Signaling Pathway Gene Expression in Mouse 
Mammary Gland

Notch pathway components (including ligands, receptors, 
and target genes) are differentially expressed across various 
mammary epithelial cells throughout the development of the 
mammary gland. Expression of Notch signal components 

Fig. 1   Diagram of postnatal mammary gland development. Mam-
mary gland development involves four major stages: embryonic, 
pubertal, adult and reproductive. According to previous reports, 
Notch1 regulates epithelial cell differentiation during embryonic 
development. DLL1, Notch3 and Numb/NumbL affect mammary 

duct elongation and side branch formation at puberty. Besides, 
Notch3 regulates the formation of duct side branches at adult stages. 
During pregnancy, Notch1-4 could regulate alveolar cells formation 
and milk production. In addition, Elf5 could function during preg-
nancy via Notch signaling
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has been primarily examined at the mRNA level. Among 
Notch ligands, Dll1 is predominantly expressed in mammary 
basal cells and peaks during early involution. Jagged1 is 
exclusively expressed in mammary luminal cells, and Dll3 
is expressed in mammary luminal and basal cells, with both 
of these reaching a peak during pregnancy and decreasing 
markedly during lactation. Other Notch ligands, such as 
Jagged2 and Dll4 are uniformly expressed at relatively low 
levels in mammary luminal and basal cells during both nul-
liparous periods and pregnancy. Among Notch receptors, 
Notch1, -2, and -3 are predominantly expressed in mam-
mary luminal cells of 5-week-old mice, and peak in early 
pregnancy, gradually decreasing during involution; Notch4 
is expressed in mammary luminal and basal cells at a low 
level. Among Notch target genes, Hes1 begins expression 
in mammary epithelium cells at the prepubertal stage and 
reaches a peak in adulthood and early pregnancy; Hes5 is 
stably expressed in the mammary gland throughout postna-
tal mammary development at a low level. Hey1 and Hey2 

are both highly expressed in mammary luminal progenitor 
(CD61+) cells, though there are differences in the temporal 
patterns of Hey1 and Hey2 expression: expression of Hey1 
is high during pregnancy and early involution but low dur-
ing lactation and late involution, while expression of Hey2 
is maintained at a high level throughout mammary develop-
ment [18–20].

A few Notch signal components have been measured at 
the protein level in mouse epithelium. In the embryo, Notch1 
is expressed in basal cells and can be used to identify uni-
potent stem cells [13]. At puberty, the Notch ligand Dll1 is 
expressed in myoepithelial cells, and Jagged1 is expressed in 
stromal cells around the terminal end bud (TEB); in adults, 
the expression of Dll1 is maintained in myoepithelial cells, 
while the expression of Jagged1 moved from stromal to 
myoepithelial cells; expression of Notch-1 and -4 is low 
in luminal and basal cells, while expression of Notch2 is 
high in stromal but low in epithelial cells, and expression of 
Notch3 is only found in luminal cells [21].

Fig. 2   Canonical Notch 
signaling cascades in mam-
mals. Notch ligands bind to the 
extracellular domain (NECD) 
of their receptor proteins, 
inducing receptor transactiva-
tion to expose the receptor 
transmembrane domain for 
ADAM/TACE metalloenzyme-
mediated hydrolysis. NECD is 
pulled from the intracellular 
domain (NICD), and the NICD 
is cleaved by γ-secretase at an 
intracellular position to produce 
the free NICD fragment. The 
NICD is translocated from 
the cytoplasm to the nucleus, 
where it binds with CSL 
(CBF1/RBP-J/Su(H)/Lag-1) 
transcription factors to recruit a 
coactivator (MAML) and form 
a transcription complex that 
can activate the transcription of 
downstream genes (HEY, HES, 
HERP, CyclinD1, c-Myc, and 
others)
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Notch Signaling Pathway Functions in Mouse 
Mammary Gland Development

Notch signaling is implicated in MaSCs cell-fate determina-
tion. Notch1-expressing cells are unipotent stem cells with 
long-term plasticity in the mouse embryonic mammary 
gland. Expression of active Notch1 can enable basal cells to 
acquire the characteristics of ER-negative luminal cells and 
promote the gradual movement of transformed cells to the 
duct lumen [13]. In addition, inhibition of Notch signaling 
by knockdown or disruption of Cbf-1 [18, 22] could induce 
luminal to basal cell transdifferentiation with upregulation of 
p63 as well as ectopic proliferation of MaSCs. Conversely, 
continuous expression of the activated form of Notch1 in 
MaSCs promoted luminal cell specification [18]. Similarly, 
knockout (KO) of Numb/Numbl (a Notch signaling inhibi-
tor) dramatically reduced ductal elongation while enhancing 
TEB formation during puberty. Further mechanistic studies 
indicated that basal layer-specific genes were downregu-
lated, while luminal layer-specific genes were upregulated 
in these knockout mice [23].

Notch signaling can also regulate the behavior of luminal 
progenitor cells. Lafkas et al. used a conditionally inducible 
Notch3-CreERT2SAT transgenic mouse model to demon-
strate that Notch3 is highly expressed in luminal progeni-
tor cells. A lineage tracing experiment revealed that Notch3 
signaling limited the division and expansion of luminal 
progenitor cells and maintained them in a quiescent state 
[14]. A Notch3 KO mouse model exhibited defects in duct 
elongation and the formation of TEBs and side branches at 
puberty and adult stages, which were caused by a decrease in 
CCL2/CCR4 axis signaling [24]. In addition, overexpression 
of activated Notch1 or Notch3 also inhibited the proliferation 
of ductal and alveolar epithelial cells at puberty and early 
pregnancy. Mice with overexpression of activated Notch1 or 
Notch3 were unable to feed their pups because of decreased 
production of β-casein [25]. Cell ablation and long-term lin-
eage tracing studies showed that Notch2-positive cells are 
required for formation of tertiary branches and alveolar clus-
ters [26]. In addition, ectopic expression of Notch4ICD in 
MMTV-Int3 (Int3 = Notch4ICD) impaired ductal growth and 
differentiation, as well as secretory lobule formation during 
pregnancy [27–30]. The Cbf-1 knockout suppressed abnor-
mal lobular-alveolar development in mice with mammary-
specific expression of activated Notch4 [31]. Similarly, Elf5, 
an inhibitor of the Notch pathway, is expressed primarily in 
luminal cells. The Elf5-null mouse mammary gland exhib-
its complete failure of alveologenesis during pregnancy, 
accompanied by inhibition of luminal progenitor cell dif-
ferentiation [32]. Collectively, these data suggest that the 
canonical Notch/Cbf-1 pathway is necessary for luminal cell 
fate specification and maintenance, as well as control of dif-
ferentiation in this lineage.

Notch signaling maintains normal mammary gland devel-
opment through interaction with Wnt signaling. A recent 
study revealed that Dll1 KO mice showed reduced MaSCs 
number and impaired mammary ductal morphogenesis. Fur-
ther study indicated Dll1+ MaSCs can increase Wnt ligand 
(Wnt3/10/16) expression by activating Notch2/3 signaling 
in stromal macrophages. In turn, Wnt signaling initiates a 
feedback loop to regulate activity of Dll1+ MaSCs [12]. The 
Notch and Wnt signaling pathways also interact in mammary 
epithelial cells to regulate normal mammary gland develop-
ment. Studies have shown that suppression of the ratio of 
Wnt to Notch signaling within the mammary stem/progeni-
tor cell compartment of parous mice was associated with a 
reduced proliferation potential [33] (Fig. 1).

Notch Signaling Pathway Expression and Function 
in Human Mammary Epithelium

The distribution of the Notch signaling pathway components 
in human breast epithelium was investigated by Raouf et al. 
[34]. Based on gene expression, human breast epithelial cells 
were divided into four distinct subpopulations: bipotent col-
ony-forming cells (CFCs), luminal-restricted CFCs, mature 
luminal cells, and mature myoepithelial cells. Transcrip-
tional profiling of each population showed that expression 
of DLL1, JAG1, and JAG2 was higher in bipotent CFCs than 
in luminal-restricted CFCs. The expression of NOTCH-1, 
-2, and, most significantly, NOTCH-3 was increased during 
luminal cell differentiation. Similarly, transcription of the 
target genes HES1, HES6, and HEY1 was upregulated in 
luminal-restricted CFCs. In contrast, NOTCH4 expression 
showed the opposite profile, with relatively high transcrip-
tion levels in bipotent CFCs [34]. In situ hybridization also 
showed that NOTCH3 was located to the luminal epithelium, 
while JAG1-positive cells were located within the basal layer 
[16]. Further functional study indicated that inhibition of 
Notch activity could induce myoepithelial colony formation 
ability and reduce the number of luminal colonies. Knock-
down of NOTCH3 in the bipotent CFCs could reduce their 
ability to generate luminal cells, showing that NOTCH3 
signaling is critical for breast progenitor cell differentiation 
in vitro [34]. Raouf et al. used immunohistochemistry to 
detect the location of Notch receptors and ligands proteins. 
The results showed that NOTCH-1 and -3 and their ligands, 
JAG-1 and -2, were most prominently expressed in the lumi-
nal epithelium of the normal human breast. Further func-
tional study indicated that activation of RBP-Jk-dependent 
signaling could lead to normal human breast transformation, 
which could protect cells from drug-induced apoptosis [15]. 
Dontu et al. used an in vitro model to show that Notch acti-
vation promoted self-renewal of MaSCs and early progenitor 
cell proliferation. These effects were eliminated upon Notch 
signal inhibition [35]. Collectively, these results demonstrate 
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that Notch signaling maintains the morphological structure 
of normal human epithelial cells (Fig. 3).

Notch Signaling and Breast Carcinogenesis

Notch Signaling and Primary Breast Carcinogenesis

Earlier studies have evaluated the significance of Notch sign-
aling in primary breast epithelial carcinogenesis. In 1992, 
an activated mouse Notch-related Int-3 was expressed in 
a mouse model, leading to poor differentiation and hyper-
proliferation of mammary gland epithelia [27]. In 1996, the 
same group confirmed that insertional mutation of the entire 
intracellular domain of the mouse Int3 protein also could 
induce abnormal differentiation, mammary dysplasia, and 
tumorigenesis [29]. In 2004, ectopic expression of human 
Notch4/Int3 protein in mice confirmed that those mice also 
could develop mammary tumors [2]. Hu et al. indicated that 
overexpression of intracellular domain activated alleles of 
Notch- 1 or- 3 could also induce mammary gland transfor-
mation and tumorigenesis [25]. In addition, the Notch signal 
target, HeyL transgenic mice display accelerated mammary 
gland epithelial proliferation and develop mammary gland 
cancer through inhibition of the activity of TGFβ signal-
ing [36]. An in vitro culture model further indicated that 
Notch signaling can suppress the apoptosis of human mam-
mary epithelial cells [37]. NOTCH signaling is also essen-
tial for Wnt-induced tumorigenic conversion of primary 
human mammary epithelial cells [38]. All studies indicated 

that Notch signaling is crucial to primary mammary tumor 
development.

Notch Signaling and Breast Ductal Carcinoma in Situ

Ductal carcinoma in situ (DCIS) is a pre-invasive malignant 
lesion that has increased markedly in incidence in recent 
decades. If DCIS is untreated, it will progress to invasive 
cancer in 30–50% of patients [39, 40]. Even after therapy, 
approximately 15–20% of patients with DCIS will experi-
ence recurrence within 10 years, at which time half of the 
recurrences are invasive [41]. To better understand its patho-
genesis, Farnie et al. used the in vitro mammosphere culture 
technique to study the molecular properties of DCIS. Their 
results showed that NOTCH signaling is aberrantly acti-
vated, with high-level accumulation of NICD as well as the 
Notch target gene HES1. Treatment with Notch antagonists 
(DAPI) or Notch4 neutralizing antibodies could inhibit the 
formation of primary ductal carcinoma. Accumulation of 
NICD in DCIS was also associated with recurrence after 
surgery in clinical studies [42]. Pre-clinical human DCIS 
models further confirmed that combined Notch signaling 
inhibitor (DAPT) and Her2 inhibitors (lapatinib) could 
effectively inhibit DCIS acini growth and stem cell activ-
ity [43]. In addition, NOTCH3 can interact with HER2 to 
induce ductal carcinoma in situ, suggesting that combination 
therapy with anti-HER2 antibodies and Notch antagonists 
(such as GSIs) could be effective treatment for such lesions 
[44]. Those studies provide the possibility of targeting Notch 
to reduce recurrence rates of DCIS.

Fig. 3   Model of the canonical 
Notch signaling pathway in 
mouse and human mammary 
gland epithelial cell develop-
ment. The Notch pathway has 
dual functions in mammary 
gland epithelial cells. In basal 
cells, DLL1 and Notch1 are 
necessary to maintain the activ-
ity and self-renewal ability of 
MaSCs, and inhibition of Notch 
signaling leads to abnormal 
MaSCs expansion. In addition, 
Notch2/3/4 and Cbf1 could 
promote luminal progenitor 
cell differentiation towards the 
luminal cell lineage
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Notch Signaling and Cancer Stem Cells

Cancer stem cells (CSCs) with the capacity for self-renewal 
can generate diverse differentiated tumor cell subpopula-
tions. They are the origin of metastasis and highly resistant 
to therapeutic treatments. Their deregulation mechanisms 
differ from those of normal stem cells. Therefore, under-
standing the origin of CSCs and their deregulated pathways 
is important for tumor control [45, 46]. Previous reports have 
suggested that Notch signaling could promote self-renewal 
of CSCs [47–49]. Tumor stem cells expressing the Notch 
ligand Dll1 are linked to chemotherapy resistance in breast 
cancer. Pharmacological blocking of Dll1 can reactivate 
tumor cells sensitive to chemotherapy. Therefore, targeting 
of Dll1 combined with chemotherapy may be an effective 
strategy for the treatment of breast cancer chemoresistance 
[49]. NOTCH1 or DLL4 was shown to promote self-renewal  
of breast tumor stem cells by induced SIRT2-mediated dea-
cetylation of ALDH1A1 at lysine 353 (K353), thereby activat-
ing it [50]. NOTCH4 can maintain quiescent mesenchymal- 
like CSCs by upregulation of SLUG and GAS1 [24]. The 
expression of NUMB is deficient or reduced in triple- 
negative breast cancer (TNBC), and low NUMB expression 
in CSCs is associated with reduced distant metastasis-free 
survival. Interestingly, low NUMB expression results in 
enhanced BRCA1-dependent tumor formation [17]. Simi-
larly, the downregulation of NUMBL in tumor cells can also 
induce Notch activation, leading to an increase in epithe-
lial to mesenchymal transition (EMT) and the cancer stem 
cell-like pool. In clinical breast tumor samples, NUMBL is 
downregulated, and the absence of NUMBL induces tumor 
cell chemoresistance for targeted therapy [51]. There are 
also other factors involved in regulation of CSCs via the 
Notch pathway. The NF-ĸB-JAG1 signaling axis regulates 
CSC populations in the basal-like subtype of breast cancer 
[52]. Lipid mediator sphingosine-1-phosphate (S1P) regu-
lates CSCs populations via NICD/CSL/MAML complex-
mediated gene transcription [53]. The Cargo protein MAP17 
interacts with NUMB to overexpress the Notch pathway, 
leading to CSCs feature activation of tumor cells [46]. An 
actin-bundling protein, FASCIN, can mediate breast cancer 
chemoresistance and metastasis by maintaining the CSC 
pool stem cell-like phenotype and reversing EMT. The inter-
nal regulation mechanism is mediated by Notch signaling 
activation [54]. Additionally, NOTCH signaling mediates 
the stimulation role of estrogen on CSCs [55].

There is evidence that hypoxia promotes stem cell 
renewal in vitro as well as in vivo [56–58]. It therefore seems 
reasonable that stem cell survival is strictly connected with 
the hypoxia response at the molecular level. Previous stud-
ies indicated that Notch pathway factors mediate the rela-
tionship between stem cell survival and hypoxia response. 
In clinical breast cancer samples, both JAG2 and Notch 

signaling is upregulated at the hypoxic invasion front and 
JAG2 is correlated with metastasis-free survival of breast 
cancer patients. In tumor cells, hypoxia induces JAG2-
mediated Notch signaling activation. Activated Notch fur-
ther induces EMT and the self-renewal of cancer stem-like 
cells to promote tumor progression and metastasis [59]. In a 
hypoxic environment, the 66-kDa isoform of the SHC gene 
(p66Shc) is upregulated to regulate NOTCH3. The p66Shc/
NOTCH3 interplay modulates self-renewal and hypoxia sur-
vival in breast cancer stem/progenitor cells [60]. In addi-
tion, IL-6 signaling also promotes a tumor hypoxia-resistant/
invasive phenotype by triggering NOTCH3-expressing stem/
progenitor cells [61].

Notch Signaling and Triple‑Negative Breast Cancer

TNBC constitutes 10–20% of all breast cancers and has 
a relatively poor prognosis. Because of the lack of estro-
gen receptor, progesterone receptor, and HER2 proteins 
expression, it cannot be effectively treated with current tar-
geted therapies [62]. Therefore, understanding its molecu-
lar marker is important to overcome it. Previous studies 
have investigated the function of Notch signaling in TNBC 
where it is hyperactivated. Clinical analyses showed that 
JAG1 [3, 16, 63, 64] as well as NOTCH1 [16], NOTCH3 
[65], and NOTCH4 [66] are expressed at high levels in 
TNBC and are associated with poor clinical prognosis. 
NOTCH3 can promote tumor cell self-renewal and aggres-
sive tumor behavior; thus, targeting NOTCH3 to prevent 
breast cancer metastasis is clinically efficacious in breast 
cancer patients [65]. Tumors harbor numerous gene muta-
tions. Stoeck et al. performed exome sequencing analy-
sis to identify Notch mutations in various solid tumors, 
revealing that constitutive receptor activation induced by 
NOTCH1 and NOTCH2 mutations is limited to TNBC. A 
TNBC cell line with NOTCH1 rearrangement also exhib-
ited high-level N1ICD accumulation and was sensitive to 
γ-secretase inhibitors (GSIs). In contrast, a cell line with 
NOTCH2 rearrangement was resistant to GSIs. Moreover, 
expression of the Notch target, HES4, was correlated with 
poor prognosis outcomes in TNBC patients [67]. In addi-
tion, NOTCH1 or NOTCH2 mutations can synergistically 
act with EZH2 to inhibit the tumor suppressor, PTEN tran-
scription at the promoter in TNBC [68]. Currently, TNBC 
includes basal-like breast cancer (BLBC) [69]. In BLBC, 
activated Notch signaling was shown to promote expres-
sion of the inflammatory factors IL1B and CCL2 to recruit 
macrophages, further activating TGF-β-mediated signal-
ing in tumor cells, thereby promoting the development of 
breast cancer [70]. NOTCH3 activation also drives tumor 
growth [71] and regulates stroma-mediated therapeutic 
resistance by expanding therapy-resistant tumor-initiating 
cells in BLBC [72]. Further, LFNG, a key determinant 
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of NOTCH ligand specificity, is expressed at low levels 
in BLBC, and removal of LFNG from mouse breast tis-
sue promoted cell proliferation and induced initiation of 
BLBC, accompanied by amplification of the MET/CAV 
locus. Moreover, these mutations can interact, resulting 
in the accumulation of NICD polypeptides which activate 
Notch signaling and enhance Met and Igf-1R signaling. 
Thus, combination therapy targeting Notch, MET, and 
IGF1R signaling may benefit BLBC patients with MET/
CAV overexpression [21]. These studies provide a frame-
work for the design of new treatment strategies based on 
key roles for JAG1, NOTCH1, NOTCH3, and NOTCH4 
signaling in TNBC.

Notch Signaling and ER‑Positive/PR‑Positive Breast 
Cancer

Consistent with its role in luminal cell fate specification, 
Notch signaling is critically involved in hormone receptor-
positive breast cancers. Kumar et al. showed that DLL1 is 
overexpressed in ERα-positive luminal breast cancer, where 
it correlates with poor prognosis. DLL1-mediated Notch 
signaling can promote tumor cell proliferation, angiogenesis, 
and tumor stem cell function. In that study, estrogen was 
shown to stabilize the DLL1 protein by inhibiting its pro-
teasomal and lysosomal degradation [73]. In ERα-positive 
cells, estradiol can inhibit Notch activity and affect expres-
sion as well as cellular distribution of NOTCH1. Unfortu-
nately, tamoxifen and raloxifene can reactivate Notch activ-
ity in ERα-positive breast cancer cells, leading to tamoxifen 
resistance [74]. This has led to the suggestion that anti-
estrogen and anti-Notch combination therapy could prove 
beneficial for patients with ERα-positive disease. However, 
loss of Notch signaling can result in loss of ERα expres-
sion together with endocrine therapy-resistance [75]. In this 
regard, Sansone et al. have shown that NOTCH3 is involved 
in regulation of IL6-mediated hormone therapy resistance 
in breast cancer. Here, NOTCH3 renders tumors insensitive 
to hormone therapy by downregulating estrogen receptor 
expression [76]. In hormone-therapy resistant breast cancers, 
tamoxifen can also enhance stemness via JAG1-NOTCH4 
signaling. Thus, despite clear indications of reciprocal inter-
action between ERα and multiple Notch receptor signaling 
pathways, suggestive of therapeutic potential [5, 77], this 
requires further nuanced investigation.

Notch Signaling and HER2‑Positive Breast Cancer

Although HER2-positive breast cancer has been successfully 
cured with target anti-HER2 agents [78, 79], a significant 
number of patients showed resistance, leading to disease 

recurrence and poor prognosis [80]. Therefore, develop-
ment of a new molecular marker is vital for the treatment 
of patients that show resistance. Shah et al. found that phar-
macologic inhibition of HER2 increases survival of CSCs 
in HER2 + breast cancer. This increased role was mediated 
by JAG1 upregulation. Thus, high-level JAG1 accumulation 
in the cell membrane can be used to predict post-treatment 
response to anti-HER2 therapy [81]. In addition to JAG1, 
NOTCH1 also was confirmed to display upregulation in tras-
tuzumab resistance, and inhibition of NOTCH1 could restore 
sensitivity to trastuzumab. In clinical trials, patients with 
HER2-positive breast cancers with high JAG1 or NOTCH1 
expression show low overall survival. Therefore, inhibition 
of HER2 followed by inhibition of JAG1 or NOTCH1 may 
be more effective in preventing drug resistance and tumor 
progression than a simultaneous blockade [82–84].

Notch Signaling and Breast Cancer Metastasis

Notch signaling is also involved in metastatic dissemination 
of breast cancer, which is one of the major causes of breast 
cancer-associated mortality [85]. Activation of Notch by its 
ligand JAG1 can promote breast tumor growth and metas-
tasis by inducing EMT. Regulation is mediated through 
Slug-induced repression of the cell–cell adhesion protein, 
E-cadherin [86]. Jag1 also mediate bone metastasis of breast 
cancer. Jag1 derived from tumor cells can promote matura-
tion of osteoclasts and osteolytic bone metastasis of breast 
cancer by regulating release of IL6 from osteoblasts. Jag1 
is also an effective downstream mediator of TGFβ, which 
is released during bone destruction. Disruption of Notch 
signaling with DAPT in stromal bone cells could reduce 
Jag1-mediated bone metastasis [87]. Activation by hypoxia 
of another Notch ligand, JAG2, is also correlated with 
metastasis-free survival of breast cancer patients, and may 
be a valuable prognostic marker for metastatic breast can-
cer [59]. Activation of the Notch receptor NOTCH1 could 
induce breast cancer metastasis by upregulating the EMT 
process, which is mediated by the pro-tumorigenic factor, 
CYR61 [88]. Interestingly, another receptor, NOTCH3, 
promotes bone metastasis of breast cancer but inhibits its 
lung metastasis. Zhang et al. confirmed that the TGFβ1-
NOTCH3-JAG1 signaling axis mediated osteoblast-cancer 
cell interactions to promote the breast cancer bone metasta-
sis. Knockdown of NOTCH3 could inhibit the bone metas-
tasis process [89]. However, Lin et al. show that NOTCH3 
activation suppresses the EMT of breast cancer, leading to 
inhibition of lung metastasis. Results of further studies indi-
cated that the lung metastasis inhibition role of NOTCH3 
was mediated by direct upregulation of GATA3 expression 
[90] (Fig. 4).
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Targeting the Notch Signaling Pathway 
in Breast Cancer

Given the substantial roles of Notch signaling in breast 
carcinogenesis, targeting Notch signaling inhibitors and 
monoclonal antibodies (mAbs) has been a focus of preclini-
cal and early clinical research [91, 92]. Here, we discuss 
the currently known inhibitors and mAbs development 
process. NOTCH gene mutations have been identified in 
human breast cancer [93]. For example, Wang et al. showed 
that mutations in sequences coding for the PEST domains 
of NOTCH1, NOTCH2, and NOTCH3 have been found in 
TNBC. Cells with these mutations show elevated Notch 
signaling and are sensitive to PF-03084014 (a GSI Notch 
inhibitor) [94]. Simoes et al. demonstrated that a NOTCH4 
signaling inhibitor RO4929097 (a distinct GSI) effectively 
inhibits resistance to antiestrogen therapy in hormone 
receptor-positive breast cancer [5]. Mamaeva et al. stud-
ied Notch signaling and the glycolytic phenotype in CSCs 
and found that DAPT-loaded partially glucosylated silica 
nanoparticles targeting CSCs effectively reduced the num-
ber of tumor stem cells [95]. In addition, both BXL0124 (a 
Gemini vitamin D analog) [96] and paeoniflorin (a major 
active ingredient in Chinese peony) [97] can block tumor 
cell proliferation by inhibiting Notch1 activation. As potent 
inhibitors of Notch signaling, BXL0124 and paeoniflorin 
may be used to treat BLBC. All small molecule Notch 
pathway inhibitors currently being investigated in phase 
I and II clinical trials target γ-Secretase (NCT01151449, 
NCT01071564,  NCT01238133,  NCT01217411, 
NCT01208441,  NCT01158274,  NCT02299635, 
NCT02338531,  NCT01876251,  NCT00106145, 

NCT00645333, NCT02784795, and NCT03422679). These 
inhibitors include R4929097, PF030814, and MK0752 
(Table 1), which are being tested, either as monotherapies or 
in combination with other chemotherapeutic agents against 
a wide range of malignancies including TNBC, metastatic 
breast cancer, and advanced breast cancer. For example, in 
a phase I clinical trial, the combination of GSI R04929097 
plus paclitaxel and carboplatin was used to treat stage II or 
stage III TNBC. In addition, NOTCH1 and Notch pathway 
inhibitors have been developed in clinical trials. In preclini-
cal studies, mAbs have shown promise [98]. For example, 
mAbs has been used against human DLL4, MMGZ01 and 
H3L2 to disrupt DLL4-NOTCH1 signaling within tumor-
associated endothelium. MMGZ01 and H3L2 both effected 
intratumoral angiogenesis with resultant tumor cell apopto-
sis [99, 100]. In addition, Sharma et al. developed a mAb 
against human NOTCH1 that inhibited MDA-MB-231 cell 
proliferation, induced apoptosis in these cells, and reduced 
their cancer stem cell-like phenotype. Thus, targeting indi-
vidual Notch receptors with specific mAbs is a potential 
therapeutic strategy to reduce the BCSC-like subpopulation 
[101] (Table 1).

Conclusions

Recent studies on the Notch signaling pathway have made 
rapid progress in delineating mechanisms responsible for 
regulation of self-renewal and differentiation of MaSCs, 
mammary development, BCSC maintenance, metastasis, and 
drug resistance in breast cancer. Along with these advances, 
several potential drugs, such as GSIs and anti-ligand and 

Fig. 4   The cartoon schemati-
cally depicts the involvement of 
Notch pathway components in 
breast carcinogenesis
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anti-receptor antibodies, have been developed to treat 
aggressive subtypes of breast cancer. Although these drugs 
show some therapeutic effects, they also have strong side 
effects. Therefore, more research is required before these 
compounds can be applied clinically. Future studies should 
focus more heavily on fine-tuning the function of Notch and/
or Notch signaling in regulation of various breast cancer sub-
types and further explore the crosstalk between Notch and 
other pathways in these contexts. Studies on such crosstalk 

may lead to the development of novel and effective combi-
nation therapies.
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Table 1   Notch pathway inhibitors in preclinical studies and in current clinical trials of breast cancer

Classification Compound and combi-
nation or intervention

Target Breast cancer type Clinicaltrials.
gov identifier

Phase State References

Experimental 
antagonists

PF03084014 �-Secretase TNBC with PEST domain muta-
tion of Notch1, Notch2, and 
Notch3

/ / Preclinical [94]

RO4929097 �-Secretase ER+, resistant breast cancer / / Preclinical [5]

Mesoporous silica 
nanoparticles with 
DAPT

�-Secretase Cancer stem cells / / Preclinical [95]

BXL0124 Notch1 Basal-like breast cancer cell lines / / Preclinical [96]

Paeoniflorin Notch1 Breast cancer cell lines / / Pre clinical [97]

Neutralizing 
antibody

DLL4 antibody DLL4 Triple-negative breast cancer / / Preclinical [99, 100]

Notchi1 antibody Notch1 Triple-negative breast cancer / / Preclinical [101]
Small mol-

ecules in 
current clini-
cal trials

RO4929097 �-Secretase Advanced, metastatic, or recurrent 
triple negative

NCT01151449 II Terminated https://​clini​caltr​ials.​
gov/​ct2/​home

RO4929097 plus 
vismodegib

�-Secretase Breast cancer that is metastatic or 
cannot be surgically resected

NCT01071564 I Terminated

RO4929097 plus pacli-
taxel and carboplatin

�-Secretase Stage II or stage III triple-negative 
breast cancer

NCT01238133 I Terminated

Small mol-
ecules in 
current clini-
cal trials

RO4929097 and 
whole-brain radiation 
therapy or stereotac-
tic radiosurgery

�-Secretase Brain metastases from breast 
cancer

NCT01217411 I Terminated https://​clini​caltr​ials.​
gov/​ct2/​home

RO4929097 plus 
letrozole

�-Secretase Postmenopausal women with 
hormone receptor-positive stage 
II or stage III breast cancer

NCT01208441 I Terminated

RO4929097 plus 
capecitabine

�-Secretase Refractor solid tumors NCT01158274 I Completed

PF03084014 �-Secretase Advanced breast cancer with or 
without Notch alterations

NCT02299635 II Terminated

PF03084014 �-Secretase Chemoresistant triple-negative 
breast cancer

NCT02338531 II Withdrawn

PF03084014 plus 
docetaxel

�-Secretase Metastatic breast cancer NCT01876251 I Terminated

MK0752 �-Secretase Advanced breast cancer NCT00106145 I Completed

MK0752 plus docetaxel 
and pegfilgrastim

�-Secretase Metastatic breast cancer NCT00645333 I/II Completed

LY3039478 Notch 1 Advanced or metastatic solid 
tumors including breast cancer

NCT02784795 I Completed

CB-103 Notch 
pathway

Advanced or metastatic solid 
tumors including breast cancer

NCT03422679 I/II Recruiting
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