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cancer. Understanding and manipulating Notch signaling 
could therefore be of potential therapeutic value in combat-
ing prostate cancer.
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Introduction

The Notch gene was originally discovered in 1917, when 
Thomas Hunt Morgan first observed a Notched-wing phe-
notype in Drosophila melanogaster mutants (Morgan 
1917). Artavanis-Tsakonas and group later attributed this 
Notched-wing phenotype to gene haploinsufficiency (Arta-
vanis-Tsakonas et al. 1999; Kidd et al. 1986; Wharton et al. 
1985). The loss of Notch expression affected the morphol-
ogy of the eye, wing and bristle, as well as contributed to 
the neurodevelopmental phenotype in this Drosophila 
strain. Fast forwarding nearly a century, it is now well-
established that Notch signaling is involved in a variety of 
cellular processes, notably binary cell-fate determination, 
differentiation, proliferation and survival (Artavanis-Tsako-
nas et al. 1999; Rizzo et al. 2008; Weinmaster et al. 1991).

Dysregulation of Notch expression was first implicated 
in cancer through analysis of the chromosomal trans-
location t(7;9)(q34;q34.3) in patients with T cell acute 
lymphoblastic leukemia (T-ALL). The translocation of 3′ 
end of Notch1 on chromosome 9 to the Jb joining region 
of T cell receptor-β (TCR-β) on chromosome 7 resulted 
in overexpression of truncated Notch1 transcripts (Ellisen 
et al. 1991). Since then, aberrant Notch signaling has been 
linked to various human disorders. For example, mutations 
in Notch3 and a Notch ligand, Jagged1, respectively, lead 
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to Alagille syndrome, an autosomal-dominant disorder 
(Li et al. 1997; Oda et al. 1997) and cerebral autosomal-
dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy (CADASIL) (Joutel et al. 1996). Various 
human neoplasms associated with Notch signaling have 
also recently surfaced, including lymphoid neoplasms such 
as Hodgkin’s lymphoma (HL) and anaplastic large cell 
lymphoma (ALCL), breast cancer, lung cancer and cervical 
cancer, as well as prostate cancer (Allenspach et al. 2002).

To date, prostate cancer has become one of the most 
commonly diagnosed neoplasms in men, and the sec-
ond leading cause of cancer-related mortality in the USA 
(Siegel et al. 2012). Because Notch signaling is evolution-
arily conserved and is required for normal prostate devel-
opment (Shou et al. 2001; Wang et al. 2006), it is expected 
that Notch signaling could also contribute to the develop-
ment of prostate cancer. Despite Notch expression being 
up-regulated in prostate cancer and higher with increas-
ing Gleason grade (Santagata et al. 2004; Zhu et al. 2013), 
the definitive role of the Notch pathway in human prostate 
cancer remains unclear. Several studies suggest that Notch 
signaling inhibits prostate cancer cell proliferation, and loss 
of Notch1 in prostate adenocarcinoma abolishes its capa-
bility to suppress tumor growth (Shou et al. 2001; Wang 
et al. 2006; Whelan et al. 2009), while others suggest that 
Notch promotes tumor growth and cancer progression (Li 
et al. 2007; Wang et al. 2010, 2011). Therefore, Notch’s 
role as a tumor suppressor or an oncogene in prostate 
adenocarcinoma requires further in-depth investigation to 
address these controversies. This review addresses the roles 
of Notch in prostate development, prostate tumorigenesis 
and prostate tumor progression.

Canonical Notch signaling

Notch is a highly conserved family of single-pass trans-
membrane proteins, widely expressed in higher organisms 
including vertebrates. Canonical Notch signaling mediates 
a variety of cell–cell interactions and plays a pivotal role 
in determining cell-fate, proliferation, differentiation and 
apoptosis in C. elegans, Drosophila, zebrafish and mice 
(Artavanis-Tsakonas et al. 1999; Bray 2006).

In mammals, the Notch family consists of four distinct 
Notch receptor isoforms, namely Notch1/TAN-1, Notch2, 
Notch3 and Notch4/int-3, as well as five ligands, Jagged1, 
Jagged2, Delta-like ligand 1 (Dll1), Dll3 and Dll4 (Fleming 
1998; Wang et al. 2008). Notch receptors are synthesized as 
single-pass transmembrane polypeptides in the endoplas-
mic reticulum. In the following synthesis, these 300 kDa 
unprocessed Notch proteins are transported to the cell sur-
face via the trans-Golgi network. During the transfer to 
the cell surface, these full-length Notch proteins undergo 

post-translational modifications, such as glycosylation, 
and are cleaved by Furin, producing an inactive heterodi-
mer that consists of a 180 kDa extracellular ligand-binding 
domain, a 120 kDa transmembrane domain and a cytoplas-
mic region (Blaumueller et al. 1997; Logeat et al. 1998).

Similar to Notch receptors, Notch ligands are single-pass 
transmembrane proteins, but have a specific Delta/Serrate/
Lag (DSL) domain that binds Notch receptors (Bray 2006). 
The mutual binding of Notch ligand and receptor is the first 
step in modulating Notch signaling. Canonical Notch signal-
ing is activated when a membrane-bound ligand on the send-
ing cell binds to a Notch receptor on the receiving cell. This 
cell-to-cell interaction leads to two distinct proteolytic cleav-
ages of the receptor that involve: (1) ADAM/TACE metal-
loprotease at the extracellular surface; and (2) a γ-secretase 
complex (composed of presenilin-1 and -2, Aph-1, Pen-2 and 
Nicastrin) at the phospholipid bilayer (Brou et al. 2000; Fra-
ering et al. 2004; Mumm and Kopan 2000). This results in 
the release of a smaller transcriptional Notch transactivator, 
Notch intracellular domain (NICD), from the inner surface 
of plasma membrane. The cleaved NICD then translocates 
into the nucleus, where it forms a complex with the DNA-
binding protein RBPJ (also known as CSL (CBF-1/Suppres-
sor of Hairless (Su(H))/LAG-1)) (Andersson and Lendahl 
2014). In the absence of NICD, RBPJ acts as a repressor of 
transcription, recruiting histone deacetylases and corepressors 
such as SMRT/NcoR, SHARP (or MINT) or CtIP/CtBP (Kao 
et al. 1998; Mulligan et al. 2011; Nagel et al. 2005; Yatim 
et al. 2012). The binding of NICD to the RBPJ complex dis-
places corepressor complexes and recruits coactivators, such 
as Mastermind-like protein (MAML) and histone acetyltrans-
ferase, to induce the expression of Notch downstream target 
genes, including Hes1, Hey1, cyclin D and others (Fischer 
and Gessler 2007; Iso et al. 2003; Miele 2006). In order to 
achieve precise temporal Notch regulation, Notch-induced 
transcription is eliminated immediately after the activation 
by NICD degradation and by the suppression from Hes1 and 
Hey1 (Frank and Miranti 2013). This canonical Notch signal-
ing pathway is crucial for regulating cell homeostasis, cell-
fate determination, cell proliferation and differentiation, as 
well as apoptosis in a variety of tissues (Fig. 1).

Non‑canonical Notch signaling

As with canonical Notch signaling, a fully functional Notch 
receptor is dependent on proper post-translational modi-
fications and Furin cleavage. However, even when Furin 
cleavage is inhibited, Notch signaling is not completely 
diminished (Bush et al. 2001; Kidd and Lieber 2002). This 
observation has led to the discovery of other inputs and 
outputs of the Notch signaling pathway, collectively known 
as non-canonical Notch signaling.
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Non-canonical Notch signaling can occur indepen-
dently of Notch ligand stimulation, can be regulated by 
non-canonical ligands or can even occur without the RBPJ 
transcription factors (Andersen et al. 2012; D’Souza et al. 
2010). An example of a non-canonical ligand is Delta-like 
1 homolog (Dlk1). Dlk1 is highly related to Delta-Notch 
family, but lacks the DSL activating domain, which is 
considered to be crucial for binding with Notch family of 
receptors. Nonetheless, Dlk1 has been proposed to be an 

antagonist of Notch signaling whereby it interacts with 
Notch receptors, competes with canonical Notch ligands 
and negatively regulates Notch signaling (Baladron et al. 
2005; Bray et al. 2008; Ceder et al. 2008). Baladron et al. 
demonstrated that transfection of Dlk1 into Notch1-posi-
tive Balb/c14 cells down-regulated the expression of Hes1 
(Baladron et al. 2005). However, Dlk1 expression could 
also be modulated by Notch signaling. A study showed that 
during prostate luminal differentiation, activation of Notch 

Fig. 1  Canonical and non-
canonical Notch signaling path-
way in prostate cells. Canonical 
Notch signaling is initiated 
when Notch ligand–receptor 
binding triggers ADAM/TACE 
cleavage at the extracellular 
surface and γ-secretase cleavage 
at the phospholipid bilayer, 
producing Notch intracel-
lular domain (NICD). NICD 
translocates into the nucleus and 
interacts with RBPJ, activating 
downstream target genes such 
as Hes1 and Hey1. Canonical 
Notch signaling in basal cells 
suppresses cell proliferation 
and promotes cell differentia-
tion. However, in luminal cells, 
Notch signaling enhances cell 
proliferation, suppresses cell 
differentiation and inhibits 
apoptosis. Non-canonical Notch 
signaling occurs when Notch 
receptors bind to non-canonical 
ligands, such as Dlk1, inhibiting 
transcription of downstream 
genes, or it can also target Wnt/
β-catenin signaling independent 
of ligand binding
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signaling down-regulated the protein expression level of 
Dlk1 in the luminal transit amplifying cell (Ceder et al. 
2008). Therefore, these studies suggested reciprocal regula-
tion between canonical Notch and Dlk1 (Ceder et al. 2008).

Several reports have also suggested that Notch can 
exert its function via ligand- and transcription-independent 
mechanisms by post-translationally targeting Wnt/β-catenin 
signaling (Andersen et al. 2012). Uncleaved, membrane-
bound Notch suppressed the active form of β-catenin in a 
GSK3β-independent manner, which suggested that Notch 
could interact with canonical Wnt signaling without the 
presence of its ligands (Hayward et al. 2005). The detailed 
mechanisms, however, remain unclear and are worth fur-
ther investigations as this pathway could have physiologi-
cal significance in development and tumorigenesis.

General role of Notch

With its highly conserved signaling mechanism that oper-
ates across multicellular organisms, Notch signaling is crit-
ical for the development and homeostasis of most tissues. 
In normal cellular processes, Notch signaling impinges 
mainly on the participation of cell-fate decision during 
development. For instance, the role of Notch has been 
implicated in the differentiation of various cell types in the 
heart, maintenance of neural stem cells, regulation of lipid 
content in the liver, lineage specification during pancreas 
development and differentiation of mammary epithelial 
cells that undergo morphogenetic changes during puberty, 
pregnancy and lactation (Gaiano and Fishell 2002; Grego-
Bessa et al. 2007; Murtaugh et al. 2003; Pajvani et al. 2013; 
Raouf et al. 2008). Loss of Notch signaling consequently 
impairs heart development (Grego-Bessa et al. 2007), 
depletes neural stem cell population and disrupts brain 
function (Ables et al. 2011; Imayoshi et al. 2010), causes 
fatty liver (Pajvani et al. 2013), prevents the differentiation 
of pancreas progenitors (Murtaugh et al. 2003) and disturbs 
ductal morphogenesis in the breast (Raouf et al. 2008).

With its participation in the normal development of tis-
sues, it is not surprising that dysregulation of Notch plays 
a part in tissue disorders or diseases with Notch exhibiting 
either oncogenic or tumor suppressor activities. Studies 
have shown that a truncated constitutively active form of 
Notch1 is capable of inducing T cell leukemia (Ellisen et al. 
1991), while a similar truncated form of Notch4 results in 
poorly differentiated mammary adenocarcinoma in mice 
(Robbins et al. 1992). Overexpression of Notch3 by a copy 
number variation gained at chromosome 19p13.12 con-
tributes to tumor progression in ovarian cancer (Park et al. 
2006). In addition, Notch3 has been reported to form a jux-
tacrine loop with its primary ligand, Jagged1, in ovarian 
cancer, thus promoting its malignancy (Choi et al. 2008).

As for the tumor suppressive role of Notch, a study 
reported that Notch signaling induced growth arrest in 
small cell lung cancer cells (Sriuranpong et al. 2001). 
Overexpression of the active forms of Notch1 and Notch2 
in small cell lung cancer cells up-regulated p21Cip1 and 
p27Kip1 expression, resulting in G1 cell cycle arrest 
(Sriuranpong et al. 2001). Another group reported that, 
as Notch1 activation up-regulated p21Cip1 expression 
and inhibited cell growth in mouse keratinocytes, Notch1 
inactivation enhanced epidermal and corneal hyperplasia, 
followed by skin tumor development in an experimental 
mouse model (Nicolas et al. 2003; Rangarajan et al. 2001). 
Loss of Notch1 in the epidermis and in keratinocytes fur-
ther leads to inappropriate activation of the β-catenin path-
way, which is usually associated with various malignancies 
(Nicolas et al. 2003; Polakis 2000). Even in acute myeloid 
leukemia (AML) patients, it was found that the Notch sign-
aling pathway was silenced. Knocking-in of NICD in a 
mouse model of AML reversed the disease phenotype by 
apoptosis induction in AML blasts (Kannan et al. 2013; 
Lobry et al. 2013).

Correlation between Notch and prostate formation, 
development and differentiation

The prostate is a complex, branched ductal organ surround-
ing the urethra at the base of the bladder of a mammalian 
male. Formation of the prostate occurs during late embryo-
genesis through branching morphogenesis from the epithe-
lium and mesenchyme of the urogenital sinus (UGS) and is 
dependent on testicular androgen synthesis (Abate-Shen and 
Shen 2000; Cunha et al. 2002). Histologically, both mouse 
and human prostates are composed of branching glands, with 
ducts made up of three differentiated epithelial cell types: 
luminal, basal and neuroendocrine (Abate-Shen and Shen 
2000). The androgen-dependent columnar luminal epithe-
lial cells, characterized by expression of cytokeratin (CK) 
8, CK18 and Nkx3.1 markers, form a layer just above the 
basal cells (Marker et al. 2003; Wu et al. 2007). The andro-
gen-independent cuboidal basal cells express CK5, CK14, 
and p63 markers (Marker et al. 2003; Shen and Abate-Shen 
2010). Neuroendocrine cells are dispersed throughout the 
basal layer and are believed to provide paracrine signals that 
support the growth of luminal cells (Shen and Abate-Shen 
2010). Surrounding the gland is the stroma containing fibro-
blasts, myofibroblasts and the smooth muscle cells. Although 
stromal–epithelial interactions are poorly understood, it has 
been suggested that stromal cells play an important role in 
the growth and differentiation of the epithelium, as well as 
prostate cancer (Lawson and Witte 2007). The adult pros-
tate retains the ability to support cell replication, differen-
tiation and morphogenesis, suggesting the existence of stem/
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progenitor cells. A subpopulation of prostate cells which 
co-express CK8, CK18, CK5 and CK14 was found present 
within the basal compartment of adult prostatic epithelium. 
These cells were speculated to undergo lineage commitment 
and formed either CK8/CK18-expressing luminal cells or the 
CK5/CK14-expressing basal cells (Wang et al. 2001). How-
ever, recent studies suggest that both the basal and luminal 
cells are self-sustained in adult prostate (Choi et al. 2012). 
The transdifferentiation between lineages is rare in rodents, 
while it has been observed in human tissues (Blackwood 
et al. 2011; Choi et al. 2012; Gaisa et al. 2011; Ousset et al. 
2012). Although basal cells are more resistant to direct trans-
formation, it has been proven that both lineages could serve 
as the source of tumorigenesis population (Choi et al. 2012; 
Wang et al. 2009).

The regulation of prostate morphogenesis is mediated, 
in part, by androgens, but also involves numerous signaling 
pathways, including Sonic hedgehog (SHH) (Berman et al. 
2004; Freestone et al. 2003; Podlasek et al. 1999), Fibro-
blast Growth Factor 10 (FGF10) (Donjacour et al. 2003) 
and Bone Morphogenic Protein 4 and 7 (BMP4 and BMP7) 
(Grishina et al. 2005; Lamm et al. 2001). SHH and FGF10 
have been shown to promote prostate growth, while BMP4 
and 7 suppress prostate branching (Berman et al. 2004; 
Donjacour et al. 2003; Freestone et al. 2003; Grishina et al. 
2005; Lamm et al. 2001; Podlasek et al. 1999). Recent 
studies have also discovered the involvement of Notch in 
normal prostate development (Shou et al. 2001; Valdez 
et al. 2012; Wang et al. 2004, 2006).

In earlier reports using transgenic mice, which express 
GFP in the Notch1 promoter, Notch1 was expressed selec-
tively in the prostate basal cell lineage (Shou et al. 2001; 
Wang et al. 2004). However, Valdez et al. recently found 
that Notch1 and Notch2 receptors were not only expressed 
in basal but also in luminal cells of murine prostate (Val-
dez et al. 2012). Notch ligands Jagged1, Jagged2 and 
Dll1 were also preferentially expressed in the basal cells, 
although Jagged2 and Dll1 were expressed at a much 
lower level. Other Notch ligands such as Dll3 and Dll4 
were undetectable (Valdez et al. 2012). However, expres-
sions of Notch receptors and ligands in the normal human 
prostate are less known. To date, only Notch1, Jagged1 
and its non-canonical ligand, Dlk1, have been found in the 
normal human prostate epithelium. Notch1 is expressed in 
both the basal and luminal layers, Jagged1 in the luminal 
cells, and Dlk1 in basal cells (Carvalho et al. 2014). Even 
though more detailed analyses are needed, the presence 
of Notch receptors and ligands in human prostate sug-
gests that Notch plays a role in prostate development and 
homeostasis.

In an experiment designed to determine the role of 
Notch in prostate biology, the expression patterns of 
Notch1 receptors during rodent prostatic development 

were examined. RT-PCR analysis from different devel-
opmental stages of the rat prostate showed high levels of 
Notch1 expression in the developing prostate, whereas its 
expression was significantly reduced in the adult prostate 
(Shou et al. 2001). Selective ablation of Notch1-express-
ing cells led to impairment of early prostate development 
and inhibition of re-growth of prostate following castra-
tion and androgen replacement (Wang et al. 2004). There-
fore, these Notch1-expressing cells are believed to repre-
sent the stem/progenitor cells in prostate epithelium, and 
they are indispensable for proper prostatic morphogene-
sis, growth, differentiation and regeneration. An in-depth 
study further showed that Notch activation induced the 
proliferation of p63+ prostate progenitor cells (Wu et al. 
2011). Gain of Notch function promoted proliferation and 
increased progenitor cell numbers in embryonic prostate 
as well as in postnatal prostate, and conversely, knockout 
of RBPJ, an effector of Notch signaling, in mice decreased 
progenitor cell proliferation and survival (Wu et al. 2011). 
However, contradicting findings were reported by Wang 
et al. who showed that Notch inhibition caused a signifi-
cant proliferation of epithelial cells co-expressing CK8 
and CK14, and impaired luminal and basal layer segrega-
tion in postnatal prostate (Wang et al. 2006). Hyperplastic 
phenotypes that were observed in Notch1 knockout mice 
were thus a consequence of the impaired epithelial differ-
entiation (Wang et al. 2006). These controversies require 
careful interpretation as the differences in gene manipu-
lation and the choice of cell markers might influence the 
experimental outcome.

In a more comprehensive study, Valdez et al. demon-
strated that knockout of RBPJ led to enhanced proliferation 
and suppression of differentiation in prostate basal cells 
(Valdez et al. 2012). They further proved that Notch acti-
vation mediated a positive feedback loop by up-regulating 
TGF-β signaling to suppress basal progenitor activity (Val-
dez et al. 2012). Another study supported the link between 
TGF-β and Notch in inhibiting prostate branching morpho-
genesis. Treatment with recombinant BMP7, a member of 
the TGF-β superfamily, in urogenital sinus explants signifi-
cantly decreased cleaved Notch1 and its downstream target, 
Hes1 expression (Grishina et al. 2005).

Interestingly, Kwon et al. also found that ectopic acti-
vation of Notch signaling in luminal cell promoted cell 
growth in vitro and induced prostate sphere formation abil-
ity (Kwon et al. 2014). These luminal cells, which possess 
short-term self-renewal capacities, are speculated to be 
the putative transit amplifying luminal progenitors (Kwon 
et al. 2014). Therefore, these data suggest that the activa-
tion of Notch signaling in luminal cells preserves the transit 
amplifying luminal progenitor population in the prostate 
(Kwon et al. 2014). In addition, Ceder et al. also demon-
strated that Notch1 signaling was activated in the transit 
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amplifying luminal progenitor cell population in human 
prostate tissue culture and further showed that this activa-
tion led to the down-regulation of Dlk1, which is a prostate 
basal cell marker and an inhibitory non-canonical Notch 
ligand (Ceder et al. 2008).

Notably, another group shifted the focus of Notch func-
tions in the developing prostate to stromal cells. They 
observed that Notch2 and Dlk1 were co-expressed in the 
inductive prostatic mesenchyme of the ventral mesenchy-
mal pad and were partially colocalized in the smooth mus-
cle layer of the urethral stroma (Orr et al. 2009). Inhibition 
of Notch signaling with a γ-secretase inhibitor resulted in 
the loss of stromal tissue, and the loss of Notch signaling 
disrupted epithelial and stromal differentiation (Orr et al. 
2009).

Based on the existing evidence, Notch signaling appears 
to have diverse functions in different stages of develop-
ment, as well as different cell populations. Notch signal-
ing promotes prostate progenitor cell proliferation during 
embryonic and postnatal development. In the adult, Notch 
activation may inhibit the proliferation but promote the dif-
ferentiation of adult basal cells, whereas it may enhance 
the proliferation and suppress the differentiation of lumi-
nal progenitors (Figs. 1, 2). It is also worth noting that 
the dominant Notch ligands in basal and luminal layer are 
different. As discussed earlier, with the expression of Jag-
ged1 in luminal cells and the inhibitory Notch ligand Dlk1 
in basal cells of the human prostate (Carvalho et al. 2014), 

it may indicate the delicate modulation of Notch signaling 
in the maintenance of homeostasis. Taken together, we can 
conclude that Notch signaling is indeed necessary for the 
regulation of stromal survival, epithelial differentiation, 
prostate development and for the maintenance of progeni-
tor cell populations.

Notch and androgen receptor in prostate cells

The normal development, maintenance and function of the 
prostate are dependent upon androgen, requiring the activa-
tion of the transcriptional activity of the androgen recep-
tor (AR) (Marker et al. 2003). The androgen-induced AR 
transactivation recruits various cofactors or corepressors 
that either enhance or inhibit the rate of gene transcrip-
tion, respectively (Gelmann 2002). Like normal prostate 
tissue, prostate cancer is also dependent on androgen for 
its growth. AR is expressed in cancer cells, and corruption 
of its downstream growth control mechanism, such as p53, 
plays a significant role in tumorigenesis and metastasis 
of prostate cancer (Chang et al. 2014; Lavery et al. 2011; 
Nantermet et al. 2004). Therefore, inhibiting the activities 
of AR is a crucial step in treating primary prostate cancer to 
prevent tumor progression (Karantanos et al. 2013). Unfor-
tunately, prostate cancer may become resistant to androgen 
deprivation and may initiate metastasis (Miki and Rhim 
2008; Siegel et al. 2013); however, the mechanisms of dis-
ease progression are not yet fully understood.

Fig. 2  Notch signaling in prostate epithelial cell lineage development 
and tumorigenesis. Notch signaling inhibits basal cell proliferation, 
while it promotes basal cell differentiation. On the contrary, Notch 
signaling preserves the transit amplifying luminal progenitor by pro-

moting proliferation and inhibiting differentiation. Both basal and 
luminal lineages can serve as a tumorigenic cell population, although 
the role of Notch signaling as an oncogene or a tumor suppressor 
remains unclear
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Recent investigations revealed the interaction between 
AR and Notch signaling. Belandia et al. demonstrated 
that the Notch target, Hey1, acted as an AR corepres-
sor (Belandia et al. 2005). Hey1 interacted with both 
transcription coactivators, SRC1 and AR, repressing AR 
activation and AR-dependent gene expression. As Hey1 
is a Notch effector, overexpression of the constitutively 
active form of Notch, NICD, also showed repression of 
AR activity in myoblast, prostate and breast cancer cells 
(Belandia et al. 2005). In addition, HEYL, the third mem-
ber of Hey family and also an effector of Notch signaling, 
was found to be a more potent repressor of AR signaling. 
Similar to Hey1, HEYL bound to AR activation func-
tion-1 and blocked AR activity, leading to the suppres-
sion of androgen-dependent prostate cancer cell growth 
(Lavery et al. 2011). In contrast, a study also suggested 
that AR signaling repressed Notch signaling (Nantermet 
et al. 2004). In a genomic profiling study, when prostate 
cell proliferation was induced by 5α-dihydrotestosterone 
(DHT) treatment, Notch1 and Jagged1 were found to be 
repressed upon AR activation (Nantermet et al. 2004). 
Therefore, these studies suggested that Notch and AR 
signaling suppressed each other in prostate cells. How-
ever, Belandia et al. and Lavery et al. also discovered that 
the interaction between Notch and AR signaling could 
be disrupted in prostate cancers whereby both Hey1 and 
HEYL were found to be excluded from the nucleus by 
unknown mechanisms (Belandia et al. 2005; Lavery et al. 
2011). This disruption was correlated with the malig-
nancy of prostate cancer.

A recent report showed that AR promoted the onco-
genic property of Jagged1, a Notch ligand whose overex-
pression is associated with prostate cancer progression, in 
prostate cancer cell lines (Yu et al. 2014). It was shown that 
AR-negative prostate cancer cell lines, DU145 and PC3, 
when overexpressed with AR and Jagged1, significantly 
increased their proliferation rates to a level similar to that 
of an AR-positive prostate cancer cell line, LNCaP, which 
overexpressed Jagged1 (Yu et al. 2014). They reported that 
AR together with Jagged1 increased the phosphorylation 
of Akt and the expression level of cyclin B1, promoting 
prostate cancer cell growth. Furthermore, high expression 
of AR and Jagged1 predicted a worse prognosis in prostate 
cancer patients (Yu et al. 2014).

In all, these reports suggest that Notch and AR sign-
aling suppress each other in prostate cells and maintain 
balanced signaling during prostate development and 
homeostasis. However, for unknown reasons, restricting 
activity of the Hey family of transcription factors could 
abolish the inhibitory effect of Notch on AR signaling. 
The disrupted balance between Notch and AR signal-
ing could therefore lead to the tumorigenesis of prostate 
cancer.

Prostate cancer hallmarks and correlation with Notch

The loss of basal cells and reduced matrix diversity marks 
the initiation of tumor formation in the prostate (Frank and 
Miranti 2013). It has been suggested that the accumula-
tion of prostatic intraepithelial neoplasia (PIN) lesions 
may eventually lead to the development of adenocarci-
noma (Lawson and Witte 2007). The mechanisms of pros-
tate tumor initiation and progression are, however, poorly 
understood. As mentioned earlier, it is believed that there 
are stem/progenitor cells in the prostate to maintain pros-
tate cell replication, differentiation and morphogenesis. 
Recently, it was speculated that these progenitors could 
be transformed into cancer-initiating cells by suppress-
ing PTEN and p53 (Choi et al. 2012). Classically, it was 
thought that cancer-initiating cells originated from the 
luminal cell, as the majority of the tumor cells expressed 
luminal cell specific markers such as CK8 and CK18 (Long 
et al. 2005). Basal cell markers such as CK5, CK14 and 
p63 were rarely observed, and thus, mature luminal cells 
or luminal progenitors were suggested to be the origin of 
prostate cancer (Lawson and Witte 2007). Conversely, 
another study reported colocalization of basal and lumi-
nal cell markers in human prostate cancer (Verhagen et al. 
1992). In androgen-independent prostate cancer (AIPC) 
cells, basal cell characteristics, such as expression of pro-
tooncogene Bcl-2, were observed (McDonnell et al. 1992). 
It was suggested that prostate cancer cells might obtain or 
regain the basal characteristics during tumor growth (Long 
et al. 2005).

According to Hanahan and Weinberg, the hallmarks of 
a cancer comprise of the capabilities to sustain prolifera-
tive signaling, evade growth suppressors, resist cell death, 
enable replicative immortality, induce angiogenesis and 
activate invasion and metastasis (Hanahan and Weinberg 
2011). As much as it is crucial for maintaining normal 
prostate development and homeostasis, Notch signaling 
has also been associated with prostate adenocarcinoma. 
Understanding the hallmarks and the balance between the 
oncogenic and tumor suppressor roles of Notch in prostate 
cancer could assist in the development of novel therapies.

Emerging evidence has demonstrated that Notch expres-
sion is significantly higher in prostate cancer and dysregu-
lation of Notch signaling contributes to tumor development 
and cancer metastasis. In prostate cancer cell lines, such 
as DU145, LNCaP and PC3, Notch1 is expressed at vari-
ous levels (Shou et al. 2001). In human prostate samples, 
among 218 prostate cancer samples examined, Jagged1 
mRNA expression levels were significantly higher in pri-
mary tumor and metastasis samples compared to normal 
samples (Yu et al. 2014). Likewise, Zhu et al. reported 
that Jagged1 and Notch1 protein levels were elevated in 
advanced prostate cancers (Zhu et al. 2013). Moreover, 
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higher Jagged1 expression is significantly associated with 
recurrence (Santagata et al. 2004). However, in the con-
text of cancer etiology, the role of Notch proteins, their 
ligands and regulation are diverse (Li et al. 2007; Shou 
et al. 2001; Wang et al. 2006, 2010, 2011; Whelan et al. 
2009). As reported by Wang et al. Notch inactivation might 
be associated with prostate tumorigenesis (Wang et al. 
2006). By comparing gene expression patterns in wild type 
and Notch1 knockout mouse prostate, c-Fos, c-Jun, PSCA 
and FGF18 were shown to be significantly up-regulated in 
Notch1-deficient prostate (Wang et al. 2006). In clinical 
studies, c-Fos, c-Jun and PSCA levels are significantly ele-
vated in human prostate adenocarcinoma specimens (Aoy-
agi et al. 1998; Reiter et al. 1998). Although the association 
of FGF18 in prostate cancer was unclear, two other closely 
related FGFs, FGF8 and FGF17, were elevated in prostate 
tumor samples (Heer et al. 2004; Valve et al. 2001). Moreo-
ver, prostate tumor overexpressed-1 (PTOV1), the adapter 
protein up-regulated in prostate cancer, promotes prostate 
cancer progression by down-regulation of Notch down-
stream targets Hes1 and Hey1, indicating a tumor suppress-
ing role of Notch in prostate cancer (Alana et al. 2014). 
Contrarily, numerous reports have also indicated that Notch 
signaling promotes cell proliferation, prevents apoptosis, 
augments cell migration and invasion and facilitates cell 
metastasis, which will be discussed in detail later. Despite 
the controversies of Notch being a tumor suppressor or an 
oncogene, these results collectively show that disruption of 
the Notch pathway potentiates neoplastic alterations in the 
prostate.

Notch and prostate cancer cell proliferation

Notch1 is highly expressed in several prostate cancer cell 
lines, and comparably, Notch1 mRNA expression is up-
regulated in malignant and metastatic prostate epithelial 
cells of the transgenic adenocarcinoma of mouse prostate 
(TRAMP) model (Shou et al. 2001; Wang et al. 2011). 
Interestingly, the expression of Notch ligands is low or 
undetectable either in prostate cancer cells or in TRAMP 
mice, suggesting minimal to no physiological activation of 
Notch signaling. However, once activated, Notch1 inhibits 
the proliferation of prostate cancer cells (Shou et al. 2001), 
implicating that Notch signaling is suppressed in malignant 
prostate cells.

Wang et al. reported that inactivation of Notch1 in pros-
tate led to enhanced cell proliferation, tufting, bridging and 
localized clusters of epithelial cells, which resembled the 
phenotype of genetically engineered mouse models for 
prostate cancer (Wang et al. 2006). Upon further examina-
tion, microarray analysis revealed that Notch1 and Hey1 
genes were significantly down-regulated in prostate adeno-
carcinoma compared to normal prostate, suggesting that 

dysregulation of Notch signaling pathway might facilitate 
prostatic tumorigenesis (Wang et al. 2006). In line with 
this report, Whelan et al. reported loss of total and cleaved 
Notch1 and Hey1 immunohistochemistry in prostate adeno-
carcinoma foci (Whelan et al. 2009). To further investigate 
the role of Notch1 signaling in prostate cancer cells, they 
overexpressed constitutively active Notch1 in the DU145 
prostate cancer cell line. Activation of Notch1 showed no 
significant effect on cell proliferation rate, but reduced 
cell migration. They also found that expression of PTEN, 
a tumor suppressor gene, was up-regulated through Notch 
signaling. Therefore, they suggested that Notch signal-
ing suppresses cancer progression by up-regulating PTEN 
tumor suppressor gene expression (Whelan et al. 2009).

Although some studies support the anti-proliferative 
role of Notch, others have suggested Notch involvement in 
tumor growth. Zhang et al. reported that down-regulation of 
Jagged1 inhibited cell growth in prostate cancer cell lines, 
including PC3, DU145, LNCaP and C4-2B (Zhang et al. 
2006). Another group also recently reported that knocking 
down Jagged1 by siRNA transfection in LNCaP, LAPC4, 
DU145 and PC3 greatly decreased cell proliferation; con-
versely, overexpression of Jagged1 significantly increased 
cell proliferation by twofold in LNCaP and LAPC4 cells, 
whereas Jagged1 showed little effect on the proliferation 
of DU145 or PC3 cell lines (Yu et al. 2014). Furthermore, 
knockdown of RBPJ led to reduced proliferation in PC3 
cells (Yong et al. 2011). These results indicate that Notch 
signaling promotes prostate cancer cell growth, although 
Notch signaling may have different effects on different 
prostate cancer cell lines. In addition, when non-canonical 
Notch inhibitory ligand Dlk1 is overexpressed in cancer-
associated fibroblasts, which are the main components of 
cancer microenvironment, the proliferation rate and tumor 
growth are suppressed (Orr et al. 2013). These results fur-
ther support the requirement of active Notch signaling in 
prostate cancer cell proliferation.

Proliferation is tightly controlled by cell cycle regula-
tion. It has been reported that down-regulation of Notch1 
and/or its ligand, Jagged1, retards S phase cell cycle pro-
gression and inhibits cell growth in PC3 prostate cancer 
cell line (Zhang et al. 2006). S phase cell cycle progression 
is dependent upon CDK2 activity as well as S phase cyc-
lins. In Jagged1 knockdown in PC3 cells, CDK2 expression 
was reduced by 50 % and cyclin A decreased by 90 %. In 
addition, the protein expression of p27, a CDK inhibitor, 
was up-regulated by tenfold, corroborating that Jagged1 is 
required for cell cycle progression in prostatic tumorigen-
esis (Zhang et al. 2006). Intriguingly, although knockdown 
of both Jagged1 and Notch1 induced cell growth inhibition, 
knockdown of Jagged1 exhibited a much stronger inhibi-
tory effect on prostate cancer cell lines when compared 
to knockdown of Notch1 (Zhang et al. 2006). A plausible 
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explanation is that siRNA knockdown of Jagged1 reduced 
both Notch1 and Notch2 expression.

The role of Notch signaling in prostate cancer cell func-
tion is controversial. Several reports suggested that over-
expression of Notch1 signaling suppressed cancer prolif-
eration (Shou et al. 2001; Wang et al. 2006), while others 
reported that knockdown of Notch1 suppressed prolifera-
tion (Yong et al. 2011; Yu et al. 2014; Zhang et al. 2006). 
A group even found that up-regulation of Notch signaling 
had no significant effect on cell proliferation (Whelan et al. 
2009). It is worth noting that these experiments were car-
ried out in a variety of cultured prostate cancer cell lines, 
which may behave differently under different culture con-
ditions. Moreover, the responses of Notch signaling under 
cell culture conditions may not represent the behaviors 
of cancer cells in vivo. Manipulation of Notch signaling 
in prostate cancer organoid cultures and cancer organoid 
xenoplants may therefore be helpful in understanding the 
definitive role of Notch signaling in cell proliferation dur-
ing cancer progression (Gao et al. 2014).

Notch suppresses apoptosis/anoikis in prostate cancer

Knockdown of Notch1 and Jagged1 reduces cell viability 
and induces apoptosis in the PC3 prostate cancer cell line 
(Wang et al. 2010). Further examination showed that Notch 
inactivation reduced Akt phosphorylation and its down-
stream target, mTOR. Intriguingly, PI3K/Akt inhibition 
by PI3 K inhibitors, LY294002 and Wortmanin, abolished 
Notch1 expression and mTOR phosphorylation in PC3 cells. 
Akt deficiency also decreased Notch1 and Jagged1 expres-
sion. These data suggested a reciprocal regulation of Notch1 
and Akt pathways in prostate cancer (Wang et al. 2010).

Apart from Akt, the same group also found that down-
regulation of Notch1 inhibited the FoxM1 pathway (Wang 
et al. 2011). Overexpression of FoxM1, a cell cycle-related 
transcription factor, has been associated with prostate car-
cinogenesis (Chandran et al. 2007; Kalin et al. 2006). 
LY294002 and Wortmanin, inhibitors of the PI3 K/Akt 
pathway, eliminated the expression of FoxM1, suggesting 
that the FoxM1 pathway is regulated by PI3 K/Akt. Taken 
together, these results suggest that down-regulation of 
Notch1 and Jagged1 induces apoptotic prostate cancer cell 
death mediated by inactivation of PI3K/Akt, FoxM1 and 
mTOR pathways.

Notch signaling also plays a role in modulating anoikis. 
Anoikis is programmed cell death induced by the loss of 
cell adhesion from the surrounding extracellular matrix. 
Anoikis is an important mechanism that may be used to 
prevent metastasis by triggering programmed cell death. 
Therefore, metastatic cancer cells would need to escape 
anoikis in order to colonize secondary tumors (Liotta and 
Kohn 2004).

Several studies have associated Notch signaling to 
anoikis resistance in tumor cells. For instance, in breast 
cancer, Notch-mediated repression of E-cadherin results in 
activation of β-catenin and anoikis resistance (Leong et al. 
2007). In cervical cancer, activated Notch1 signaling syner-
gizes with human papillomavirus (HPV) oncogenes in the 
transformation of immortalized epithelial cells and gener-
ates resistance to anoikis through activation of P13K/Akt 
pathway (Rangarajan et al. 2001). Although little has been 
reported on the correlation between Notch and anoikis in 
prostate cancer, a study showed that increased Notch sign-
aling inhibited anoikis and stimulated proliferation of pros-
tate luminal epithelial cells (Kwon et al. 2014).

As discussed earlier, the induction of ectopic elevation 
of Notch signaling in luminal cells preserved the luminal 
progenitor population by stimulation of proliferation via 
PI3K/Akt signaling and inhibition of differentiation to 
luminal cells (Kwon et al. 2014). In addition, activation of 
Notch signaling suppressed cell anoikis via NF-KB, and 
independent of Hes1, in transit amplifying luminal progeni-
tors (Kwon et al. 2014). It is possible that aberrant Notch 
signaling promotes proliferation of luminal cells, inhib-
its anoikis and enhances prostate cancer progression and 
metastasis. However, additional experimental approaches 
to illustrating direct involvement of Notch signaling in 
anoikis are needed.

Notch and prostate cancer stem cells

The presence of prostate cancer stem cells is associ-
ated with chemotherapy resistance, tumor aggressiveness 
and poor prognosis (Domingo-Domenech et al. 2012). In 
gene profiling of DU145 prostate cancer cells, a subpopu-
lation with CD133high/CD44high was isolated and found 
to express high levels of Notch1, Jagged1, Dll1 and Dll3 
(Oktem et al. 2014). CD133 and CD44 were both mark-
ers for cancer stem cells; therefore, it is believed that this 
subpopulation could be the putative prostate cancer stem 
cell (Oktem et al. 2014). In addition, it was reported that 
in human prostate cancer tissue samples, a subpopulation 
conferring docetaxel resistance, characterized by loss of 
epithelial differentiation markers and HLA class 1 (HLA1) 
antigens and marked up-regulation of Notch and Hedge-
hog signaling, was detected (Domingo-Domenech et al. 
2012). As these cells with docetaxel-resistant phenotype 
exhibited tumor-initiating capacity and were more abun-
dantly observed in metastatic tumors, it could be speculated 
that this subpopulation might be a cancer stem cell capa-
ble of initiating or contributing to prostate cancer progres-
sion (Domingo-Domenech et al. 2012). Another report by 
Kwon et al. demonstrated the presence of a cancer stem 
cell-like subpopulation that could proliferate but could 
not differentiate and prevent apoptosis (Kwon et al. 2014). 
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Furthermore, overexpression of Notch1 led to proliferation, 
anoikis resistance and rescue of this subpopulation, while 
Domingo-Domenech et al. proceeded to demonstrate that 
combined targeted inhibition of Notch and Hedgehog sign-
aling pathways significantly depleted this subpopulation, 
implicating a promising therapeutic strategy toward pros-
tate cancer (Domingo-Domenech et al. 2012; Kwon et al. 
2014).

Association of Notch and hypoxia in prostate cancer 
progression

Although extreme hypoxia conditions tend to hamper 
tumor cell survival, milder hypoxia conditions lead to pre-
conditioning of tumor cells, increasing their ability to adapt 
to low-oxygen conditions for survival. A study reported that 
induction of chronic hypoxia in LNCaP human prostate 
cancer cells activated Notch3, but not Notch1 or Notch2, 
signaling to sustain cell proliferation (Danza et al. 2013). 
Although initially the expression of Notch3 transmembrane 
full-length (FL) protein in LNCaP cell was almost unde-
tectable under hypoxia, treatment with DAPT, a γ-secretase 
inhibitor, increased Notch3 FL and intracellular domain 
expression, indicating activation of Notch3 receptor activ-
ity under low-oxygen conditions. An increase in the fre-
quency of Notch3 immunostaining was also observed in 
tumor biopsies with higher Gleason score, further implicat-
ing a role for Notch3 in prostate cancer progression (Danza 
et al. 2013).

The same group also reported that Notch signaling 
modulated hypoxia-induced neuroendocrine differentiation 
(NED) in LNCaP cells (Danza et al. 2012). The paracrine 
function of neuroendocrine-differentiated prostate cancer 
cells enhanced proliferation, invasion and metastasis, lead-
ing to a poorer prognosis and androgen deprivation therapy 
resistance. Exposure of LNCaP cells to low oxygen pro-
moted NED, and while under hypoxic conditions, Notch1 
and Notch2 mRNA and protein expression, as well as Hey1 
and Hes1 expression, were all down-regulated. Conversely, 
overexpression of dominant-negative Hes1 in LNCaP cells 
promoted NED, which further validates that hypoxia-
induced NED is regulated by inhibition of Notch recep-
tor activity through down-regulation of Hes1 transcription 
(Danza et al. 2012).

In conclusion, these data suggest that hypoxia triggers 
the activation of Notch3 to sustain proliferation of prostate 
cancer cells, while inhibiting Notch1 and Notch2 signal-
ing, to induce NED to promote prostate cancer progres-
sion. Notably, tumor hypoxia has also been associated with 
enhanced epithelial–mesenchymal transition (EMT), a pro-
cess which favors cancer metastasis, and thus, Notch sign-
aling seems to be involved in converting a hypoxic stimulus 

into EMT (Sahlgren et al. 2008), although no experimental 
evidence in a prostate cancer model has yet been provided.

Notch and cell migration and invasion in prostate cancer

When Notch1 was overexpressed in both human tissue 
samples and cultured prostate cancer cell lines, Notch1 
promoted tumor invasion (Bin Hafeez et al. 2009). Bin 
Hafeez et al. demonstrated that knockdown of Notch1 in 
PC3 and 22Rv1 cells significantly attenuated cell inva-
sion (Bin Hafeez et al. 2009). Through the microarray 
analysis, knockdown of Notch1 further revealed a signifi-
cant decrease in the expression of extracellular proteins 
involved in cell invasion, including matrix metalloprotein-
ase-9 (MMP9) and urokinase plasminogen activator (uPA) 
(Bin Hafeez et al. 2009), which are NF-KB downstream 
genes. Another study also demonstrated that Notch1 and/
or Jagged1 silencing inhibited NF-KB DNA-binding activ-
ity (Wang et al. 2010). Together, these results suggest 
that Notch1 deficiency causes a decrease in NF-KB activ-
ity and its downstream targets, including MMP and uPA, 
thus decreasing cancer cell invasiveness (Bin Hafeez et al. 
2009; Wang et al. 2010). Furthermore, Notch signaling was 
reported to be associated with metastatic cell behavior (cell 
motility). Treatment with DAPT, a Notch inhibitor, down-
regulated Hes1 and decreased cell motility in LNCaP and 
PC3 cells after 48 h (Scorey et al. 2006). These findings 
suggest that Notch expression promotes metastasis and 
invasion in prostate cancer.

Another study showed that Notch signaling inhibited 
cell invasiveness in prostate cancer; however, this anti-inva-
sive role of Notch was repressed by prostate tumor overex-
pressed-1 (PTOV1) (Alana et al. 2014), an adaptor protein 
whose expression is significantly increased in prostate can-
cer (Benedit et al. 2001; Santamaria et al. 2003). In PTOV1 
knockdown prostate epithelial cells, Notch-dependent 
expression of Hey1 and Hes1 was up-regulated and con-
stitutively active Notch1 receptor attenuated the invasion 
and anchorage-independent growth of prostate cancer cells 
(Alana et al. 2014).

Notch and angiogenesis

Angiogenesis has been associated with tumor growth. It 
has been suggested that Notch signaling may be crucial for 
homeostasis of the normal vasculature, as well as tumor 
angiogenesis. Experiments targeting Dll4, the main Notch 
ligand in angiogenesis, in solid tumors revealed that block-
ing of Notch signaling increases nonproductive angiogen-
esis and decelerates tumor growth, but facilitates metastasis 
(Hu et al. 2012; Ridgway et al. 2006; Sainson and Harris 
2007; Thurston et al. 2007).
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Although limited studies have correlated Notch with 
angiogenesis in prostate cancer, it has become clear that 
Notch signaling plays a role in vascular development and 
tumor angiogenesis. Bin Hafeez et al. detected a higher 
level of Notch1 protein in tumor areas that surround the 
vasculature, suggesting that Notch may facilitate angio-
genesis in prostate cancer (Bin Hafeez et al. 2009). Intrigu-
ingly, Li et al. demonstrated that overexpression of Dll4 in 
PC3 cells reduced angiogenesis but improved vessel per-
fusion and tumor oxygenation by improving vasculature 
structure and function, resulting in enhanced tumor pro-
gression in cancer xenografts (Li et al. 2007).

Therefore, it seems that the function of Notch signal-
ing in angiogenesis in prostate cancer might be the same as 
compared to other solid tumors (Hu et al. 2012). Dll4-acti-
vated Notch signaling in vessel endothelial cells would be 
crucial for tumor progression, as overexpression improved 
tumor vasculature (Li et al. 2007). However, the impacts of 
other Notch ligands on prostate cancer angiogenesis remain 
unknown and require further investigation.

Notch and prostate cancer metastasis

Cancer metastasis is the leading cause of cancer mortality 
(Hu et al. 2012). Studies have also confirmed that prostate 
cancers frequently metastasize to the bone (Cooper et al. 
2003), lymph nodes (Swanson et al. 2006) and brain (Sal-
vati et al. 2005). Various prostate cancer cell lines derived 
from these sites are used as experimental models, for exam-
ple, PC3 and C4-2B (derived from bone), DU145 (derived 
from brain) and LNCaP (derived from lymph node) (Bin 
Hafeez et al. 2009; Shou et al. 2001; Zayzafoon et al. 
2004). However, the roles of Notch signaling in prostate 
cancer metastasis have not been well elucidated. From the 
discussions in this review, it seems that the Notch signal-
ing pathway may facilitate prostate cancer metastasis, as 
Notch plays roles in cell migration and invasion, anoikis 
and apoptosis resistance, and regulating angiogenesis 
(Fig. 3). Immunohistochemical analysis from 154 samples 
of benign, localized and metastatic prostate cancer sam-
ples showed significantly higher Jagged1 expression in 
metastatic samples (Santagata et al. 2004). Furthermore, 
higher Jagged1 expression in localized tumors is associ-
ated with higher incidence of reoccurrence after radical 
prostatectomy (Santagata et al. 2004). Similarly, in trans-
genic prostates from TRAMP mice, higher Notch1 mRNA 
levels were expressed upon metastasis to the lymph nodes 
(Shou et al. 2001). Moreover, when examining the aber-
rant expressed EMT markers in prostate cancer, Sethi et al. 
showed that only Notch1 was significantly overexpressed 
in prostate cancer bone metastasis compared to primary 
prostate cancer (Sethi et al. 2010). This result showed that 

Notch1 might be directly involved in prostate cancer bone 
metastasis.

In the progression of bone metastasis, Zayzafoon et al. 
demonstrated a possible mechanism involving Notch sign-
aling, in which interaction of prostate metastatic cells with 
osteoblasts transformed cancer cells into osteoblast-like 
phenotype, inducing osteoblastic lesions (Zayzafoon et al. 
2004). Accordingly, Notch1 expression was significantly 
increased in the cancer cell line C4-2B (derived from bone) 
and in bone samples from patients who developed bone 
metastases from a primary prostate tumor (Zayzafoon et al. 
2004). Presence of Hes1 expression in C4-2B cell further 
confirmed the activation of Notch signaling in osteogenic 
induction. In addition, osteogenic induction also showed 
up-regulation of ERK phosphorylation. However, Notch 
and ERK signaling pathways were regulated independ-
ent of one another. An increase in the mRNA and nuclear 
localization of Runx2, an essential transcription factor 
for differentiation of osteoblasts, was also observed. As 
the expression and activation of Runx2 was attenuated by 
U0126 and not L-685,458, therefore, Runx2 was ERK-
dependent. The presence of Hes1 and Runx2 was required 
for OSE-2 DNA binding, activating the expression of oste-
oblast specific gene, and thus transforming and producing 
osteoblast-like cell. This finding proposed a mechanism on 
how prostate cancer is capable of metastasizing to bone in 
vivo specifically expressing the Notch1 receptor (Zayza-
foon et al. 2004).

Notch as a potential diagnostic and therapeutic  
target in prostate cancer

Given the profound involvement of Notch signaling in the 
pathogenesis of prostate cancer despite its disputable role 
as an oncogene or a tumor suppressor, the Notch pathway 
has become the ideal target for diagnostic and pharmaco-
logical intervention.

With the expression of Jagged1 and Notch1 evidently 
higher in high-grade prostate cancer and metastatic cells 
than that of low-grade and benign prostatic cells, Notch 
and Notch ligands can be highly correlated with prostate 
cancer progression and recurrence (Santagata et al. 2004; 
Zhu et al. 2013). Moreover, genomic profiling results have 
identified Jagged1 expression as one of the markers of 
stem cell-like prostate cancer cells (Duhagon et al. 2010). 
Therefore, Jagged1 and Notch1 may be useful markers in 
cancer grading. Interestingly, proteomic analysis of DU145 
exosomes has also indicated an enrichment of Notch3 in 
prostate cancer exosomes, which may provide a practical 
biomarker for prostate cancer detection by noninvasive 
methods (Webber et al. 2014).



542 J Cancer Res Clin Oncol (2016) 142:531–547

1 3

Among the prostate cancer hallmarks discussed, Notch 
signaling clearly suppresses cell apoptosis, anoikis and 
angiogenesis. This evidence strongly proposed that the 
usage of Notch inhibitors in prostate cancer treatment 
might promote cell death and attenuate tumor growth. Fur-
ther investigation by Domingo-Domenech et al. suggested 
excitingly that, in combination with a Hedgehog signal-
ing inhibitor, Notch inhibition depleted chemotherapy-
resistant cancer cells in hormone-refractory prostate cancer 
(Domingo-Domenech et al. 2012). Therefore, Notch inhibi-
tors can be used as a supplement in addition to chemother-
apy as it can potentiate cell death and deplete chemo-resist-
ant cancer stem cell population.

γ-secretase inhibitors (GSIs) are often used to target 
Notch pathway activity, with the aim to prevent the gen-
eration of NICD. GSIs treatment has successful suppressed 
cancer progression in T-ALL, prostate, breast and lung 

cancer models (Carvalho et al. 2014). However, GSIs treat-
ment causes gastrointestinal toxicity due to their lack of 
specificity (van Es et al. 2005). Selective Notch inhibitors, 
for example antibodies targeting specific Notch receptors, 
or even synthetic peptides targeting Notch downstream, 
RBPJ, could offer more precise inhibitory effects, and thus 
lowering toxicity (Carvalho et al. 2014; Yong et al. 2011). It 
is also an interesting idea to restrain tumor growth through 
the up-regulation of non-canonical Notch ligand Dlk1 or 
SCUBE1 in cancer-associated fibroblasts (Orr et al. 2013). 
Moreover, NUMB and several microRNAs including miR-
30a and miR-132 have been suggested to regulate Notch 
signaling, which may serve as targets for suppressing 
Notch in prostate cancer (Flores et al. 2014; Ortega et al. 
2014; Salta et al. 2014).

As the roles of Notch in cancer cell proliferation and 
invasion remain unclear, it is not surprising that clinical 

Fig. 3  Notch signaling in prostate cancer hallmarks. Contradict-
ing results have suggested Notch signaling to either promote or 
inhibit prostate cell proliferation, as well as cell migration and inva-
sion. Reports have also suggested that activation of Notch suppresses 

cell apoptosis, anoikis and angiogenesis, while promoting metasta-
sis. Under hypoxic conditions, Notch signaling indirectly promotes 
hypoxia endurance in prostate cancer cells by sustaining cell prolif-
eration
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trials with Notch inhibitors generate little encouraging out-
comes in prostate cancer patients (Carvalho et al. 2014). 
Moreover, as suggested by Masuda et al., Notch signaling 
can serve in both autonomous and non-autonomous man-
ner (Masuda and Izpisua Belmonte 2014). Autonomous 
Notch signaling modulates cancer cells themselves for pro-
liferation and cell survival, while non-autonomous signal-
ing acts on vascular endothelial cells, regulating angiogen-
esis. Therefore, inhibition of Notch signaling may induce 
nonfunctional angiogenesis, leading to hypoxia, which 
may favor cancer stem cell growth and promote metastasis 
(Hu et al. 2012; Masuda and Izpisua Belmonte 2014). This 
might be a plausible explanation to the limited clinical trial 
success with Notch inhibitors in prostate cancer patients.

Taken together, Notch inhibitors could potentially be 
used to target therapy-resistant cancer stem cell population, 
improving chemotherapy efficiency. However, the thera-
peutic potentials of Notch inhibitors require further exami-
nation, as Notch signaling has diverted effects on various 
aspects of prostate cancer hallmarks.

Conclusions

While Notch signaling has been established to be impor-
tant in regulating normal prostate development, its func-
tion in prostate cancer etiology and progression remains 
debatable. Although Notch is overexpressed in prostate 
cancer, we do not know for sure whether Notch up-reg-
ulation would promote prostate cancer progression, or 
whether Notch signaling is elevated as a compensatory 
effect of prostate cancer progression. In fact, the con-
flicting data of Notch’s role either as an oncogene or as 
a tumor suppressor are not surprising at all. These seem-
ingly different functions of Notch are highly context-
dependent. Notch signaling, being highly conserved and 
present in various tissues, can be activated by different 
stimuli and respond differently in different microenvi-
ronments. In addition, different types of Notch receptors, 
ligands and targeted genes can also initiate different Notch 
mechanisms. Therefore, Notch signaling is complicated in 
its function. As discussed, Notch signaling could exhibit 
diverse functions not only in basal and luminal cells, but 
also in different stages of prostate development and in dif-
ferent stages of cancer progression.

In summary, Notch signaling is not a simple pathway 
but a signaling network, modulating different hallmarks 
of prostate cancer. The understanding of Notch signaling 
will help us to explain the physical and pathological phe-
nomenon and provide the basis for disease therapeutics. 
The effects of Notch pathway intervention in clinical prac-
tice are not clear at the moment and continued in-depth 
research is required.
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