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Abstract Evolutionarily conserved Notch signaling

orchestrates diverse physiological mechanisms during

metazoan development and homeostasis. Classically,

ligand-activated Notch receptors transduce the signaling

cascade through the interaction of DNA-bound CBF1-

co-repressor complex. However, recent reports have dem-

onstrated execution of a CBF1-independent Notch pathway

through signaling cross-talks in various cells/tissues. Here,

we have tried to congregate the reports that describe the non-

canonical/CBF1-independent Notch signaling and target

gene activation in vertebrates with specific emphasis on their

functional relevance.
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Canonical Notch signaling

Notch signaling is evolutionarily conserved from Dro-

sophila to higher mammals and involves cell–cell

interaction, resulting in various aspects of metazoan

development [1, 2]. Notch receptors are activated by

transmembrane ligands expressed on neighboring cells

which are collectively known as DSL (Delta, Serrate and

Lag2). Upon activation, Notch intracellular domain

(NICD) is cleaved by c-secretase and translocated into the

nucleus. There, it converts the CSL (CBF1, Su(H), Lag1)

co-repressor complex into an activator complex on Notch

responsive promoters [3]. The mammalian homologue of

CSL is known as C promoter binding factor 1 (CBF1) or

recombination signal binding protein for immunoglobulin

kappa J region (RBPJk). CBF1 is a DNA binding tran-

scription factor mediating canonical Notch signaling [4].

The constitutively expressed CBF1 is always bound to a

specific sequence on promoters of Notch target genes and

regulates their expression. In the absence of NICD, CBF1

will recruit transcriptional co-repressors due to its higher

affinity, thereby inhibiting the transcription of specific

target genes [5]. When canonical Notch signaling is acti-

vated through ligand-mediated interaction, cleaved NICD

will bind to CBF1 and convert the transcriptional repressor

complex into an activator complex together with Master-

mind-like (MAML) transcriptional co-activators, and other

specific co-activators (Fig. 1) [6, 7]. Activation of Notch

signaling triggers the expression of various target genes,

such as Hes and the Hes-related (HESR/HEY) family of

basic helix-loop-helix (bHLH) transcription factors [8–10].

Hes genes are the mammalian homologue of Drosophila

hairy and Enhancer of split proteins, which encode bHLH

transcriptional repressors. Even though Hes genes are the

major targets of Notch signaling, there are reports on the

activation of other tissue-specific targets such as brain lipid

binding protein (BLBP) [11]. The Hes family of tran-

scription factors recruit Groucho/TLE co-repressors and

regulate the expression of tissue-specific genes such as

Mash1 and NeuroD required for various cellular functions

[12, 13].

Canonical Notch signaling plays a central role in diverse

cellular tasks such as embryonic development [14–16],

stem cell maintenance [17, 18], fate-specific differentiation

[19, 20], and adult tissue homeostasis [21]. In addition to

their role in development and homeostasis, dysregulation
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of Notch components are widely and directly implicated in

various human disorders [22]. These disorders include

developmental syndromes [23–25], and the initiation,

progression and maintenance of pancreatic [26] and other

cancers [27, 28]. Notch signaling has also emerged as a

specific therapeutic target for T-cell acute lymphoblastic

leukemia [29] and colon cancer [30]. Even though canon-

ical Notch signaling is very well documented in numerous

cell types and diseases, evidence has emerged for the non-

canonical activation of Notch signaling or target genes in

certain cells/tissues for executing specific functions.

Evidence for non-canonical/CBF1-independent Notch

signaling and target gene activation in vertebrates

Early evidence for CSL-independent non-canonical Notch

signaling originated from studies conducted on Drosophila

mutants (both Notch receptor and CSL) [22, 31]. Since

CSL mutants are not phenotypically the same as Notch

receptor mutants, the possibility of an alternate mechanism

of Notch signaling was postulated [32, 33]. CSL-indepen-

dent Notch signaling has been widely shown in various

anatomical/physiological characteristics of Drosophila

[34, 35]. Later, reports also emerged from vertebrates for

the existence of non-canonical Notch signaling in various

tissues [36, 37]. The discrepancy between Notch receptor/

ligand expression and Hes genes in neuroepithelial cells

also strengthens the notion for the existence of non-

canonical signaling in vertebrates. The majority of the

initial reports have emerged from the use of either Notch

receptors devoid of CBF1 interacting domain or CBF1 null

cell lines. Since CBF1 double mutants are embryonically

lethal [38], various conditional CBF1 knock-out mouse

models were generated for studying the CBF1-mediated

signaling in different aspects of mammalian development

[39–45]. Upon analysis of reports on non-canonical Notch/

CBF1 signaling in vertebrates, we found the existence of

two types of CBF1-independent Notch target gene activation,

regardless of their function (Fig. 2c). Type-I (non-canonical

Notch signaling) involves ligand-mediated activation of

Notch receptors, but transduces the pathway independent of

CBF1 (Fig. 2a), and Type II involves the activation of Notch

target genes completely devoid of either Notch receptor

cleavage or CBF1-mediated signal transduction (Fig. 2b;

Table 1).

In CBF1-independent non-canonical Notch signaling,

cleaved NICD interacts with components of other signal-

ing pathways and activates the downstream targets. Both

canonical Notch targets and other tissue-specific tran-

scription factors are activated through this non-canonical

Notch signaling and are basically concentrated on the

tissue-specific promoters. However, recent reports have

shown the execution of non-canonical Notch signaling

through membrane-tethered NICD outside the nucleus

(Fig. 2a) [46]. Thus, irrespective of the known transcrip-

tional regulatory function, cleaved/activated Notch

receptors are involved in the various aspects of cellular

function in a context-dependent manner. In vertebrates, the

CBF1-independent non-canonical Notch signaling was

initially reported in proliferating myoblasts in vitro

[36, 47]. Subsequently, in vivo models/tissues concerning

the involvement of CBF1-independent non-canonical

pathways in tumor cells/tumor progression have also been

Fig. 1 Schematic of canonical Notch signaling: Canonical Notch

signaling is activated by its ligand leading to c-secretase cleavage of

Notch intracellular domain (NICD) which in turn translocates into the

nucleus. There, it converts the transcriptional co-repressor complex

into an activator complex by recruiting MAML and specific

co-activators (Co-A) following displacement of the co-repressor

complex (including NCoR, HDAC and Co-R). Subsequently, the

specific co-activator complex will trigger the transcription of Notch

target genes (Hes/Herp family)
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extensively shown [37, 45, 46, 48, 49]. Various effects

such as proliferation, neoplastic transformation, tumor

progression, and apoptosis have been implicated as the

result of such a non-canonical pathway in cancer. The

involvement of CBF1-independent Notch signaling in

specifying the fate during early neural differentiation has

been well documented by Mizutani et al. [50]. Consistent

with neural fate specification, CBF1-independent Notch

Fig. 2 Schematic of non-

canonical Notch signaling/target

gene activation. a The non-

canonical Notch signaling

(Type-I) pathway requires

ligand mediated cleavage of

Notch receptor but transduces

the signals independent of

CBF1 interaction. Here, the

cleaved NICD interacts with

tissue-specific co-activators

(Co-A) and other undefined

factors to activate downstream

targets/functions. The cleaved

NICD can also interact with

components of other signaling

pathways and activate

downstream components of

Notch signaling. b Non-

canonical Notch target gene

activation (Type-II) is

completely devoid of either

ligand-mediated NICD-release

or CBF1-interaction, and hence

target genes are activated

through alternate signaling

mechanisms. Downstream

effectors of JNK, Shh and Wnt

are known to directly activate

the expression of Hes-1/Hairy-1
independent of Notch/CBF1

interaction. c Classification of

Notch signaling and its

functional implication.

References for each signaling

pathway are given in square
brackets

Non-canonical Notch signaling in vertebrates 2959



signaling is implicated in B-lymphocyte lineage commit-

ment [40] and proliferation of hematopoietic progenitors

[51].

Type II CBF1-independent Notch target gene activation

is completely devoid of c-secretase-mediated cleavage of

Notch receptor. Here, the expression of Notch target genes

is activated by alternate signaling pathways or factors

(Fig. 2b). Though Hes-1 is considered as one of the prin-

cipal Notch target genes, it shows the maximum non-

canonical activation in various contexts. As evidenced

from various mutants of Notch receptor [39], ligand [52] or

effectors [41], it is clear that Hes-1 is not always under the

strict control of Notch/CBF1 interaction. The observation

that Hes-1 and Hes-3 are expressed prior to Notch receptor

or ligand expression in neuroepithelial cells has strength-

ened the above statements [53, 54]. Moreover, the latest

reports from our laboratory and others have shown the

existence of Notch/CBF1-independent pathways for the

activation of Hes-1 expression in various cells/tissues [55].

Notch-independent Hes-1 expression is mainly reported in

neural progenitors [55], retinal progenitors [56], hemato-

poietic progenitors [57, 58], T/B-cell precursors [59–61],

endothelial cells [62], and cancer cells [63]. In addition to

Hes-1, other Notch targets have also been reported to

express independently of canonical Notch signaling. Kubo

et al. [64] have shown that Hairy1 can be activated non-

canonically by Wnt2b in the ciliary marginal zone (CMZ)

of chick retina.

In addition to the above, there are reports for the Notch-

independent, CBF1-dependent signaling in neurons and

cancer cells (Type-III) [65, 66]. Reports have indicated that

Hes-1 can be regulated without Notch receptor cleavage

Table 1 List of reports for non-canonical Notch signaling/target gene activation in vertebrates

Sl. No. Cells/tissues Interacting pathways Reference

Type-I

1 EMT in human cervical tumor derived cell line Jagged1-PI3K/pAKt [37]

2 Breast tumor progression KLF4 [49]

3 B-lymphocyte lineage commitment – [40]

4 Mammary gland tumorigenesis Notch4/Int3 [45]

5 Endothelial cell maintenance/anti apoptosis Bcl2 [68]

6 Inhibition of neglect-induced apoptosis and thereby cell survival NICD-mTOR-Akt [46]

7 c-myc expression in human erythroleukemia cells NICD-YY1 [48]

8 Neoplastic transformation – [83]

9 Neoplastic transformation of RKE cells – [84]

10 Inhibition of muscle cell differentiation – [36, 47]

11 Generation of neuronal restricted intermediate neural progenitors – [50]

12 Proliferation of hematopoietic progenitors solD4-Notch [51]

Type-II

13 Maintenance of ES cell derived neural progenitors FGF2-JNK-ATF2-Hes1 [55]

14 Proliferation of Retinal progenitors Shh-Gli2-Hes1 [56]

15 Hes-1 expression in growth arrested human endothelial cells JNK-Hes1 [62]

16 Maintenance of retinal ciliary marginal zone progenitors Wnt2b-Hairy1 [64]

17 Inhibition of retinal progenitor cell differentiation Wnt2b [90]

18 Maintenance of hematopoietic stem cells – [58]

19 Hes-1 regulation in multipotent mesodermal and neural cells Shh-Hes1 [63]

20 Hes-1 expression in hematopoietic progenitors E2A [57]

21 Hes-1/Hes-5 expression in DN thymocytes – [60]

22 Hes-1 expression in Pax-5 deficient pro-B cells – [59]

23 Hes-1/Hes-3 expression in neuro-epithelial cells – [53]

24 Hey-2 expression in pillar cells of organ of corti FGF-Hey-2 [70]

Type-III

25 Specification of GABAergic neuron differentiation bHLH-RBPJk [66]

26 Hes-1 expression in neuroblastoma cells TGFa-Ras-Hes1 [65]

27 Hes-5 expression in retinal progenitors Shh [56]

Cells/tissues and interacting pathways with individual references are listed

– Pathway not mentioned
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and NICD release in a CBF1-dependent manner in cancer

cells [65]. Consistent with Hes-1, another strict Notch

target gene Hes-5 can also express without c-secretase

cleavage of Notch receptor in a CBF1-dependent manner in

retinal stem cells [56]. A non-canonical PTF1-CBF1 tran-

scription factor complex is also reported in the generation

of GABAergic neurons, and this mechanism is independent

of canonical Notch signaling [66, 67]. However, both

CBF1-dependent and -independent mechanisms work

together to perform particular cellular functions such as

maintenance of neural progenitors [55], endothelial cells

maintenance [68], neurite outgrowth in PC12 cells [69],

organ of corti pillar cell maintenance [70], and T-cell

specification of hematopoietic progenitors [57].

Cross-talk between various signaling pathways executes

non-canonical Notch signaling and target gene

activation

The cross-talk of Notch signaling with other signaling

pathways has been reported in various cellular functions,

such as cell fate specification, proliferation, stem cell

maintenance, and oncogenesis [71–75]. Therefore, it can be

assumed that these different pathways might be involved in

the activation of non-canonical Notch signaling and Notch

target genes. These signaling pathways, which include

Hedgehog, Jak/STAT, RTK, TGF-b, Wnt and Notch

[74, 76], network together and execute various cellular

processes starting from developmental fate specification to

higher complex organogenesis and tissue homeostasis

[77–79]. In addition to this, various factors such as growth

factors are also involved in activating/triggering the CBF1-

independent Notch target gene activation (Table 1).

Growth factors are mainly implicated in activation of

Notch target genes non-canonically in various tissues [55].

The molecular mechanism of activation/triggering of non-

canonical Notch signaling via the interaction with Wnt and

abl tyrosine kinase pathways have been clearly demon-

strated in Drosophila [22, 31, 80, 81]. Similarly, interaction

of Notch receptor/NICD with other molecular pathways or

components has also been demonstrated in vertebrates. The

mechanism of activation or implementation of non-

canonical Notch signaling is context-dependent and the

interacting molecules/pathway will vary according to the

tissue or function. Deltex1-mediated non-canonical acti-

vation of Notch signaling through Jagged1 has been

reported in human cervical tumor-derived cells (Fig. 2a)

[37]. Here, Jagged1–Notch interaction further activates

phosphoinositide 3-kinases (PI3K)-Akt signaling and trig-

gers the pro-oncogenic induction which is completely

independent of CBF1. The involvement of Akt signaling

for the execution of a non-canonical Notch pathway is also

evidenced in neural stem cells and neglect-induced cells.

Ligand (Dll4/Jagged1)-induced activation of Notch recep-

tor directly phosphorylates and activates the PI3K-Akt,

mTOR (mammalian target of rapamycin) pathway and

subsequently induces the expression of Hes-3 and Shh

which leads to the proliferation of neural stem cells [73].

Similarly, in neglect-induced HeLa cells, membrane-teth-

ered NICD interacts with Rictor and mTOR to trigger Akt

phosphorylation leading to inhibition of apoptosis [46].

Moreover, the NICD-mTOR-Akt pathway does not require

interaction with CBF1 and transduces the pathway non-

canonically. The direct interaction of ligand-activated

Notch receptor with other factors such as Ying Yang1

(YY1) and Bcl2 has been shown to instigate the non-

canonical pathway in human erythroleukemia and endo-

thelial cells, respectively [48, 68]. Krüppel-like family of

transcription factor 4, KLF4, is another transcription factor

activating the expression of Notch1 mRNA and its cleav-

age to active form in human mammary epithelial cells

(Fig. 2a). However, the KLF4-mediated transformation of

epithelial cells is independent of canonical Notch signaling

which is demonstrated by the use of dnCBF1 and

dnMAML constructs [49]. In general, canonical or non-

canonical Notch signaling is initiated through the interac-

tion of membrane-bound ligands (Dll4/Jagged1) with

Notch receptor; however, soluble forms of ligands are also

reported in activating the Notch signaling [82]. In prolif-

erating hematopoietic stem cells, the soluble form of

Delta4 ligand (solD4) activates non-canonical Notch cas-

cade and enhances its proliferation [51]. solD4 carries out

this mechanism in a CBF1-independent manner and does

not induce any significant increase in the expression of

principal Notch target genes. Although there are many

more reports for the non-canonical activation of Notch

signaling in various contexts, the exact molecular mecha-

nism has not been illustrated [36, 40, 47, 50, 83, 84].

As mentioned earlier, Notch-independent activation of

HES/HEY family of transcription factors is achieved

through the cross-talk with other signaling pathways.

Common regulatory pathways such as Wnt, Shh, FGF and

MAPK are reported to directly activate the expression of

various Notch target genes in different contexts. Hes-1 is

the principal Notch target which can be activated non-

canonically; our recent report has shown that FGF2 is able

to transactivate Hes-1 expression independent of CBF1/

Notch in neural progenitors [55]. Here, FGF2 activates

c-Jun N-terminal kinase (JNK) through Cdc42-Ras path-

way, and the activated JNK further phosphorylates ATF2.

Further, phospho-ATF2 in turn binds to Hes-1 promoter

and activates Hes-1 expression independent of CBF1

pathway (Fig. 2b). Involvement of JNK signaling in non-

canonical Hes-1 expression is also reported in human

endothelial cells [62]. In addition to this, Shh is known to
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activate Hes-1 expression non-canonically in retinal pro-

genitors [56] and multipotent mesodermal/neural stem cells

[63]. In retinal progenitors, Shh mediates non-canonical

activation of Hes-1 through Gli2 which in turn binds to

Hes-1 promoter [56]. The direct activation of Notch-inde-

pendent Hes-1 expression is also shown in hematopoietic

progenitors which is carried out through the direct binding

of E2A transcription factor on Hes-1 promoter [57].

Similarly, in human neuroblastoma cells (SK-N-BE(2)c),

TGFa activates Hes-1 expression non-canonically [65].

Though Hes-1 activation by TGFa is independent of Notch

receptors, it requires CBF1 as in the case of canonical

Notch signaling. TGFa transduces the pathway through

EGF receptor/Ras and finally phosphorylates ERK1/2, and,

thus, activated phospho-ERK triggers the expression of

Hes-1 in a CBF1-dependent manner. Even in the absence

of externally administrated TGF-a, SK-N-BE(2)c cells are

maintained by the expression of non-canonical Hes-1

through MEK-ERK pathway. In addition to this, undefined

factors present in the serum may also activate MEK/ERK

leading to the expression of Hes-1 [65].

Hairy-1, another Notch target gene, can also be regu-

lated independent of canonical Notch signaling. Retinal

stem cell-like progenitors in the chick CMZ are maintained

through activation of Hairy-1, mediated by Wnt signaling

[64]. Kubo et al. [64] have clearly demonstrated the

involvement of Wnt2b effectors such as ELK3, LMO4 and

Zic2 in the Notch-independent expression of Hairy-1 in

CMZ progenitors. Consistent with Hes-1 and Hairy-1,

other Notch target gene such as Hey-2 is expressed inde-

pendently of canonical Notch signaling for maintaining

pillar cell fate in the Organ of Corti [70]. The Notch-

independent Hey-2 expression in pillar cells is triggered

through FGF signaling, and both Notch and FGF signaling

are together involved in the maintenance of these cells.

Functional implications of non-canonical Notch

signaling/target gene activation

The requirement of a non-canonical/CBF1-independent

Notch signaling and target gene activation during embry-

onic development and normal homeostasis is becoming

extremely imperative, since it is required for various

cellular functions ranging from transcriptional repression,

tissue regeneration, cell fate decision, proliferation, differ-

entiation, and tumorigenesis. As discussed previously,

eukaryotes perform all these diverse physiological tasks

through the cross-talk of limited number of signaling path-

ways, which are evolutionarily conserved [74, 76].

Canonical Notch pathway is a cell–cell-mediated signaling

mechanism and requires a proper niche where cell–cell

interactions occur, thereby activating the Notch targets.

Moreover, activation of canonical Notch signaling triggers

the expression of wide variety of downstream target genes

simultaneously. Therefore, tissue-specific activation of

certain transcription factor(s) may not be possible. To acti-

vate specific Notch target genes/transcription factors

exclusively in a tissue-specific manner, canonical activation

of Notch signaling may not be a good choice. Thus, differ-

ential Notch signaling or non-canonical activation of Notch

target genes may become a pre-requisite for the tissue-spe-

cific activation. Also, it is observed that certain cells/tissues

will not express/express reduced levels of Notch compo-

nents (both receptor and ligand) [35] or become resistant to

canonical Notch activation through CBF1 for specifying

particular fate/function during the course of development

[50]. This is affected by making cells impervious to

canonical Notch/CBF1 activation as a result of tissue-spe-

cific chromatin re-modeling [85, 86]. Therefore, cells/

tissues recruit multiple signaling cross-talks and non-

canonical signaling cascades context-dependently for

executing their precise functions. The non-canonical/CBF1-

independent Notch target activation in vertebrates is

mainly reported in the proliferation of lineage-restricted

progenitors, fate-specific differentiation, and oncogenic

transformation.

Proliferation and transient amplification of lineage

restricted progenitors

Although Notch signaling maintains various tissue-specific

stem cells, the mechanism involved in the derivation of

lineage-restricted progenitors from stem cells is not very

clear. The differential regulation (CBF1-independent/

dependent) of Notch signaling has been reported in the

maintenance/generation of various lineage-restricted pro-

genitors during development. The differential regulation of

a specific set of transcription factors is attained through the

cross-talk of various growth factors or signaling pathways

involved in the activation of Notch target genes non-

canonically. These activated target genes will directly help

in the proliferation of progenitors either by transcription-

ally repressing the classical pro-neural genes or by

activating the cell cycle regulators. This kind of differential

regulation of a subset of progenitors along with their pro-

longed proliferation was mainly reported in neural

progenitors, especially in retinal as well as ES cell-derived

neural progenitors [55, 56, 64]. Wnt2b-mediated Notch-

independent activation of Hairy-1 in CMZ of chick retina

would help in the prolonged proliferation and maintenance

of Rdh10-positive retinal progenitors [64]. Wnt signaling is

able to activate the expression of CMZ-specific transcrip-

tion factors and their maintenance, but fails to do so in the

absence of Hairy-1 [64]. Therefore, non-canonical activa-

tion of Hairy-1 differentially maintains Rdh10-positive
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retinal progenitors; on the other hand, canonical Notch

signaling maintains retinal progenitors in the central region

that finally differentiates into Müller cells through the

activation of Hes-5 as reported earlier [87–89]. Shh sig-

naling is also reported in the proliferation and maintenance

of a specific subset of retinal progenitors through the

expression of Hes-1 independent of Notch/CBF1 signaling

[56]. Here, non-canonical Notch target activation maintains

Müller glial and bipolar progenitors in the postnatal retina.

This is in contradiction to the previous reports [64], and we

assume that the ultimate effect of these differential sig-

naling pathways may be temporally regulated and context-

dependent. Non-canonical Hes-1 activation is also involved

in the maintenance of a subset of ES cell-derived neural

progenitors [55] and hematopoietic stem cell proliferation

[57, 58]. Though non-canonical Notch signaling is reported

in the maintenance of hematopoietic stem cells, there are

contradictory reports to this which claim that canonical

Notch signaling is required for hematopoietic stem cell

maintenance [72]. In retinal progenitors, Wnt2b is also

known to inhibit pro-neural genes directly without the

involvement of Notch target gene activation [90].

However, CBF1-independent Notch signaling (Type-I)

is also reported in the maintenance and proliferation of

lineage-restricted progenitors. Recently, it has been shown

that neural stem cells are differentially regulated by Notch

signaling in developing the telencephalic ventricular zone,

where two different stem cell populations co-exist [50].

Neural stem cells (NSCs) are maintained through CBF1-

dependent canonical Notch activation, whereas a CBF1-

independent pathway is executed for the proliferation and

maintenance of intermediate neural progenitors (INPs). In

agreement with in vivo reports, evidence has reported for

CBF1-independent Notch signaling in the regulation of

myoblasts cells in vitro [36, 47]. Here, activated Notch

receptor transduces the signaling cascade independent of

CBF1 and inhibits myogenesis and osteogenesis with the

help of factors other than MyoD. However, CBF1-depen-

dent Notch signaling is also reported in the inhibition of

myoblast differentiation through MyoD activation in a cell-

specific manner [91]. The soluble form of Delta4 (solD4)

has been shown to be involved in the transient amplifica-

tion of hematopoietic stem cells non-canonically while

membrane-bound Delta4 maintains the hematopoietic stem

cells through canonical Notch signaling [51]. solD4 non-

canonically activates the proliferation of hematopoietic

stem cells which are independent of CBF1 and would not

induce a significant increase in target gene expression.

Fate specific differentiation

As discussed in the previous session, non-canonical acti-

vation of the Notch signaling/target gene is involved in the

generation of lineage-restricted progenitors in various tis-

sues during development. Subsequently, these lineage-

restricted progenitors will differentiate into their respective

fates with the help of their niche factors. The non-cano-

nical/CBF1-independent mechanism of lineage restriction

and fate-specific differentiation is mainly reported in the

developing nervous system and also lymphoid progenitor

fate specification.

The generation of neuronal-restricted INPs from neural

stem cells through differential Notch signaling is well

documented in developing telencephalon [50]. The neuro-

nal INPs and neural stem cells are differentially maintained

through CBF1-independent and -dependent mechanisms,

respectively. Upon differentiation, the CBF1-independent

INPs predominantly generates neurons and is further

resistant to CBF1 activation. However, CBF1-dependent

neural stem cells are able to differentiate into neuronal,

glial, and oligodendrocyte lineages. Therefore, it can be

assumed that the neuronal restriction of progenitors is

specifically attained through the non-canonical CBF1-

independent Notch signaling. In addition to this, Shh-

mediated non-canonical/CBF1-independent expression of

Hes-1 in retinal progenitor cells (RPC) will confer their

Müller glial and bipolar fates [56]. This non-canonical

pathway will selectively enhance the proliferation of these

progenitors at the expense of rod photoreceptors, whereas

perturbation of Shh/Gli will result in the reduction of

Müller and bipolar cells. Notch-independent expression of

Hey-2 through FGF signaling is reported in the mainte-

nance of pillar cell fate in the organ of corti. Both canonical

Notch signaling and FGF-regulated Hey-2 together main-

tain the pillar cell fate by inhibiting Math1. Perturbation of

both Notch and FGF signaling resulted in the transdiffer-

entiation of pillar cells into hair cells through math1

expression [70]. The non-canonical Notch signaling is also

reported in the in vitro differentiation of adipose-derived

stem cells. Schwann cell differentiation from adipose-

derived stem cells occurs through non-canonical Notch

signaling [92]. A recent report from Hori et al. [66] has also

shown the involvement of the Notch-independent CBF1-

Ptf1a complex in the specification of GABAergic neurons

during spinal cord development.

As mentioned above, non-canonical/CBF1-independent

Notch target gene activation is also implicated in the fate

specification of lymphoid progenitors. Common lymphoid

progenitors (CLP) derived from hematopoietic stem cells

can give rise to both T-cells and B-cells during develop-

ment, and Notch signaling plays a key role in the fate

specification of these progenitors [93, 94]. CBF1-mediated

canonical Notch signaling is required for the maintenance

and differentiation of T-lymphocytes through the activation

of T-lineage-specific target genes by CBF1/NICD complex

[40, 93, 95]. At the same time, it will activate a
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CBF1-independent pathway through Deltex and inhibit the

expression of E47 transcription factor required for the

commitment of B-cell lineage [40, 96, 97]. E proteins

mediate T-cell lineage specification at the expense of NK

and myeloid cell maturation through activating Notch tar-

get gene expression in concert with Notch signaling during

CLP differentiation [57]. The conditional knock-out of

CBF1 also confirms the role of CBF1-mediated Notch

signaling in the T versus B lineage fate specification [40].

CBF1 knock-out in bone marrow cells inhibited the dif-

ferentiation of T-cells along with generation of B-cells

[98].

Tumorigenesis

Notch signaling has been considerably associated with

tumorigenesis, proliferation, and progression of cancers.

Initially, it was shown that translocation in T-cell acute

lymphoblastic lymphoma (T-ALL) is associated with the

up-regulation of the activated form of Notch1 [99]. Later,

the oncogenic role of Notch has been shown in a wide

range of cancers including neuronal, hematopoietic, and

epithelial cancers [16, 27, 100, 101]. Notch-regulated

cancers are involved in promoting proliferation or inhibi-

tion of apoptosis and tumorigenicity of the tumor cells.

Inhibition through c-secretase inhibitor reverted some of

these characteristics [102, 103].

There are many recent reports regarding CBF1-inde-

pendent Notch signaling in the regulation/maintenance of

various cancers. Persistent proliferation (through the dys-

regulation of Notch target genes), neoplastic transformation,

and inhibition of apoptosis are the main consequences of

non-canonical/CBF1-independent Notch signaling in cancer

cells/tissues. CBF1-independent Notch signaling is mainly

reported in the various aspects of cancer induction and

progression. Although CBF1-mediated Notch4/Int3 signal-

ing is essential for the mammary alveolar development

[104], tumorigenesis and tumor growth in mammary cells

are triggered through a CBF1-independent Notch4/Int3

signaling [45]. Targeted deletion of CBF1 in Int3-expressing

mammary cells did not show any significant change in its

hyper-proliferative effect but reduced apoptotic activity.

Thus, Notch4/Int3 induces tumor formation and its pro-

gression without activating classical downstream targets.

Along with the in vivo tumorigenic role of non-canonical

Notch signaling, their involvement in in vitro transformation

process through viral oncogenes has been documented in

different cell lines. CBF1-independent Notch signaling has

been implicated in the E1A-mediated neoplastic transfor-

mation of RK3E kidney cells. Notch receptor without the

CBF1-interacting domain is able to translocate into the

nucleus and induces neoplastic transformation [83, 84].

Jagged1-mediated Notch signaling has been shown in the

progression of HPV-driven human cervical cancer in a

CBF1-independent manner. The oncogenic properties like

anoikis resistance and induction of epithelial-mesenchymal

transformation are mediated through the activation of PI3K

signaling via CBF1-independent non-canonical Notch

pathway [37]. Consistent with this observation, the epithelial

transformation by KLF4 is mediated through a CBF1-inde-

pendent Notch pathway during breast tumor progression.

KLF4 directly activates the transcription of Notch1 gene and

transduces signaling cascade through a CBF1-MAML-inde-

pendent pathway resulting in the transformation of epithelial

cells (Fig. 2a) [49].

Besides hyper-proliferation and transformation of can-

cer cells/tissues, non-canonical/CBF1-independent Notch

signaling is known to inhibit apoptosis and, thereby con-

tribute to cancer progression. Endothelial cells are usually

resistant to various apoptotic signaling in vivo [68], and

Notch signaling has been reported in the maintenance of

endothelial cells through CBF1-dependent and -indepen-

dent anti-apoptotic pathway. CBF1-independent pathway is

mediated through the activation of Bcl-2 and inhibits

pro-apoptotic pathways together with CBF1-dependent

mechanism [68]. Perumalsamy et al. [46] have clearly

shown the involvement of a non-canonical Notch signaling

for the inhibition of neglect-mediated apoptosis in mam-

malian cells including cancerous cells. The CBF1-

independent pathway is executed via the activation of

mTOR-Akt/PKB kinase through the membrane-tethered

NICD (Fig. 2a) [46]. This is the first report which examines

the Notch-mediated mTOR-Akt pathway in inhibiting the

neglect-mediated apoptosis and, thus, survival in a non-

canonical manner.

As mentioned earlier, various Notch target genes are

implicated in the proliferation and progression of cancer

cells [71]. Hes-1, one of the major Notch target genes, is

activated independently of Notch in various cancer cells/

tissues. Different regulatory pathways such as Notch, Ras/

MAPK and Shh are dysregulated in diverse cancers, and

Hes-1 is the converging point between all these signaling

pathways. Therefore, Notch/CBF1-independent non-

canonical activation of Hes-1 may be involved in the

activation or maintenance of cancer cells [63, 71]. This

hypothesis was strengthened by the observations of

Stockhausen et al. [65] where they could also show the

non-canonical activation of Hes-1 in neuroblastoma cells.

They showed the rapid activation of Hes-1 in neuroblas-

toma cells through TGFa-mediated Ras/MAPK pathway.

This activation is independent of Notch receptor cleavage

and is able to inhibit Hash-1, which would in turn induce

proliferation of these cells [65]. Previous reports also

suggested that Notch signaling mediates the TGFa-induced

oncogenic Ras/MAPK signaling in different human tumors

[105, 106]. The CBF1-independent Notch signaling has
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been shown to activate the expression of YY1 target gene

c-myc in cancer cells [48]. Here, the NICD directly inter-

acts with YY1 transcription factor on c-myc promoter

region. However, the CBF1-independent c-myc expression

is not able to induce tumorigenesis in K562 cells. There-

fore, it could be assumed that various signaling

mechanisms can cross-talk and trigger the expression of

specific mitogenic agents in a context-dependent manner

which leads to the consistent proliferation of cells during

pathological conditions.

Conclusions and perspectives

The widespread distribution of Notch components and their

ability to interact with other signaling pathways provide the

maximum flexibility for Notch signaling to execute a wide

range of functions. Classical activation of Notch signaling

through ligand-mediated interaction triggers the expression

of different downstream effectors in a specific tissue. This

kind of non-specific activation of factors may not be

desirable for specifying a particular fate/function. There-

fore, non-canonical activation of Notch signaling becomes

an imperative step to specifically perform tissue-specific

tasks. Collectively, non-canonical/CBF1-independent

Notch target gene activation is involved in the generation

of lineage-restricted progenitors and their fate-specific

differentiation. Since multipotent progenitors have to

generate different lineage-restricted progenitors, various

signaling cross-talk mechanisms are carried out together in

a precise and time-dependent manner. Therefore, both

canonical and non-canonical Notch signaling may interact

to maintain the multipotent progenitors as well as genera-

tion and differentiation of fate-specific progenitors. The

involvement of non-canonical Notch signaling during

tumorigenesis and tumor progression may be due to the

dysregulation of Notch components and thereby the dif-

ference in their affinity to specific transcriptional

activators/inhibitors. Therefore, in view of recent reports

on non-canonical/CBF1-independent Notch target gene

activation, it can be concluded that cross-regulatory

mechanisms work together in a context-dependent manner

to execute specific tasks.
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