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Canonical Notch signaling is initiated by γ-secretase-mediated cleavage of the Notch recep-
tor, leading to the release of the active intra-cellular domain of Notch that migrates to
the nucleus and interacts with RBP-Jκ, resulting in the activation of downstream target
genes. While canonical Notch signaling is well known to play an active role in several
steps during development as well in multiple cell fate decisions, recent evidence from both
invertebrate and vertebrate systems indicates that non-canonical, RBP-Jκ-independent sig-
naling is important in several cellular processes including oncogenesis and activation of T
lymphocytes. These observations raise the possibility that, through an understanding of
non-canonical Notch signaling, novel strategies for inhibiting Notch signaling may prove
useful in the design of therapies targeted to block aberrant Notch activity. In this mini-
review, we will examine the current data demonstrating a non-canonical role for Notch
signaling in both cancer and the immune system and suggest a better understanding of
non-canonical signaling may reveal novel strategies to block Notch signaling in disease.

Keywords: Notch, non-canonical,T lymphocytes, cancer, signal transduction

INTRODUCTION
Notch is a trans-membrane protein with four family members
(Notch 1–4). Canonical Notch signaling is initiated by interac-
tion of the Notch protein with a cell bound ligand (Delta-like
1, 3, 4 or Jagged 1, 2) and results in cleavage of Notch, initially
by ADAM10 and ADAM17 proteases, followed by cleavage by the
gamma-secretase complex (1–3). At the completion of this process,
the Notch intra-cellular domain (NICD) translocates into the
nucleus and interacts with RBPJκ/CSL, a transcriptional repres-
sor. Upon interaction with NICD, RBPJκ/CSL is converted into a
potent transcriptional activator of downstream target genes (4).

However, more recent studies reveal the existence of several
other modes of Notch signaling generally referred to as non-
canonical Notch signaling (5). Interestingly, many instances of
non-canonical signaling are associated with potentially patholog-
ical conditions including cancer and activation of the immune
system while many normal cellular processes require canonical
Notch signaling. For example, it is likely that early development
in the mammalian embryo requires canonical Notch signaling
since deletion of RBP-Jκ mimics’ deletion of Notch1 (6, 7). Several
other physiological processes, such as maintenance of the intestinal
epithelium, also require canonical Notch signaling (8). There-
fore, it is possible that blockade of non-canonical Notch signaling
may provide opportunities to inhibit some instances of patho-
logical Notch signaling leaving many other normal physiological
processes intact. However, since non-canonical Notch signaling
is not as well characterized as the canonical signaling pathway,
more in-depth inquiries in this area are likely to reveal potential
new targets to manipulate non-canonical Notch signaling. Below,
we describe a number of instances where non-canonical Notch
signaling is associated with cancer or abnormal immune function
and we propose that a better understanding of these pathways may
uncover new opportunities for therapeutic approaches.

NON-CANONICAL NOTCH SIGNALING IN CANCER
The first indication for a role of Notch pathway in oncogenesis
came from Aster et al. (9) and Pear et al. (10) in T-cell acute lym-
phoblastic leukemia (T-ALL) in which chromosomal translocation
of the Notch1 gene was identified as a cause of T-cell oncogene-
sis. In later reports, the Notch pathway has been associated with
tumorigenesis and cancer progression in the other cancers includ-
ing breast, ovarian, cervical, lung, prostate carcinomas, gliomas,
and mesotheliomas (6, 9–16). It is well documented that Notch
signaling regulates proliferation, differentiation, and survival of
tumor cells (17, 18) and also is reported to maintain the stem
cell-like characteristics of cancer stem cells (19–21). Notch is also
required for further progression of differentiated cancer cells by
regulating metabolism, survival, and transcription in these cells.
In addition to its role in tumorigenesis, Notch has also been
reported to act as a tumor suppressor in certain cell types such
as skin epithelium (22). This observation makes it quite clear
that an understanding of individual Notch signaling pathways is
important for the rational therapeutic manipulation of Notch.

Inhibition of γ-secretase does not block all Notch-related func-
tions in tumor cells, suggesting a role for non-canonical Notch
signaling in transformed cells (6, 8, 9, 11–13, 16). Addition-
ally, transformation of baby rat kidney cells through coopera-
tion between the adenoviral E1A protein and NICD does not
require the RBPJκ/CSL binding domain of NICD, suggesting that
transformation in this system may be non-canonical. However,
non-canonical nuclear localization of NICD was still required for
oncogenesis (23, 24).

NON-CANONICAL NOTCH SIGNALING IN LEUKEMIA
Studies by Vacca et al. (25) suggest that non-canonical Notch3
signaling regulates T-cell development and leukemia through acti-
vation of the NF-κB pathway. In their transgenic mouse model,
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Notch3 overexpression, specifically in T cells, led to the devel-
opment of leukemia (25). This group showed that increased
Notch3 expression enabled constitutive activation of NF-κB and
demonstrated that Notch3 interacts with IKKα to maintain NF-κB
activity (25).

In human myelogenous leukemia cells, Notch1 directly inter-
acts with the transcription factor, YY1, to drive expression of
the oncogenic transcription factor c-myc independently of CSL
(26). In HPV-driven human cervical cancer, non-canonical Notch
signaling enables oncogenesis, independently of CSL, via PI3K
pathway (27). However, little is known about how non-canonical
Notch signaling drives transformation in these situations.

NON-CANONICAL NOTCH SIGNALING IN THE MAMMARY GLAND
Raafat et al. (28), using conditional RBPJκ knockout mice, revealed
that non-canonical Notch4 signaling is involved in mammary
gland tumorigenesis, whereas canonical Notch4 was required
for the development of mammary glands (28). This differential
regulation provides an attractive opportunity for targeting non-
canonical Notch signaling to dampen oncogenesis while enabling
intact tissue homeostasis and development to occur via canonical
Notch signaling. Another study suggests an RBPJκ-independent
role for Notch4 signaling in the survival of endothelial cell lines
(29). Furthermore, during breast cancer progression, Notch sig-
naling plays a role in epithelial transformation independent of
CSL (30). These studies further emphasize the importance of
non-canonical Notch signaling in breast cancer cell survival and
progression.

Additionally, in breast cancer cell lines, non-canonical Notch
signaling is known to regulate IL-6 expression, and IL-6, in turn,
acts on tumor cells to further increase their oncogenic potential.
In this study, cytoplasmic NICD interaction with the NF-κB path-
way induced IL-6 expression (31). These studies, in addition to
those reported above in leukemic T cells (25), support a role for
non-canonical Notch signaling via NF-κB pathway in oncogenesis.

NON-CANONICAL NOTCH SIGNALING IN APOPTOSIS AND
METABOLISM
Non-canonical Notch signaling also is implicated in the regulation
of metabolism in tumor cells. Recent studies from Perumalsamy
et al. (32) demonstrated that non-nuclear, either cytoplasmic or
membrane tethered, NICD blocks starvation-induced apoptosis
in HeLa, a cervical cancer cell line. This group also showed that
nuclear retention of NICD abrogates its anti-apoptotic activity
thus demonstrating that, in their system, Notch controls apop-
tosis via a non-canonical, cytosolic pathway. Their data further
suggest that non-canonical Notch regulation of apoptosis occurs
through the mTOR–Rictor pathway (32). Another study linking
Notch to metabolism examined the role of Notch in regulating
neuronal stem cells (33). This report demonstrated an interac-
tion between Notch and the PTEN-induced kinase 1 (PINK1)
and provides evidence that the Notch/PINK1 interaction influ-
ences mitochondrial function and activates the mTORC2/Akt
pathway. This non-canonical Notch signaling induced prolifer-
ation and tumor stem cell maintenance through mitochondrial
and metabolic pathways. Additionally, in this study, the authors
observed localization of full length Notch1 on the mitochondrial

membrane further linking at least some forms of non-canonical
Notch signaling to the mitochondria (33).

Non-canonical Notch signaling is known to regulate hypoxic
pathways in transformed human cell lines (34). In this study, it
was shown that NICD sequesters a negative regulator of HIF-
1α resulting in increased protein levels of HIF-1α and, in turn,
increasing its downstream effects (34). Since hypoxia and meta-
bolic changes are hallmarks of tumor tissue, the emerging role of
non-canonical signaling in these pathways implies that there will
be increased recognition of non-canonical Notch signaling mech-
anisms and cross-talk with other important pathways in a variety
of tumor settings (35).

NON-CANONICAL NOTCH SIGNALING IN THE IMMUNE
SYSTEM
Notch signaling regulates some lineage decisions of hematopoietic
cells (36, 37), and enables generation of T cells at the expense of B
and myeloid cells in the early stages of hematopoietic cell develop-
ment. At later time points, Notch plays a key role in the survival,
proliferation, and differentiation of T cells. Notch signaling also
regulates the development of some innate lymphoid cells, marginal
zone B cells from precursor B cells, megakaryocytes, and cytotoxic
(CD8+) T-cell lymphocytes (CTLs) (38–43). Thus, as discussed
more extensively below, non-canonical Notch signaling is involved
in the development and function of several types of immune cells.

NON-CANONICAL NOTCH SIGNALING IN T-CELL ACTIVATION AND
DIFFERENTIATION
Notch is important in driving the differentiation of naïve CD4+ T
cells into specific T helper (Th) subsets and targeting Notch signal-
ing in Th cells provides the opportunity for immune modulation.
Studies in our lab demonstrate that GSI treatment significantly
reduces Th1, Th17, and induced Treg (iTreg) polarization (44,
45). Studies by other labs using different methods to block Notch
signaling showed that Th2 polarization is also driven by Notch sig-
naling (46, 47). We demonstrated a significant decrease in Th1 and
iTreg differentiation in conditional Notch1 knockout Th cells and
through the use of conditional RBPJκ knockout T cells, revealed
that Notch regulates Th cell differentiation into different Th cell
fates independent of RBPJκ and hence is non-canonical. Further-
more, our data showed that both activation and proliferation of
CD4+ T cells are not impaired by conditional deletion of RBPJκ
(45). Thus, CD4+ T-cell activation, proliferation, and differentia-
tion all require non-canonical Notch signaling, and recent data
from our lab suggest Notch, in conjunction with NF-κB, and
regulate this non-canonical signaling in CD4+ T cells. (45).

The possibility that non-canonical Notch signaling may occur
through activation of NF-κB is not surprising since links between
Notch and NF-κB have been documented by several groups includ-
ing our own (48, 49). In cells of the immune system, Notch3
in collaboration with NF-κB is reported to cooperatively reg-
ulate FoxP3 expression (50). Additionally, we recently reported
that Notch1 can initiate NF-κB activation via cytosolic interac-
tions with components of the T-cell signalosome. In particular,
cytosolic Notch1 drives the formation of the CARMA1, BCL10,
and MALT1 (CBM) complex that is essential for NF-κB activation
in T cells. These data demonstrated that cytosolic, rather than
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FIGURE 1 | Non-canonical Notch signaling pathways. Non-canonical Notch
signaling may occur either dependent or independent of ligand interaction.
Additionally, non-canonical Notch signaling may be γ-secretase dependent or
independent with the latter exerting its function as membrane bound Notch.
Non-canonical Notch signaling is independent of CSL/RBPJκ and, instead,

interacts with PI3K, mTORC2, AKT, Wnt, NFκB, YY1, or HIF-1α pathways at
either the cytoplasmic and/or nuclear levels. Non-canonical Notch signaling
regulates cell survival, metabolism, and differentiation through interaction
with these pathways in many important biological processes including
immunity and cancer.

nuclear, Notch1 drives CBM complex formation emphasizing the
non-canonical role of Notch1 in this process (49).

NON-CANONICAL NOTCH SIGNALING IN T-CELL METABOLISM
In addition to Notch signaling through NF-κB, non-canonical
Notch signaling is implicated in T-cell metabolism and cell sur-
vival. Upon lymphocyte activation, there is an immense change
in the metabolic activity of T cells to enable the production of
building blocks for cell division and growth as well as ATP produc-
tion. This metabolic switch is closely linked with cell survival. As
described above, Perumalsamy et al. (32) described a link between
non-canonical Notch signaling and the mTORC2-Akt cascade
(32). In this report, they also provide evidence that cell survival
of activated T cells is regulated by the interaction of cytoplas-
mic or membrane tethered NICD with the mTORC2-Akt cascade
and this may also be involved in cell metabolism (32). The same
group had previously demonstrated that interaction of Notch1 and
kinases involved in early T-cell activation (PI3K and p56lck) reg-
ulates an anti-apoptotic program in T cells through Akt signaling
(51). Interestingly, another group has demonstrated mitochondr-
ial localization of full length Notch1 protein in neuronal cells pro-
viding additional evidence in another system for non-canonical
Notch signaling in metabolism and cell survival (33).

A ROLE FOR LIGAND-INDEPENDENT ACTIVATION OF NOTCH
As described above, canonical Notch signaling begins with the
interaction between Notch and its ligand and this interaction

catalyzes a series of events leading to cleavage and release of NICD.
A conundrum in the immune system is the observation by our
group and others, that activation of the T-cell receptor leads to
rapid release of NICD (52, 53) and this may occur in the absence
of ligand. While the mechanism of Notch activation through the
TCR is poorly understood, a possible hint to this process is sug-
gested by studies of Drosophila immune cells showing NICD can be
generated independently of ligand interaction and this is depen-
dent upon HIF-1α-mediated stabilization of NICD (52). Since
ligand-independent Notch activation can occur through HIF-1α

in Drosophila immune cells, it is tempting to speculate that this also
may occur in mammals (54). The observed ligand-independent
activation in immune cells of Drosophila may possibly be phys-
iologically relevant in mammals. There is no evidence that Th
cells express Notch ligands in the circulation while trafficking to
effector sites after initial priming in lymph nodes and continuous
Notch signaling could provide survival and differentiation signals
in the circulation; however, this remains speculative.

A role for membrane tethered Notch is found in dendritic cells,
a cell found at the nexus of the innate and adaptive immune system.
According to one recent study, in dendritic cells, membrane bound
Notch activates PI3 kinase. This non-canonical Notch signaling
regulates the production of the immune suppressive cytokine,
IL10, by dendritic cells in response to LPS (55).

Notch signaling in the immune system, while required for
normal immune function, also is linked to several diseases of
the immune system (38–41, 56–60). Aberrant Notch signaling is
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implicated in several autoimmune diseases including bone marrow
failure, experimental autoimmune encephalomyelitis, rheumatoid
arthritis, and type 1 diabetes (59,61–63). Many of these diseases are
caused, at least in part, by auto-reactive T cells. Since we know that
Th1 and Th17 cell differentiation requires non-canonical Notch
signaling, it is reasonable to envision a therapeutic strategy that
would block non-canonical Notch signaling perhaps leaving intact
other Notch signaling pathways important for normal function of
other cells and tissues. However, to achieve such a goal, it is essential
that we better understand the various pathways of non-canonical
Notch signaling.

SUMMARY AND FUTURE PERSPECTIVES
Notch signaling plays an important role in the fine tuning of
oncogenesis and immunity as well as many other essential bio-
logical processes. Here, we provide evidence for three types of
non-canonical Notch signaling: (i) γ-secretase regulated activa-
tion of the Notch pathway that occurs independently of ligand
interaction; (ii) NICD activity independent of RBPJκ/CSL; (iii)
membrane bound Notch signaling in the absence of cleavage by
the γ-secretase complex and, in some cases, independent of ligand
interaction (Figure 1).

The studies described in this review emphasize the role of
non-canonical Notch signaling in both cancer and the immune
system. These studies highlight the various strategies employed by
non-canonical Notch to drive a multitude of biological effects. A
clear appreciation of both canonical and non-canonical Notch
will deepen our understanding of the basic biology of Notch
signaling. Inhibitors are available for many of the signaling path-
ways involved in non-canonical Notch signaling (NF-κB, PI3K,
AKT, mTOR, HIF-1α, and β-catenin) and, in several instances,
these inhibitors have passed through clinical trials. Therefore, it
is possible to consider combination therapies where one of these
inhibitors,perhaps in conjunction with reduced doses of a gamma-
secretase inhibitor, might prove efficacious. For example, in T
cell-mediated autoimmunity, where we know Notch and NF-kB
cooperate to mediate aberrant Th1 activation (64), one might use
a combination of gamma-secretase inhibition with curcumin, a
neutracuetical known to inhibit NF-kB signaling (65). Thus, in
the near future, it will be possible to test the possibility that com-
bination therapy, using Notch inhibitors together with inhibitors
of these other pathways, may be more efficacious in the treat-
ment of diseases regulated by Notch. Careful delineation of Notch
signaling pathways both in normal cells and tissues as well as in
auto-reactive or oncogenic situations may produce a deeper and
more nuanced understanding of this important signaling pathway
and hence provide a roadmap for the identification of new and
novel drug targets useful in the treatment of disease.

REFERENCES
1. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control

and signal integration in development. Science (1999) 284:770–6. doi:10.1126/
science.284.5415.770

2. Brou C, Logeat F, Gupta N, Bessia C, LeBail O, Doedens JR, et al. A novel
proteolytic cleavage involved in Notch signaling: the role of the disintegrin-
metalloprotease TACE. Mol Cell (2000) 5:207–16. doi:10.1016/S1097-2765(00)
80417-7

3. Ray WJ, Yao M, Mumm J, Schroeter EH, Saftig P, Wolfe M, et al. Cell surface
presenilin-1 participates in the γ-secretase-like proteolysis of Notch. J Bio Chem
(1999) 274:36801–7. doi:10.1074/jbc.274.51.36801

4. Nam Y, Weng AP, Aster JC, Blacklow SC. Structural requirements for
assembly of the CSL-intracellular Notch1-mastermind-like 1 transcrip-
tional activation complex. J Bio Chem (2003) 278:21232–9. doi:10.1074/jbc.
M301567200

5. Minter LM,Osborne BA. Canonical and non-canonical Notch signaling in CD4+

T cells. Curr Top Microbiol Immunol (2012) 360:99–114. doi:10.1007/82_2012_
233

6. Swiatek PJ, Lindsell CE, del Amo FF, Weinmaster G, Gridley T. Notch1 is essen-
tial for postimplantation development in mice. Genes Dev (1994) 15:707–19.
doi:10.1101/gad.8.6.707

7. Oka C, Nakano T, Wakeham A, de la Pompa JL, Mori C, Sakai T, et al. Disruption
of the mouse RBP-J kappa gene results in early embryonic death. Development
(1995) 121:3291–301.

8. Fre S, Huyghe M, Mourikis P, Robine S, Louvard D, Artavanis-Tsakonas S. Notch
signals control the fate of immature progenitor cells in the intestine. Nature
(2005) 435:964–8. doi:10.1038/nature03589

9. Aster J, Pear W, Hasserjian R, Erba H, Davi F, Luo B, et al. Functional analysis
of the TAN-1 gene, a human homolog of Drosophila Notch. Cold Spring Harb
Symp Quant Biol (1994) 59:125–36. doi:10.1101/SQB.1994.059.01.016

10. Pear WS,Aster JC, Scott ML, Hasserjian RP, Soffer B, Sklar J, et al. Exclusive devel-
opment of T cell neoplasms in mice transplanted with bone marrow expressing
activated Notch alleles. J Exp Med (1996) 183:2283–91. doi:10.1084/jem.183.5.
2283

11. Miele L, Golde T, Osborne BA. Notch signaling in cancer. Curr Mol Med (2006)
6:905–18. doi:10.2174/156652406779010830

12. Purow B. Notch inhibition as a promising new approach to cancer therapy. Adv
Exp Med Biol (2012) 727:305–19. doi:10.1007/978-1-4614-0899-4_23

13. Ersvaer E, Hatfield KJ, Reikvam H, Bruserud O. Future perspectives: therapeutic
targeting of Notch signaling may become a strategy in patients receiving stem
cell transplantation for hematologic malignancies. Bone Marrow Res (2011)
2011:1–15. doi:10.1155/2011/570796

14. Chen Y, De Marco MA, Graziani I, Gazdar AF, Strack PR, Miele L, et al. Oxygen
concentration determines the biological effects of Notch1 signaling in adeno-
carcinoma of the lung. Cancer Res (2007) 67:7954–9. doi:10.1158/0008-5472.
CAN-07-1229

15. Reedijk M, Odorcic S, Chang L, Zhang H, Miller N, McCready DR, et al. High-
level coexpression of JAG1 and NOTCH1 is observed in human breast can-
cer and is associated with poor overall survival. Cancer Res (2005) 65:8530–7.
doi:10.1158/0008-5472.CAN-05-1069

16. Rizzo P, Osipo C, Foreman K, Golde T, Osborne BA, Miele L. Rational targeting
of Notch signaling in cancer. Oncogene (2008) 27:5124–31. doi:10.1038/onc.
2008.226

17. Jundt F, Anagnostopoulos I, Förster R, Mathas S, Stein H, Dörken B. Acti-
vated Notch1 signaling promotes tumor cell proliferation and survival in
Hodgkin and anaplastic large cell lymphoma. Blood (2002) 2002(99):3398–403.
doi:10.1182/blood.V99.9.3398

18. Bellavia D, Campese AF, Checquolo S, Balestri A, Biondi A, Cazzaniga G, et al.
Combined expression of pTalpha and Notch3 in T cell leukemia identifies the
requirement of pre-TCR for leukemogenesis. Proc Natl Acad Sci U S A (2002)
99:3788–93. doi:10.1073/pnas.062050599

19. Lee KS, Wu Z, Song Y, Mitra SS, Feroze AH, Cheshier SH, et al. Roles of
PINK1, mTORC2, and mitochondria in preserving brain tumor-forming stem
cells in a noncanonical Notch signaling pathway. Genes Dev (2013) 27:2642–7.
doi:10.1101/gad.225169.113

20. Liu N, Zhang J, Ji C. The emerging roles of Notch signaling in leukemia and
stem cells. Biomark Res (2013) 1(1):1–23. doi:10.1186/2050-7771-1-23

21. Bolós V, Blanco M, Medina V, Aparicio G, Díaz-Prado S, Grande E. Notch sig-
nalling in cancer stem cells. Clin Transl Oncol (2009) 11:11–9. doi:10.1007/
s12094-009-0305-2

22. Nicholas M, Wolfer A, Raj K, Kummer JA, Mill P, Noort MV, et al. Notch1
functions as a tumor suppressor in mouse skin. Nat Genet (2003) 33:416–21.
doi:10.1038/ng1099

23. Jeffries S, Capobianco AJ. Neoplastic transformation by Notch requires nuclear
localization. Mol Cell Biol (2000) 20:3928–41. doi:10.1128/MCB.20.11.3928-
3941.2000

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics December 2014 | Volume 4 | Article 345 | 4

http://dx.doi.org/10.1126/science.284.5415.770
http://dx.doi.org/10.1126/science.284.5415.770
http://dx.doi.org/10.1016/S1097-2765(00)80417-7
http://dx.doi.org/10.1016/S1097-2765(00)80417-7
http://dx.doi.org/10.1074/jbc.274.51.36801
http://dx.doi.org/10.1074/jbc.M301567200
http://dx.doi.org/10.1074/jbc.M301567200
http://dx.doi.org/10.1007/82_2012_233
http://dx.doi.org/10.1007/82_2012_233
http://dx.doi.org/10.1101/gad.8.6.707
http://dx.doi.org/10.1038/nature03589
http://dx.doi.org/10.1101/SQB.1994.059.01.016
http://dx.doi.org/10.1084/jem.183.5.2283
http://dx.doi.org/10.1084/jem.183.5.2283
http://dx.doi.org/10.2174/156652406779010830
http://dx.doi.org/10.1007/978-1-4614-0899-4_23
http://dx.doi.org/10.1155/2011/570796
http://dx.doi.org/10.1158/0008-5472.CAN-07-1229
http://dx.doi.org/10.1158/0008-5472.CAN-07-1229
http://dx.doi.org/10.1158/0008-5472.CAN-05-1069
http://dx.doi.org/10.1038/onc.2008.226
http://dx.doi.org/10.1038/onc.2008.226
http://dx.doi.org/10.1182/blood.V99.9.3398
http://dx.doi.org/10.1073/pnas.062050599
http://dx.doi.org/10.1101/gad.225169.113
http://dx.doi.org/10.1186/2050-7771-1-23
http://dx.doi.org/10.1007/s12094-009-0305-2
http://dx.doi.org/10.1007/s12094-009-0305-2
http://dx.doi.org/10.1038/ng1099
http://dx.doi.org/10.1128/MCB.20.11.3928-3941.2000
http://dx.doi.org/10.1128/MCB.20.11.3928-3941.2000
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ayaz and Osborne Notch signaling pathways

24. Dumont E, Fuchs KP, Bommer G, Christoph B, Kremmer E, Kempkes B. Neo-
plastic transformation by Notch is independent of transcriptional activation by
RBP-J signaling. Oncogene (2000) 19:556–61. doi:10.1038/sj.onc.1203352

25. Vacca A, Felli MP, Palermo R, Di Mario G, Calce A, Di Giovine M, et al. Notch3
and pre-TCR interaction unveils distinct NF-κB pathways in T-cell development
and leukemia. EMBO J (2006) 25:1000–8. doi:10.1038/sj.emboj.7600996

26. Liao WR, Hsieh RH, Hsu KW, Wu MZ, Tseng MJ, Mai RT, et al. The CBF1-
independent Notch1 signal pathway activates human c-myc expression partially
via transcription factor YY1. Development (2007) 122:3765–73. doi:10.1093/
carcin/bgm092

27. Veeraraghavalu K, Subbaiah VK, Srivastava S, Charkrabarti O, Syal R, Krishna S.
Complementation of human papillomavirus type 16 E6 and E7 by Jagged1-
specific Notch1-phosphatidylinositol 3-kinase signaling involves pleiotropic
oncogenic functions independent of CBF1;Su(H);Lag-1 activation. J Virol
(2005) 79:7889–98. doi:10.1128/JVI.79.12.7889-7898.2005

28. Raafat A, Lawson S, Bargo S, Klauzinska M, Strizzi L, Goldhar AS, et al.
Rbpj conditional knockout reveals distinct functions of Notch4/Int3 in mam-
mary gland development and tumorigenesis. Oncogene (2009) 28:219–30.
doi:10.1038/onc.2008.379

29. MacKenzie F, Duriez P, Wong F, Noseda M, Karsan A. Notch4 inhibits endothe-
lial apoptosis via RBP-Jκ-dependent and -independent pathways. J Bio Chem
(2004) 279:11657–63. doi:10.1074/jbc.M312102200

30. Liu Z, Teng L, Bailey SK, Frost AR, Bland KI, LoBuglio AF, et al. Epithelial trans-
formation by KLF4 requires Notch1 but not canonical Notch1 signaling. Cancer
Biol Ther (2009) 8:1840–51. doi:10.4161/cbt.8.19.9440

31. Jin S, Mutvei AP, Chivukula IV, Andersson ER, Ramskold D, Sandberg R,
et al. Non-canonical Notch signaling activates IL-6/JAK/STAT signaling in
breast tumor cells and is controlled by p53 and IKKα/IKKβ. Oncogene (2013)
32:4892–902. doi:10.1038/onc.2012.517

32. Perumalsamy LR, Nagala M, Banerjee P, Sarin A. A hierarchical cascade activated
by non-canonical Notch signaling and the mTOR-Rictor complex regulates
neglect-induced death in mammalian cells. Cell Death Differ (2009) 16:879–89.
doi:10.1038/cdd.2009.20

33. Lee KS, Wu Z, Song Y. Roles of PINK1, mTORC2, and mitochondria in preserv-
ing brain tumor-forming stem cells in a non-canonical Notch signaling pathway.
Genes Dev (2013) 27:2642–7. doi:10.1101/gad.225169.113

34. Zheng X, Linke S, Dias JM, Zheng X, Gradin K, Wallis TP, et al. Interaction with
factor inhibiting HIF-1 defines and additional mode of cross-coupling between
the Notch and hypoxia signaling pathways. Proc Natl Acad Sci U S A (2008)
105:3368–73. doi:10.1073/pnas.0711591105

35. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144:646–74. doi:10.1016/j.cell.2011.02.013

36. Oh P, Lobry C, Gao J, Tikhonova A, Loizou E, Manent J, et al. In vivo mapping
of Notch pathway activity in normal and stress hematopoiesis. Cell Stem Cell
(2013) 13:190–204. doi:10.1016/j.stem.2013.05.015

37. Caolo V, Molin DGM, Post MJ. Notch regulation of hematopoiesis, endothelial
precursor cells, and blood vessel formation: orchestrating the vasculature. Stem
Cells Int (2012) 2012:1–9. doi:10.1155/2012/805602

38. Bell JJ, Bhandoola A. The earliest thymic progenitors for T cells possess myeloid
lineage potential. Nature (2008) 452:764–7. doi:10.1038/nature06840

39. Feyerabend TB, Terszowski G, Tietz A, Blum C, Luche H, Gossler A, et al. Dele-
tion of Notch1 converts pro-T Cells to dendritic cells and promotes thymic B
cells by cell-extrinsic and cell-intrinsic mechanisms. Immunity (2009) 30:67–79.
doi:10.1016/j.immuni.2008.10.016

40. Pillai S, Cariappa A. The follicular versus marginal zone B lymphocyte cell fate
decision. Nat Rev Immunol (2009) 9:767–77. doi:10.1038/nri2656

41. Wada H, Masuda K, Satoh R, Kakugawa K, Ikawa T, Katsura Y, et al. Adult T-cell
progenitors retain myeloid potential. Nature (2008) 452:768–72. doi:10.1038/
nature06839

42. Kwon C, Cheng P, King IN, Andersen P, Shenje L, Nigam V, et al. Notch post-
translationally regulates β-catenin protein in stem and progenitor cells. Nat Cell
Biol (2011) 13:1244–51. doi:10.1038/ncb2313

43. Cho OH, Shin HM, Miele L, Golde TE, Fauq A, Minter LM, et al. Notch regu-
lates cytolytic effector function in CD8+ T cells. J Immunol (2009) 182:3380–9.
doi:10.4049/jimmunol.0802598

44. Minter LM, Turley DM, Das P, Shin HM, Joshi I, Lawlor RG, et al. Inhibitors of
γ-secretase block in vivo and in vitro T helper type 1 polarization by preventing
Notch upregulation of Tbx21. Nat Immunol (2005) 6:680–8. doi:10.1038/ni1209

45. Dongre A, Surampudi L, Lawlor RG, Fauq AH, Miele L, Golde TE, et al.
Non-canonical Notch signaling drives activation and differentiation of periph-
eral CD4+ T cells. Front Immunol (2014) 54:1–14. doi:10.3389/fimmu.2014.
00054

46. Amsen D, Antov A, Jankovic D, Sher A, Radtke F, Souabni A, et al.
Direct regulation of Gata3 expression determines the T helper differentiation
potential of Notch. Immunity (2007) 27:89–99. doi:10.1016/j.immuni.2007.05.
021

47. Fang TC, Yashiro-Ohtani Y, Del Bianco C, Knoblock DM, Blacklow SC,
Pear WS. Notch directly regulates Gata3 expression during T helper 2
cell differentiation. Immunity (2007) 27:100–10. doi:10.1016/j.immuni.2007.
04.018

48. Shin HM, Minter LM, Cho OH, Gottipati S, Fauq AH, Golde TE, et al. Notch1
augments NF-κB activity by facilitating its nuclear retention. EMBO J (2006)
25:129–38. doi:10.1038/sj.emboj.7600902

49. Shin HM, Tilahun ME, Cho OH, Chandiran K, Kuksin CA, Keerthivasan
S, et al. NOTCH1 can initiate NF-κB activation via cytosolic interactions
with components of the T cell signalosome. Front Immunol (2014) 249:1–15.
doi:10.3389/fimmu.2014.00249

50. Barbarulo A, Grazioli P, Campese AF, Bellavia D, Di Mario G, Pelullo M, et al.
Notch3 and canonical NF-kappaB signaling pathways cooperatively regulate
Foxp3 transcription. J Immunol (2011) 186:6199–206. doi:10.4049/jimmunol.
1002136

51. Sade H, Krishna S, Sarin A. The anti-apoptotic effect of Notch1 requires
p56lck – dependent, Akt/PKB-mediated signaling in T cells. J Biol Chem (2004)
279:2937–44. doi:10.1074/jbc.M309924200

52. Palaga T, Miele L, Golde TE, Osborne BA. TCR-mediated Notch signaling regu-
lates proliferation and IFN-gamma production in peripheral T cells. J Immunol
(2003) 171:3019–24. doi:10.4049/jimmunol.171.6.3019

53. Adler SH, Chiffoleau E, Xu L, Dalton NM, Burg JM,Wells AD, et al. Notch signal-
ing augments T cell responsiveness by enhancing CD25 expression. J Immunol
(2003) 171:2896–903. doi:10.4049/jimmunol.171.6.2896

54. Mukherjee T, Kim WS, Mandal L, Banerjee U. Interaction between Notch and
Hif-alpha in development and survival of Drosophila blood cells. Science (2011)
332:1210–3. doi:10.1126/science.1199643

55. Gentle ME, Rose A, Bugeon L, Dallman MJ. Non-canonical Notch signaling
modulates cytokine responses of dendritic cells to inflammatory stimuli. J
Immunol (2012) 189:1274–84. doi:10.4049/jimmunol.1103102

56. Radtke F, Fascnacht N, MacDonald HR. Notch Signaling in the Immune System.
Immunity (2010) 32:14–27. doi:10.1016/j.immuni.2010.01.004

57. Radtke F, MacDonald HR, Tacchini-Cottier F. Regulation of innate and adap-
tive immunity by Notch. Nat Rev Immunol (2013) 13:427–37. doi:10.1038/
nri3445

58. Teachey DT, Seif AE, Brown VI, Bruno M, Bunte RM, Chang YJ, et al. Targeting
Notch signaling in autoimmune and lymphoproliferative disease. Blood (2008)
111:705–14. doi:10.1182/blood-2007-05-087353

59. Billiard F, Lobry C, Darrasse-Jeze G, Waite J, Liu X, Mouguet H, et al. Dll4-Notch
signaling in Flt3-independent dendritic cell development and autoimmunity in
mice. J Exp Med (2012) 209:1011–28. doi:10.1084/jem.20111615

60. Sandy AR, Stoolman J, Malott K, Pongtornpipat P, Segal BM, Maillard I. Notch
signaling regulates T cell accumulation and function in the central nervous
system during experimental autoimmune encephalomyelitis. J Immunol (2013)
191:1606–13. doi:10.4049/jimmunol.1301116

61. Bhuyan ZA, Asanoma M, Iwata A, Ishifune C, Maekawa Y, Shimada M,
et al. Abrogation of Rbpj attenuates experimental autoimmune uveoretini-
tis by inhibiting IL-22-producing CD4+ T cells. PLoS One (2014) 9:e89266.
doi:10.1371/journal.pone.0089266

62. Roderick JE, Gonzalez-Perez G, Kuksin CA, Dongre A, Roberts ER, Srinivasan J,
et al. Therapeutic targeting of NOTCH signaling ameliorates immune-mediated
bone marrow failure of aplastic anemia. J Exp Med (2013) 210:1311–29.
doi:10.1084/jem.20112615

63. Reynolds ND, Lukacs NW, Long N, Karpus WJ. Delta-like ligand 4 regulates
central nervous system T cell accumulation during experimental autoimmune
encephalomyelitis. J Immunol (2011) 187:2803–13. doi:10.4049/jimmunol.
1100160

64. Keerthivasan S, Suleiman R, Lawlor R, Roderick J, Bates T, Minter L, et al. Notch
signaling regulates mouse and human Th17 differentiation. J Immunol (2011)
187:692–701. doi:10.4049/jimmunol.1003658

www.frontiersin.org December 2014 | Volume 4 | Article 345 | 5

http://dx.doi.org/10.1038/sj.onc.1203352
http://dx.doi.org/10.1038/sj.emboj.7600996
http://dx.doi.org/10.1093/carcin/bgm092
http://dx.doi.org/10.1093/carcin/bgm092
http://dx.doi.org/10.1128/JVI.79.12.7889-7898.2005
http://dx.doi.org/10.1038/onc.2008.379
http://dx.doi.org/10.1074/jbc.M312102200
http://dx.doi.org/10.4161/cbt.8.19.9440
http://dx.doi.org/10.1038/onc.2012.517
http://dx.doi.org/10.1038/cdd.2009.20
http://dx.doi.org/10.1101/gad.225169.113
http://dx.doi.org/10.1073/pnas.0711591105
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/j.stem.2013.05.015
http://dx.doi.org/10.1155/2012/805602
http://dx.doi.org/10.1038/nature06840
http://dx.doi.org/10.1016/j.immuni.2008.10.016
http://dx.doi.org/10.1038/nri2656
http://dx.doi.org/10.1038/nature06839
http://dx.doi.org/10.1038/nature06839
http://dx.doi.org/10.1038/ncb2313
http://dx.doi.org/10.4049/jimmunol.0802598
http://dx.doi.org/10.1038/ni1209
http://dx.doi.org/10.3389/fimmu.2014.00054
http://dx.doi.org/10.3389/fimmu.2014.00054
http://dx.doi.org/10.1016/j.immuni.2007.05.021
http://dx.doi.org/10.1016/j.immuni.2007.05.021
http://dx.doi.org/10.1016/j.immuni.2007.04.018
http://dx.doi.org/10.1016/j.immuni.2007.04.018
http://dx.doi.org/10.1038/sj.emboj.7600902
http://dx.doi.org/10.3389/fimmu.2014.00249
http://dx.doi.org/10.4049/jimmunol.1002136
http://dx.doi.org/10.4049/jimmunol.1002136
http://dx.doi.org/10.1074/jbc.M309924200
http://dx.doi.org/10.4049/jimmunol.171.6.3019
http://dx.doi.org/10.4049/jimmunol.171.6.2896
http://dx.doi.org/10.1126/science.1199643
http://dx.doi.org/10.4049/jimmunol.1103102
http://dx.doi.org/10.1016/j.immuni.2010.01.004
http://dx.doi.org/10.1038/nri3445
http://dx.doi.org/10.1038/nri3445
http://dx.doi.org/10.1182/blood-2007-05-087353
http://dx.doi.org/10.1084/jem.20111615
http://dx.doi.org/10.4049/jimmunol.1301116
http://dx.doi.org/10.1371/journal.pone.0089266
http://dx.doi.org/10.1084/jem.20112615
http://dx.doi.org/10.4049/jimmunol.1100160
http://dx.doi.org/10.4049/jimmunol.1100160
http://dx.doi.org/10.4049/jimmunol.1003658
http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ayaz and Osborne Notch signaling pathways

65. Hanai H, Sugimoto K. Curcumin has bright prospects for the treatment of
inflammatory bowel disease. Curr Pharm Des (2009) 15:2087–94. doi:10.2174/
138161209788489177

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 17 August 2014; accepted: 17 November 2014; published online: 04 December
2014.

Citation: Ayaz F and Osborne BA (2014) Non-canonical Notch signaling in cancer and
immunity. Front. Oncol. 4:345. doi: 10.3389/fonc.2014.00345
This article was submitted to Cancer Molecular Targets and Therapeutics, a section of
the journal Frontiers in Oncology.
Copyright © 2014 Ayaz and Osborne. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics December 2014 | Volume 4 | Article 345 | 6

http://dx.doi.org/10.2174/138161209788489177
http://dx.doi.org/10.2174/138161209788489177
http://dx.doi.org/10.3389/fonc.2014.00345
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

	Non-canonical Notch signaling in cancer and immunity
	Introduction
	Non-canonical notch signaling in cancer
	Non-canonical notch signaling in leukemia
	Non-canonical notch signaling in the mammary gland
	Non-canonical Notch signaling in apoptosis and metabolism

	Non-canonical notch signaling in the immune system
	Non-canonical notch signaling in T-cell activation and differentiation
	Non-canonical notch signaling in T-cell metabolism
	A role for ligand-independent activation of Notch

	Summary and future perspectives
	References


