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A B S T R A C T

Numb and Notch signalling pathways are vitally important in cell fate and differentiation.

The outcome of these signalling processes is determined by a delicate balance between

opposing effects of Notch and Numb. Imbalance in Numb/Notch regulation was implicated

in aberrant differentiation programme and epithelial cancer progression and metastasis.

Recent identification of Numb-interacting protein (NIP), which is also known as dual oxi-

dase maturation factor, and was shown to associate with Numb and DUOX and promote

their translocation, sheds a new light on how Numb/Notch network may be coordinated

in epithelial cancers. Here, a possible link between Numb, Notch and Dual oxidase matu-

ration factor is examined.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Metaplastic phenotype represents alterations in the expres-

sion of genotypic properties leading to depression of molecu-

lar mechanisms that contribute to the epithelial phenotype.

Numerous studies have proven the capacity of epithelial cells

to undergo metaplastic changes according to the mesenchy-

mal growth pattern. This process is called epithelial to mesen-

chymal transition or transdifferentiation and is characterised

by a loss of epithelial cell characteristics, including their polar-

ity and cell–cell contacts, and acquisition of dysplastic mor-

phology.1 Many of polarity proteins behave as tumour

suppressors and their loss leads to tumourigenic changes in

epithelial cells.2

The mesenchymal conversion of epithelial tissue has been

reported in normal embryogenesis.3–5 In early development,
ight � 2009 Published by

.

primary epithelial–mesenchymal transition occurs in the pri-

mary epithelium and involves loss of epithelial phenotype or

de-epithelialisation. Disaggregation of folding epithelium and

reshaping cells for movement during gastrulation, neurula-

tion and neural crest formation lead to formation of meso-

derm.4,6–8 Numb and Notch are among the major factors

involved in the regulation of cell specification by controlling

the balance between proliferation and differentiation in

development and homeostasis.9 Thus, during neurulation

progress, apicobasal polarity is controlled by Numb, which

is a major determinant in the asymmetric cell divisions.10

The biological activity of Notch is antagonised by the cell fate

determinant Numb.11–14 During asymmetrical division, Notch

segregates equally from the progenitor cells, whereas Numb

segregates into only one of the daughter cells where it blocks

the Notch signal.13 Based on the roles of Numb and Notch in
Elsevier Ltd. All rights reserved.
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cell fate and differentiation, both Numb and Notch signalling

pathways have been implicated in tumourigenesis. Cells

expressing epithelial phenotype do not express Notch,

whereas neural differentiation, associated with the loss of

the polarised neuronal progenitor neuroepithelial phenotype,

activates Notch.15–17 Activation of Notch prevents differentia-

tion by maintaining cell proliferation.18

2. Implication of Numb and Notch in epithelial
cancer

The roles for Notch and Numb have been suggested in epithe-

lial cancers including breast cancer.19,20 The Numb-mediated

control of Notch signalling is lost in a half of the breast carci-

nomas and salivary gland carcinomas as a result of downreg-

ulation or loss of Numb expression.19,21 The Numb functions

including the regulation of Notch signalling are defined by

interaction with other proteins via N-terminal phosphotyro-

sine binding domain (PTB domain).12,14,18 Numb may influ-

ence the Notch signalling by bringing multiple proteins to

the Notch receptor. Furthermore, it has been shown that

Numb is phosphorylated at Ser residues (Ser264), and that

phosphorylation may play a role in regulation of the cell

migration.22 The oncogenic role of Notch derives from its abil-

ity to prevent differentiation and stimulate cell cycle progres-

sion. Silencing of Numb and an increase in Notch signalling in

cancer cells lead to deregulated cell proliferation and meta-

static-like phenotype.20 Aberrantly high Notch signalling re-

duces p27Kip1 leading to a more rapid cell cycle progression

and inability of cells to terminally differentiate.23–25 It was

suggested that some tumour cells may derive from normal

stem cells, or tumour cells may harbour cancer stem cells

with impaired differentiation pattern.

Both oestrogen receptor (ER) positive MCF-7 and ER nega-

tive MDA-MB-231 cells, as well as non-transformed HMEC

cells expressed Notch 1 and 2, whereas Notch 4 was highly

expressed in highly metastatic MDA-MB-231 cells.26–28 Simi-

larly, Notch 4 was detected at very low level in normal

mouse mammary gland epithelium, whereas its level was

highly increased in carcinomas.29 The expression of Notch

2 correlates with more differentiated tumours, whereas

Notch 4 is associated with tumour aggressiveness, poor dif-

ferentiation and poor survival outcome in human breast

cancer.30 Furthermore, the expression of Notch 1 and 2 iso-

forms correlates with the tumour grade. Thus, Notch 1 is

abundantly expressed in grade 3 tumours with negative

expression of oestrogen receptor, progesterone receptor

and HER-2.28 In MDA-MB231, Notch knockdown decreased

cyclins A and B1, causing G(2) arrest, and death, whereas

in oestrogen positive MCF-7 cells, Notch inhibition potenti-

ated the effect of tamoxifen.31 The activated Notch pathway

in mammary epithelial cells probably blocks the cell differ-

entiation by increasing the number of cells undergoing sym-

metrical cell division and leads to uncontrolled cell

proliferation and impaired cell polarity. Since the effects of

Notch are antagonised by Numb, the up-regulation of Notch

signalling in epithelial breast cancer cells suggests that the

expression of Numb responsible for regulation of Notch is

suppressed or turned off.
3. Functional role of dual oxidase maturation
factor, also known as Numb interacting protein
(NIP), in epithelial cancers

Numb interacting proteins have been reported to affect the

subcellular localisation of Numb suggesting that they may

function as molecular anchors that localise Numb to the

interactions sites with Notch.32,33 DUOX maturation factor,

DUOXA or NIP, was originally identified as a Numb-Interact-

ing protein (NIP) in a screen for proteins that bind to Numb

in Drosophila.34 It has been demonstrated that NIP binds to

Numb via the PTB domain and shows asymmetric localisation

along with Numb in dividing neuroblasts. Based on these

data, NIP was implicated in the polarised recruitment of

Numb. Later, the same protein was identified by Grasberger

et al. as a factor associated with dual oxidase enzymes, which

require maturation factors to achieve their full enzymatic

activity.35 DUOX maturation factors (DUOXA1 and DUOXA2)

recruit oxidases to the plasma membrane where they express

superoxide generating activity.

Dual oxidases 1 and 2 (DUOX1 and DUOX2) are considered

epithelial cell related NADPH oxidase isoforms. These oxi-

dases are expressed in thyroid, epithelial cells in airway and

in salivary glands, and gastrointestinal tract.35–38 Both dual

oxidases contain NADPH oxidase portion showing about

50% similarity to gp91phox (NOX2) and peroxidase-homology

domains with high homology to peroxidases.39,40 No muta-

tions in DUOXA1 were identified as yet; however, a mutation

of DUOXA2 was reported in a patient with congenital hypo-

thyroidism.
41

However, in lung cancer cells and in most of

the lung cancer specimen, both DUOX1 and DUOX2 are pre-

dominantly silenced by hypermethylation of both DUOX

genes.42 NADPH oxidases are among the primary oxygen sen-

sors in the cell, and the H2O2 production rate positively corre-

lates with pericellular PO2.43,44 Therefore, downregulation or

silencing of DUOX in lung cancer specimen might be a re-

sponse to hypoxic condition in the cell. The transcriptionally

linked dual oxidases, maturation factors, DUOXA or NIP, were

also downregulated in lung cancer cell lines and most of the

lung cancer specimen. There is a strong similarity in the pat-

tern of changes in DUOXA/NIP and Numb expression, as op-

posed to that of Notch in epithelial cancers. In almost half

of the non-small cell lung cancers, up-regulation of Notch

has been demonstrated,
45

which may also suggest that the

expression of Numb was diminished or kept at very low level.

Similarly, in epithelial breast cancer cells, the highest expres-

sions of DUOX1 and DUOXA1/NIP1 were noted in well-differ-

entiated MCF-7 (p53+/ER+) cancer cells, as compared to less

differentiated MDA-MB-231 cells expressing inactive or mu-

tated p53, in which the highest expression of Notch-4 was

observed.27,46

The analysis of DUOXA/NIP showed that its expression

was highly increased in embryo stage of Drosophila and in

dividing Drosophila neuroblasts and corresponded to the

expression of Numb.34,47 Dual oxidases and their maturation

factors were also linked to the formation of polarized epithe-

lia.48 Undifferentiated unpolarised foetal lung epithelial cul-

ture under differentiating condition showed formation of

polarised epithelia associated with substantial up-regulation
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of dual oxidase 1 and its maturation factor. The dual oxidases

and their maturation factors localise to the apical plasma

membrane of the airway epithelium.49 Noticeably, DUOX

and DUOXA show a similar distribution to Numb, which ex-

presses at the apical membrane of non-skeletogenic meso-

derm in the area vacated by Notch.10,50 It has also been

suggested that Numb forms a crescent on the apical mem-

brane of mitotic progenitors during asymmetric division to

inhibit Notch signalling.10,51

The DUOXA or NIP was implicated in the regulation of both

Numb and dual oxidases. Such a diversity in the DUOXA/NIP

response and the fact that Numb and NIP were implicated in

regulation of cell polarity may also implicate dual oxidase in

regulation of Notch or Numb activity. First of all, dual oxidase

contains a NADPH oxidase portion and peroxidase-homology

domains, which show high homology to peroxidases. The dual

oxidase NADPH portion primarily catalyses the reduction of

oxygen to form H2O2, while the peroxidase domain reduces

H2O2 to water. Consequently, DUOX catalyses the reduction

of both oxygen and hydrogen peroxide. Hydrogen peroxide

signalling is involved in bidirectional regulation of phosphor-

ylation resulting in stimulation and inhibition of phosphoryla-

tion.52–54 Recently, Smith et al. reported that phosphorylation

of Numb is required for its asymmetrical localisation in epi-

thelial cells.55 Based on these data, it is possible to speculate

that DUOX may be involved in the regulation of Numb phos-

phorylation/dephosphorylation by maintaining redox regula-

tion. Furthermore, these observations highlight the

importance of DUOXA/NIP and suggest its important role in

regulation of Numb/Notch signalling pathways.

4. Do tumour suppressors regulate Numb and
Notch signalling?

It is crucial that tumour suppressors are involved in deter-

mining the cell fate and division, and the balance between

asymmetric and symmetric divisions may be responsive to

various factors including oncoproteins. It has been shown

that p53 plays a role in differentiation by regulating prolifera-

tion of progenitor cells.56 In epithelial breast cancer cells such

as MCF-7 and MDA-MB-231 cells, silencing of Notch was asso-

ciated with induction of apoptosis.28,57 The key regulator of

apoptosis is p53 tumour suppressor (TP53) that makes p53 a

potential target of Notch signalling. Indeed, Notch signalling

was reported to act upstream of p53, suppressing its func-

tion.58,59 Up-regulation of Notch leads to chemoresistance

by inhibiting p53 pathway through PI3K-Akt/PKB pathway.

The activation/inactivation of p53 signalling is regulated by

a large number of post-translational modifications and multi-

ple protein–protein interactions. Mdm2 oncoprotein, which is

a well-known inhibitor of p53, interacts with the cell fate regu-

lator Numb targeting it for degradation.60,61 Similarly to the

NumbNotch interaction, Numb binds to MDM2 via PTB do-

main.61 Recently, Colaluca et al. showed that Numb interacts

with MDM2 and p53 in vivo forming a trimeric complex between

proteins.62 Furthermore, formation of p53 complex with Numb

regulates the stability of p53 by preventing ubiquitination and

degradation of the tumour suppressor. Up-regulation of Numb

expression not only results in stabilisation of p53 protein but
also enhances the cellular level of p53. A loss of Numb corre-

lates with a low steady-state level of p53 and is associated with

high aggressiveness of breast cancer and poor prognosis.62

The above-mentioned data indicate that Numb-interacting

proteins including DUOXA/NIP may also be responsive to p53

signalling. DUOXA1/NIP1 was detected in epithelial breast

cancer cells with functional p53, whereas inactivation of

p53 suppressed the level of DUOXA1/NIP1.46 The restoration

of p53 activity, which results in increased transcriptional

activity, enhanced the cellular level of DUOX1/NIP1. Recently,

Luxen et al. demonstrated that DUOXA1/NIP1 was downregu-

lated in lung cancer cell lines and most of the lung cancer

specimens.42 However, the data reported by Luxen et al. do

not support the idea that expression of DUOXA1 depends on

the p53 status. The fact that investigations of p53 status

and its role as prognostic factor have been the least conclu-

sive in lung cancer, which is generally associated with extre-

mely poor prognosis, may be an explanation for poor

correlation between DUOXA1/NIP1 and p53 activity.

Collectively, these data suggest that Numb/Notch signal-

ling pathways and DUOXA1/NIP are tightly linked to the p53

regulatory network. These observations lead to hypothesise

that differential regulation of p53 may also regulate the cell

fate by controlling asymmetric cell division.

5. The possible role for DUOX/NIP in interplay
between Notch and Numb to maintain non-
invasive phenotype

For most cancer types including breast cancer, acquiring of

metastatic ability results in aberrant cell–extracellular matrix

interactions and improper architecture of epithelia. Numb is

required for maintaining the polarised structure of epithe-

lium through regulation of junction components that main-

tain epithelial integrity.51,63 The loss of Numb leads to

improper adherent junctions and the loss of polarity.64 Some

studies suggest that Numb controls the integrity of the neural

epithelium via interactions with E- and N-cadherins, and

mutation of Numb leads to disruption of epithelium integ-

rity.64 On the contrary, activation of Notch destabilises normal

epithelial morphogenesis and promotes invasion, which con-

tributes significantly to tumourigenic potential.65

Asymmetric localisation of Numb is controlled by actin fil-

aments.66 In dissociated cell cultures, retinal neuroepithelial

cells divide asymmetrically and distribute Numb to only one

of the two daughter cells, suggesting that the dissociated cells

can retain their polarity in vitro.67 The polarised structure of

the cells is due to asymmetrical spindle migration to the cor-

tex controlled by actin, which ensures extrusion of small po-

lar bodies in the two meiotic divisions.68–70 Numb-interacting

protein NIP or DUOXA has been implicated in recruitment of

Numb to the plasma membrane during asymmetric divi-

sion.34 Preliminary MS analysis showed that DUOXA/NIP

binds to actin and actin-binding proteins (unpublished data).

These data suggest that DUOXA/NIP may control the asym-

metric localisation of Numb during mitosis via filamentous

actin and thus control the cell polarity. The primary epithelial

tumour cell phenotype is associated with abrogation of the

cell–cell contact and transition to mesenchymal pheno-
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type.71,72 Epithelial tumour cells show elongated morphology,

continuous growth, suppression or complete loss of Numb

and NIP/DUOXA, aberrant actin bundling, and a shift from

epithelial cell markers to mesenchymal and endothelial cell

marker expression.

Dedifferentiation and loss of polarity in epithelial cells

lead to appearance of tumour cells with invasive phenotype.

Members of tetraspanins or transmembrane 4 superfamily

(TM4SF) are involved in tumour propagation such as cell acti-

vation, growth, adhesion and motility. They are often overex-

pressed in carcinoma cells causing the cellular phenotype

changes that resemble epithelial–mesenchymal transition.73

Stimulation of tetraspanin expression by Notch signals has

been shown in the dorsal ectoderm during Xenopus gastrula-

tion movements.74 It has also been shown that tetraspanins

play an important role in the regulation of cellular interac-

tions required for gastrulation. CD9 or motility-related pro-

tein 1, which is the most common member of the family,

was implicated in cell motility and metastasis.75 Cells with

high levels of CD9 exhibit an increased ability to proliferate

and enhanced cell adhesiveness.76 CD9 is highly expressed

in microvascular endothelial cells and is located intracellu-

larly and in the plasma membrane at the cell–cell contact

sites.77 In epithelial breast cancer cells, only highly metastatic

MDA-MB-231 and MDA-MB-435 cells, but not non-metastatic

MCF-7 cells, abundantly express surface CD9. Overexpression

of DUOXA1/NIP1 resulted in downregulation of cell-surface

CD9 expression.46 It was already mentioned above that acti-

vation of Notch induces expression of tetraspanin whereas

DUOXA/NIP reduces it.

These observations lead to the hypothesis that DUOXA/

NIP is involved in the regulation of epithelial cancer either

through its Numb or DUOX regulating ability, or via new path-

ways independent of Numb and DUOX. Furthermore, there

are indications that dual oxidases might be involved in the

regulation of the Numb/Notch signalling pathways. Moreover,

regulation of DUOXA/NIP can lead to a new approach to can-

cer therapy.

Conflict of interest statement

None declared.
R E F E R E N C E S
1. Yang J, Weinberg RA. Epithelial–mesenchymal transition: at
the crossroads of development and tumor metastasis. Dev Cell
2008;14(6):818–29.

2. Bilder D. Epithelial polarity and proliferation control: links
from the Drosophila neoplastic tumor suppressors. Genes Dev
2004;18(16):1909–25.

3. Goulding M, Lumsden A, Paquette AJ. Regulation of Pax-3
expression in the dermomyotome and its role in muscle
development. Development 1994;120(4):957–71.

4. Cavallaro U, Christofori G. Cell adhesion and signalling by
cadherins and Ig-CAMs in cancer. Nat Rev Cancer
2004;4(2):118–32.

5. Chaffer CL, Thompson EW, Williams ED. Mesenchymal to
epithelial transition in development and disease. Cells Tissues
Organs 2007;185(1–3):7–19.
6. Zohn IE, Li Y, Skolnik EY, et al. P38 and a p38-interacting
protein are critical for downregulation of E-cadherin during
mouse gastrulation. Cell 2006;125(5):957–69.

7. Shook D, Keller R. Mechanisms, mechanics and function of
epithelial–mesenchymal transitions in early development.
Mech Dev 2003;120(11):1351–83.

8. Lee JM, Dedhar S, Kalluri R, et al. The epithelial–
mesenchymal transition: new insights in signaling,
development, and disease. J Cell Biol 2006;172(7):973–81.

9. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell
fate control and signal integration in development. Science
1999;284(5415):770–6.

10. Zhong W, Jiang MM, Weinmaster G, et al. Differential
expression of mammalian Numb, Numblike and Notch1
suggests distinct roles during mouse cortical neurogenesis.
Development 1997;124(10):1887–97.

11. Guo M, Jan LY, Jan YN. Control of daughter cell fates during
asymmetric division: interaction of Numb and Notch. Neuron
1996;17(1):27–41.

12. Skeath JB, Doe CQ. Sanpodo and Notch act in opposition to
Numb to distinguish sibling neuron fates in the Drosophila
CNS. Development 1998;125(10):1857–65.

13. Cayouette M, Raff M. Asymmetric segregation of Numb: a
mechanism for neural specification from Drosophila to
mammals. Nat Neurosci 2002;5(12):1265–9.

14. Han Z, Bodmer R. Myogenic cells fates are antagonized by
Notch only in asymmetric lineages of the Drosophila heart,
with or without cell division. Development
2003;130(13):3039–51.

15. Kerszberg M, Changeux JP. A simple molecular model of
neurulation. Bioessays 1998;20(9):758–70.

16. Noctor SC, Flint AC, Weissman TA, et al. Neurons derived
from radial glial cells establish radial units in neocortex.
Nature 2001;409(6821):714–20.

17. Kim S, Walsh CA. Numb, neurogenesis and epithelial polarity.
Nat Neurosci 2007;10(7):812–3.

18. Bolos V, Grego-Bessa J, De La Pompa JL. Notch signaling in
development and cancer. Endocr Rev 2007;28(3):
339–63.

19. Pece S, Serresi M, Santolini E, et al. Loss of negative
regulation by Numb over Notch is relevant to human breast
carcinogenesis. J Cell Biol 2004;167(2):215–21.

20. Stylianou S, Clarke RB, Brennan K. Aberrant activation of
notch signaling in human breast cancer. Cancer Res
2006;66(3):1517–25.

21. Maiorano E, Favia G, Pece S, et al. Prognostic implications of
NUMB immunoreactivity in salivary gland carcinomas. Int J
Immunopathol Pharmacol 2007;20(4):779–89.

22. Tokumitsu H, Hatano N, Inuzuka H, et al. Phosphorylation of
Numb family proteins. Possible involvement of Ca2+/
calmodulin-dependent protein kinases. J Biol Chem
2005;280(42):35108–18.

23. Sarmento LM, Huang H, Limon A, et al. Notch1
modulates timing of G1-S progression by inducing SKP2
transcription and p27 Kip1 degradation. J Exp Med
2005;202(1):157–68.

24. Zhang Y, Wang Z, Ahmed F, et al. Down-regulation of Jagged-
1 induces cell growth inhibition and S phase arrest in prostate
cancer cells. Int J Cancer 2006;119(9):2071–7.

25. Stahl M, Ge C, Shi S, et al. Notch1-induced transformation of
RKE-1 cells requires up-regulation of cyclin D1. Cancer Res
2006;66(15):7562–70.

26. Sun Y, Lowther W, Kato K, et al. Notch4 intracellular domain
binding to Smad3 and inhibition of the TGF-beta signaling.
Oncogene 2005;24(34):5365–74.

27. O’Neill CF, Urs S, Cinelli C, et al. Notch2 signaling induces
apoptosis and inhibits human MDA-MB-231 xenograft
growth. Am J Pathol 2007;171(3):1023–36.



E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 2 0 7 1 – 2 0 7 6 2075
28. Lee CW, Simin K, Liu Q, et al. A functional Notch-survivin
gene signature in basal breast cancer. Breast Cancer Res
2008;10(6):R97.

29. Smith GH, Gallahan D, Diella F, et al. Constitutive expression
of a truncated INT3 gene in mouse mammary epithelium
impairs differentiation and functional development. Cell
Growth Differ 1995;6(5):563–77.

30. Parr C, Watkins G, Jiang WG. The possible correlation of
Notch-1 and Notch-2 with clinical outcome and tumour
clinicopathological parameters in human breast cancer. Int J
Mol Med 2004;14(5):779–86.

31. Rizzo P, Miao H, D’Souza G, et al. Cross-talk between notch
and the estrogen receptor in breast cancer suggests novel
therapeutic approaches. Cancer Res 2008;68(13):5226–35.

32. Chen J, Xu J, Zhao W, et al. Characterization of human
LNX, a novel ligand of Numb protein X that is
downregulated in human gliomas. Int J Biochem Cell Biol
2005;37(11):2273–83.

33. Armbruester V, Sauter M, Roemer K, et al. Np9 protein of
human endogenous retrovirus K interacts with ligand of
numb protein X. J Virol 2004;78(19):10310–9.

34. Qin H, Percival-Smith A, Li C, et al. A novel transmembrane
protein recruits numb to the plasma membrane during
asymmetric cell division. J Biol Chem 2004;279(12):11304–12.

35. Grasberger H, Refetoff S. Identification of the maturation
factor for dual oxidase. Evolution of an eukaryotic operon
equivalent. J Biol Chem 2006;281(27):18269–72.

36. El Hassani RA, Benfares N, Caillou B, et al. Dual oxidase2 is
expressed all along the digestive tract. Am J Physiol Gastrointest
Liver Physiol 2005;288(5):G933–42.

37. Forteza R, Salathe M, Miot F, et al. Regulated hydrogen
peroxide production by Duox in human airway epithelial
cells. Am J Respir Cell Mol Biol 2005;32(5):462–9.

38. Geiszt M, Witta J, Baffi J, et al. Dual oxidases represent novel
hydrogen peroxide sources supporting mucosal surface host
defense. FASEB J 2003;17(11):1502–4.

39. Lambeth JD, Kawahara T, Diebold B. Regulation of Nox and
Duox enzymatic activity and expression. Free Radic Biol Med
2007;43(3):319–31.

40. Donko A, Peterfi Z, Sum A, et al. Dual oxidases. Philos Trans R
Soc Lond B Biol Sci 2005;360(1464):2301–8.

41. Zamproni I, Grasberger H, Cortinovis F, et al. Biallelic
inactivation of the dual oxidase maturation factor 2
(DUOXA2) gene as a novel cause of congenital
hypothyroidism. J Clin Endocrinol Metab 2008;93(2):605–10.

42. Luxen S, Belinsky SA, Knaus UG. Silencing of DUOX NADPH
oxidases by promoter hypermethylation in lung cancer.
Cancer Res 2008;68(4):1037–45.

43. Porwol T, Ehleben W, Brand V, et al. Tissue oxygen sensor
function of NADPH oxidase isoforms, an unusual cytochrome
aa3 and reactive oxygen species. Respir Physiol
2001;128(3):331–48.

44. Fandrey J, Genius J. Reactive oxygen species as regulators of
oxygen dependent gene expression. Adv Exp Med Biol
2000;475:153–9.

45. Haruki N, Kawaguchi KS, Eichenberger S, et al. Dominant-
negative Notch3 receptor inhibits mitogen-activated protein
kinase pathway and the growth of human lung cancers.
Cancer Res 2005;65(9):3555–61.

46. Ostrakhovitch EA, Li SS. NIP1/DUOXA1 expression in
epithelial breast cancer cells: regulation of cell adhesion and
actin dynamics. Breast Cancer Res Treat 2009 [Epub ahead of
print].

47. Uemura T, Shepherd S, Ackerman L, et al. Numb, a gene
required in determination of cell fate during sensory organ
formation in Drosophila embryos. Cell 1989;58(2):349–60.

48. Fischer H, Gonzales LK, Kolla V, et al. Developmental
regulation of DUOX1 expression and function in human fetal
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol
2007;292(6):L1506–14.

49. Morand S, Ueyama T, Tsujibe S, et al. Duox maturation
factors form cell surface complexes with Duox affecting the
specificity of reactive oxygen species generation. FASEB J
2009;23(4):1205–18.

50. Range RC, Glenn TD, Miranda E, et al. LvNumb works
synergistically with Notch signaling to specify non-skeletal
mesoderm cells in the sea urchin embryo. Development
2008;135(14):2445–54.

51. Petersen PH, Zou K, Krauss S, et al. Continuing role for mouse
Numb and Numbl in maintaining progenitor cells during
cortical neurogenesis. Nat Neurosci 2004;7(8):803–11.

52. Tang H, Hao Q, Rutherford SA, et al. Inactivation of SRC
family tyrosine kinases by reactive oxygen species in vivo. J
Biol Chem 2005;280(25):23918–25.

53. Martin D, Salinas M, Fujita N, et al. Ceramide and reactive
oxygen species generated by H2O2 induce caspase-3-
independent degradation of Akt/protein kinase B. J Biol Chem
2002;277(45):42943–52.

54. Hu Z, Chen J, Wei Q, et al. Bidirectional actions of hydrogen
peroxide on endothelial nitric-oxide synthase
phosphorylation and function: co-commitment and interplay
of Akt and AMPK. J Biol Chem 2008;283(37):25256–63.

55. Smith CA, Lau KM, Rahmani Z, et al. APKC-mediated
phosphorylation regulates asymmetric membrane
localization of the cell fate determinant Numb. EMBO J
2007;26(2):468–80.

56. Medrano S, Scrable H. Maintaining appearances – the role of
p53 in adult neurogenesis. Biochem Biophys Res Commun
2005;331(3):828–33.

57. Lee CW, Raskett CM, Prudovsky I, et al. Molecular dependence
of estrogen receptor-negative breast cancer on a notch-
survivin signaling axis. Cancer Res 2008;68(13):5273–81.

58. Beverly LJ, Felsher DW, Capobianco AJ. Suppression of p53 by
Notch in lymphomagenesis: implications for initiation and
regression. Cancer Res 2005;65(16):7159–68.

59. Mungamuri SK, Yang X, Thor AD, et al. Survival signaling by
Notch1: mammalian target of rapamycin (mTOR)-dependent
inhibition of p53. Cancer Res 2006;66(9):4715–24.

60. Yogosawa S, Miyauchi Y, Honda R, et al. Mammalian Numb is
a target protein of Mdm2, ubiquitin ligase. Biochem Biophys Res
Commun 2003;302(4):869–72.

61. Juven-Gershon T, Shifman O, Unger T, et al. The Mdm2
oncoprotein interacts with the cell fate regulator Numb. Mol
Cell Biol 1998;18(7):3974–82.

62. Colaluca IN, Tosoni D, Nuciforo P, et al. NUMB controls
p53 tumour suppressor activity. Nature 2008;451(7174):
76–80.

63. Li HS, Wang D, Shen Q, et al. Inactivation of Numb and
Numblike in embryonic dorsal forebrain impairs
neurogenesis and disrupts cortical morphogenesis. Neuron
2003;40(6):1105–18.

64. Rasin MR, Gazula VR, Breunig JJ, et al. Numb and Numbl are
required for maintenance of cadherin-based adhesion and
polarity of neural progenitors. Nat Neurosci 2007;10(7):819–27.

65. Soriano JV, Uyttendaele H, Kitajewski J, et al. Expression of an
activated Notch4(int-3) oncoprotein disrupts morphogenesis
and induces an invasive phenotype in mammary epithelial
cells in vitro. Int J Cancer 2000;86(5):652–9.

66. Knoblich JA, Jan LY, Jan YN. The N terminus of the Drosophila
Numb protein directs membrane association and actin-
dependent asymmetric localization. Proc Natl Acad Sci USA
1997;94(24):13005–10.

67. Cayouette M, Whitmore AV, Jeffery G, et al. Asymmetric
segregation of Numb in retinal development and the
influence of the pigmented epithelium. J Neurosci
2001;21(15):5643–51.



2076 E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 2 0 7 1 – 2 0 7 6
68. Maro B, Johnson MH, Webb M, et al. Mechanism of polar body
formation in the mouse oocyte: an interaction between the
chromosomes, the cytoskeleton and the plasma membrane. J
Embryol Exp Morphol 1986;92:11–32.

69. Simerly C, Nowak G, de Lanerolle P, et al. Differential
expression and functions of cortical myosin IIA and IIB
isotypes during meiotic maturation, fertilization, and mitosis
in mouse oocytes and embryos. Mol Biol Cell 1998;9(9):2509–25.

70. Leader B, Lim H, Carabatsos MJ, et al. Formin-2, polyploidy,
hypofertility and positioning of the meiotic spindle in mouse
oocytes. Nat Cell Biol 2002;4(12):921–8.

71. Cavallaro U, Schaffhauser B, Christofori G. Cadherins and the
tumour progression: is it all in a switch? Cancer Lett
2002;176(2):123–8.

72. Seidel B, Braeg S, Adler G, et al. E- and N-cadherin differ with
respect to their associated p120ctn isoforms and their ability
to suppress invasive growth in pancreatic cancer cells.
Oncogene 2004;23(32):5532–42.
73. Lee SA, Lee SY, Cho IH, et al. Tetraspanin TM4SF5 mediates
loss of contact inhibition through epithelial–mesenchymal
transition in human hepatocarcinoma. J Clin Invest
2008;118(4):1354–66.

74. Yamamoto Y, Grubisic K, Oelgeschlager M. Xenopus
Tetraspanin-1 regulates gastrulation movements and neural
differentiation in the early Xenopus embryo. Differentiation
2007;75(3):235–45.

75. Miyake M, Nakano K, Ieki Y, et al. Motility related protein 1
(MRP-1/CD9) expression: inverse correlation with metastases
in breast cancer. Cancer Res 1995;55(18):4127–31.

76. Kim YJ, Yu JM, Joo HJ, et al. Role of CD9 in proliferation and
proangiogenic action of human adipose-derived
mesenchymal stem cells. Pflugers Arch 2007;455(2):283–96.

77. Deissler H, Kuhn EM, Lang GE, et al. Tetraspanin CD9 is
involved in the migration of retinal microvascular endothelial
cells. Int J Mol Med 2007;20(5):643–52.


	Interplay between Numb and Notch in epithelial cancers: Role for dual oxidase maturation factor
	Introduction
	Implication of Numb and Notch in epithelial cancer
	Functional role of dual oxidase maturation factor, also known as Numb interacting protein (NIP), in epithelial cancers
	Do tumour suppressors regulate Numb and Notch signalling?
	The possible role for DUOX/NIP in interplay between Notch and Numb to maintain non-invasive phenotype
	Conflict of interest statement
	References


