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a  b  s  t  r  a  c  t

With  few  exceptions,  most  cells  in  adult organisms  have  lost  the  expression  of  stem  cell-associated
proteins  and  are  instead  characterized  by  tissue-specific  gene  expression  and  function.  This cell  fate  spec-
ification  is dictated  spatially  and  temporally  during  embryogenesis.  It  has  become  increasingly  apparent
that the elegant  and  complicated  process  of  cell  specification  is  “undone”  in cancer.  This  may  be because
cancer  cells  respond  to their  microenvironment  and  mutations  by acquiring  a more  permissive,  plastic
epigenome,  or because  cancer  cells  arise  from  mutated  stem  cells.  Regardless,  these  advanced  cancer  cells
must  use  stem  cell-associated  proteins  to  sustain  their  phenotype.  One  such  protein  is Nodal,  an  embry-
onic morphogen  belonging  to  the  transforming  growth  factor-� (TGF-�)  superfamily.  First  described  in
early developmental  models,  Nodal  orchestrates  embryogenesis  by  regulating  a  myriad  of processes,
including  mesendoderm  induction,  left–right  asymmetry  and  embryo  implantation.  Nodal  is  relatively
restricted  to embryonic  and  reproductive  cell  types  and  is  thus  absent  from  most  normal  adult  tissues.
However,  recent  studies  focusing  on  a variety  of  malignancies  have  demonstrated  that  Nodal  expression
re-emerges  during  cancer  progression.  Moreover,  in  almost  every  cancer  studied  thus  far,  the  acquisition
of  Nodal  expression  is  associated  with  increased  tumourigenesis,  invasion  and  metastasis.  As  the  list  of
cancers  that  express  Nodal  grows,  it is essential  that  the  scientific  and  medical  communities  fully under-
stand  how  this  morphogen  is  regulated  in both  normal  and  neoplastic  conditions.  Herein,  we  review
the  literature  relating  to normal  and  pathological  Nodal  signalling.  In  particular,  we emphasize  the  role
that this  secreted  protein  plays  during  morphogenic  events  and  how  it signals  to  support  stem  cell
maintenance  and  tumour  progression.
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1. Introduction31

Embryonic development is characterized by the spatial and32

temporal differentiation of stem cells, leading to the genera-33

tion of tissue diversity. This process of differentiation is dictated34

by microenvironmental mediators such as morphogen gradients35

and oxygen availability (Quail et al., 2012a).  The instructive36

cues of the embryonic programme culminate in an organism37

made of tissues and cell types that maintain homeostatic balance38

concomitant with exquisite structure–function relationships. In39

cancer, the embryonic programme is disrupted resulting in the40

manifestation of stem cell-like characteristics (Fig. 1) (Hendrix41

et al., 2007). Alternatively, some cancers may  arise from resident42

stem cell populations (Chen et al., 2012; Driessens et al., 2012;43

Gilbertson and Graham, 2012; Visvader and Lindeman, 2006).44

This stem-cell-like nature of cancer is correlated with metastatic45

Fig. 1. Nodal signalling is a developmental phenomenon that is “re-awakened”
during cancer progression: tumour progression is characterized by a loss of tis-
sue structure and by the acquisition of a more stem cell-like phenotype. In many
ways this process represents an “undoing” of the differentiation that occurs during
development and mimics certain aspects of induced pluripotency. The mechanism
by  which cancer cells aberrantly acquire the expression of Nodal likely involves
epigenetic alterations facilitated by microenvironmental mediators such as oxy-
gen  availability. Normal embryonic stem cells maintain a balance of activators and
inhibitors of self-renewal in order to facilitate differentiation in response to specific
cues. Here we  highlight Nodal and its inhibitor Lefty. In contrast, cancer cells hijack
these elegant signalling pathways in a manner that favours uncontrolled growth
in  the absence of normal differentiation. In this example, the cancer cells express
Nodal in the absence of Lefty.

progression, resistance to therapy and a poor clinical progno- 46

sis. Hence, understanding and targeting molecules that sustain 47

stem cell-like phenotypes could be of tremendous therapeutic 48

value. 49

A number of proteins have been shown to regulate both normal 50

and neoplastic stem cell populations. One example is Nodal. Nodal 51

is a member of the transforming growth factor-� (TGF-�)  super- 52

family, which includes TGF-�s, activins, growth/differentiation 53

factors (GDFs), and bone morphogenic proteins (BMPs) (Quail 54

et al., 2012a; Schier, 2009). Originally discovered in mouse, Nodal 55

homologues have been characterized in humans, Xenopus (frogs), 56

and zebrafish, amongst other model organisms (Schier, 2009). 57

As is the case for mouse Nodal, there is currently only one 58

annotated isoform for human Nodal mRNA in the National Cen- 59

tre for Biotechnology Information (NCBI) Entrez Gene database 60

(http://www.ncbi.nlm.nih.gov:80/sites/entrez) corresponding to 61

one Nodal ligand. Human Nodal is found on chromosome 10 and 62

consists of three protein-coding exon regions that are translated 63

into a 347 amino acid pro-protein. Nodal is further processed 64

into a mature form (amino acids 238–347) with a C-terminus 65

that might be important for interactions with other proteins such 66

as co-receptor Cripto (Schier, 2009). Unlike mammals, zebrafish 67

have three Nodal orthologues (cyclops, squint, and southpaw), 68

whilst frogs have six “Xenopus Nodal-related” members (Xnr1-6), 69

although only 5 of these (Xnr1,2,4–6) have canonical Nodal func- 70

tions (Schier, 2009). Regardless of the species, in chordates Nodal 71

proteins are essential for the induction of mesoderm and endo- 72

derm, and left–right patterning during embryogenesis (Hendrix 73

et al., 2007; Schier, 2009; Shen, 2007). 74

Nodal is relatively restricted to embryonic and reproductive cell 75

types and is not detectable in most normal adult tissues (Hendrix 76

et al., 2007; Hooijkaas et al., 2011). However, recent studies have 77

demonstrated that Nodal expression re-emerges during cancer 78

progression (Lawrence et al., 2011; Lee et al., 2010; Lonardo et al., 79

2011; Strizzi et al., 2012; Topczewska et al., 2006). Moreover, 80

in almost every cancer studied thus far, the acquisition of Nodal 81

expression is associated with increased tumourigenesis, invasion 82

and metastasis (Table 1) (De et al., 2012; Lawrence et al., 2011; 83

Lee et al., 2010; Lonardo et al., 2011; Papageorgiou et al., 2009; 84

Quail et al., 2012a, 2012b, in press; Strizzi et al., 2012; Topczewska 85

et al., 2006). As more cancers expressing Nodal are added to the 86

list, it is becoming increasingly important that we  understand 87

the mechanisms by which this morphogen is regulated. Here we  88

dx.doi.org/10.1016/j.biocel.2012.12.021
http://www.ncbi.nlm.nih.gov%3a80/sites/entrez
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