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Abstract

The transforming growth factor beta (TGFf) superfamily member Nodal is an established
regulator of early embryonic development, with primary roles in endoderm induction, left-right
asymmetry and primitive streak formation. Nodal signals through TGFp family receptors at the
plasma membrane and induces signaling cascades leading to diverse transcriptional regulation.
While conceptually simple, the regulation of Nodal and its molecular effects are profoundly
complex and context dependent. Pioneering work by developmental biologists has characterized
the signaling pathways, regulatory components, and provided detailed insight into the mechanisms
by which Nodal mediates changes at the cellular and organismal levels. Nodal is also an important
factor in maintaining pluripotency of embryonic stem cells through regulation of core
transcriptional programs. Collectively, this work has led to an appreciation for Nodal as a powerful
morphogen capable of orchestrating multiple cellular phenotypes. Although Nodal is not active in
most adult tissues, its re-expression and signaling have been linked to multiple types of human
cancer, and Nodal has emerged as a driver of tumor growth and cellular plasticity. In vitro and in
vivo experimental evidence has demonstrated that inhibition of Nodal signaling reduces cancer
cell aggressive characteristics, while clinical data have established associations with Nodal
expression and patient outcomes. As a result, there is great interest in the potential targeting of
Nodal activity in a therapeutic setting for cancer patients that may provide new avenues for
suppressing tumor growth and metastasis. In this review, we evaluate our current understanding of
the complexities of Nodal function in cancer and highlight recent experimental evidence that sheds
light on the therapeutic potential of its inhibition.
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1. Introduction

Nodal is a member of the transforming growth factor  (TGF) superfamily of embryonic
morphogens that coordinate tissue specificity during development. This family, which
includes TGFps, bone morphogenetic proteins (BMPs), and growth differentiation factors
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(GDFs), regulates a diverse array of functions that are cell and tissue dependent [1, 2].
Ligands of the TGFp superfamily form dimers via disulfide bonds with pro-domains that are
cleaved during activation to yield mature protein. Processed ligands bind to TGFj
superfamily receptors consisting of type | and type Il serine/threonine kinases. Binding of
ligand induces receptor complex formation and phosphorylation of type | receptor by type II.
Type | receptors in turn transmit downstream phosphorylation signals to the Smad family of
signaling proteins. Receptor-regulated Smad proteins (R-Smads 1-3, 5, 8) are directly
phosphorylated by active receptors and bind a common intermediate, Smad4 (Co-Smad),
leading to translocation of this complex into the nucleus where it cooperates with
transcription factors to regulate gene expression and cellular function. Smad signaling is
highly dynamic and regulated by functional domains that collectively mediate DNA binding,
co-factor interactions, nuclear import/export and are subject to ubiquitin and
phosphorylation events by a multitude of upstream signaling activities that impart molecular
control and connection to other pathways (reviewed in [3-5]). Inhibitory Smads (Smad6,
Smad7) antagonize receptor activation of R-Smads and R-Smad/Co-Smad complex
formation while phosphatases and nuclear export contribute to the attenuation of Smad
signals. In addition, the complexity of TGFp superfamily signaling is further expanded by
the involvement of co-receptors, soluble inhibitors, heterodimerization of ligands, and
numerous receptor combinations. As the TGFp superfamily pathways are crucial to
embryonic development, defects can lead to clinical manifestation of disease, while aberrant
signaling drives neoplasia [6-8].

Originally discovered in mouse, Nodal plays a crucial role in mesoderm and endoderm
formation, left-right patterning, neurogenesis, and maintenance of stem cell pluripotency [9,
10]. The human genome encodes one Nodal gene located on chromosome 10¢22.1 that
contains three exons. The translated protein constitutes a 26 amino acid signal sequence, 211
amino acid pro-domain, and a 110 amino acid mature protein. The mouse and chick
genomes also encode a single Noadal gene, while multiple AModal genes have been
characterized in Zebrafish (cyclops, squint, southpaw) and Xenopus (Xnr 1,2,4-6) [11]. The
complex roles of Nodal in embryogenesis and pluripotency have been reviewed in detail in
excellent comprehensive reviews to which the reader is referred for these topics [10, 12-17].
This review will summarize components of the Nodal signaling pathway and its effects in
developmental biology and stem cell maintenance followed by a more detailed translational
review of the role Nodal and its signaling pathway play in cancer.

2. Canonical Nodal signaling and biological roles

Nodal exhibits processing and signaling typical for ligands of the TGFp superfamily (Figure
1). Nodal is translated as a pro-protein that is cleaved to bind membrane receptors.
Specifically, Nodal precursor protein is processed by pro-protein convertases Furin and
Pace4 (PCSK®) to yield the mature Nodal protein [18]. Mature Nodal propagates its signal
by binding the type | Activin receptors Alk4/7 (ACVR1B/ACVRIC) and type Il ActRIIA/
ActRIIB (ACVR2A/ACVR2B) in cooperation with its co-receptors Cripto-1 (FDGF1) or
Cryptic (CFC1). Cripto-1 and Cryptic are GPI-linked members of the EGF-CFC family that
contain an epidermal growth factor motif (EGF) and a cysteine-rich Cripto-1/FLR1/cryptic
(CFC) region that binds Alk4 and promotes the recruitment of ActRIIA/B, facilitating
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formation of the receptor signaling complex [19, 20]. Cripto-1 can also directly bind Furin
and Pace4 acting as an organizing center for processing and facilitation of signaling [21].
Cripto-1 and Cryptic mediate the binding of GDF1 and GDF3 to the same receptors as
Nodal, whereas other TGFJ superfamily ligands such as Activin-pA and —B can signal
through Alk4 and ActRIIA or ActRIIB without co-receptor requirement but are inhibited by
the presence of Cripto-1 [7, 22-26]. Therefore, Cripto-1/Cryptic mediate signaling
specificity among TGFp superfamily ligands and Cripto-1 is also capable of inducing
signaling of other pathways [27-32]. Of note however, although Cripto-1 involvement in
Nodal signaling is well established, Cripto-1 independent signaling by Nodal has also been
demonstrated. Pro-Nodal secreted from the mouse epiblast signals within the extra-
embryonic ectoderm and in cell culture experiments binds Alk4 and ActRIIB [33]. Nodal
induces AIK7 signaling by direct binding, although at lower levels than in the presence of
Cripto-1 [34]. Additionally, Nodal can induce anterior-posterior axis formation in the mouse
in the absence of Cripto-1 [35]. However, unlike Cripto-1 or Cryptic mutant mice, Cripto-1/
Cryptic double mutant mice phenocopy the developmental defects of Nodal knockout
embryos, indicating functional redundancy of the EGF-CFC proteins and highlighting co-
receptor dependency during mouse embryogenesis, suggesting that EGF-CFC co-receptor
requirement is necessary for the majority of Nodal functions in normal biology [36].

Stimulation of the Nodal receptor complex induces receptor-mediated phosphorylation of
Smad?2 and/or Smad3 (Smad2/3) which binds Smad4 and translocates to the nucleus.
Smad?2/3-Smad4 complexes associate with binding partners such as forkhead box H1
(FoxH1) leading to transcriptional regulation of developmental genes such as Goosecoid,
Pitx2and Mix/1[11]. Nodal is inhibited by soluble extracellular proteins of the Dan family
such as Cerberus (Cerl) which bind Nodal and disrupt interaction with receptors, and Lefty
(and species specific orthologues), divergent members of the TGFf superfamily which
antagonize Nodal signaling through disruption of interactions with Nodal and EGF-CFC
proteins (Cripto-1/Cryptic) but do not interact with Activin receptors and are therefore not
competitive inhibitors [37]. Nodal upregulates its own expression through an internal
enhancer element responsive to Smad2/FoxH1 binding located within intron 1, as well as the
expression of Lefty [38]. During embryogenesis, in vivo models and recent biophysical data
indicate that the diffusion of Lefty surpasses that of Nodal, indicating a reaction-diffusion
system that causes Nodal to signal locally while inducing inhibition at distant sites [39-41].
Through these actions, Nodal activates a tight auto-regulatory circuit of activity that involves
both induction and control of its signaling.

The mature cleaved form of Nodal is highly susceptible to rapid degradation and clearance,
supporting the concept that Nodal signaling is a transient and context-dependent process,
while its stability is maintained during secretion by a glycosylated pro-domain [42]. In the
case of Zebrafish, cyclops has a significantly shorter range of signaling than squint, and
these ranges are imparted by differences in the pro-domain of each protein [43-45]. The
ability of the pro-domain to stabilize Nodal and restrict its activity is important for the
diffusion of Nodal to target cells located at a distance from its source. In cell culture
experiments using mouse cells, Nodal is internalized in complex with its receptors and
Cripto-1 by endocytosis with markers that overlap with flotilin and sorted to the limiting
membrane of endosomes [21, 46]. Association with smad anchor for receptor activation
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(SARA; ZFYVEDY) couples Nodal signaling to the endosomal membrane where Activin
receptors phosphorylate Smads on the cytoplastmic side. The EGF domain of Cripto-1 is
essential for this trafficking function and in the absence of Cripto-1, mature Nodal is
localized to the lumen of endosomes and subject to lysosomal targeting. These discoveries
provide a better understanding of Nodal signaling at the subcellular level and are in line with
other members of the TGFf superfamily that signal through similar endocytosis/SARA
mediated mechanisms [47, 48]. Nodal activity can also be regulated by association with
other members of the TGFp superfamily, such as BMPs and GDFs, which alter Nodal
signaling potency. For example, association with BMP7 results in inactivation of the mature
Nodal protein, while association with GDF1 greatly increases the stimulation of Smad
phosphorylation [49, 50]. Collectively, the highly regulated and dynamic nature of Nodal
activity can be appreciated by its precise and elaborate roles in development.

Nodal is involved in the induction of gastrulation, organization of embryonic axes and
specification of endoderm and mesoderm lineages in multiple vertebrate species [12, 14, 51—
55]. Nodal fulfills these functions, in part, by mediating spatio-temporal signaling and
providing positional information for differentiating cells that respond to both dose and
duration of Nodal signals [56]. As an example, in the early mouse embryo Nodal cooperates
with BMP and Whnt signaling to coordinate proximal-distal and anterior-posterior axis
patterning and is required for formation of the primitive streak, a process in which epiblast
cells undergo an epithelial-to-mesenchymal transition (EMT) to migrate and give rise to
mesoderm and endoderm lineages. These early processes are important for the coordinated
movement of embryonic cells to properly initiate gastrulation and form the primary germ
layers. During these processes, Nodal mediates signaling within the epiblast, which will
form the mature embryo, as well as within extra-embryonic tissues that support embryonic
development (for review [14, 15]). Briefly, in the post-implantation embryo, Nodal is
expressed throughout the epiblast and promotes posterior cell fates as well as maintenance
of the extra-embryonic ectoderm [57]. Nodal also induces Smad2 signaling in the underlying
visceral endoderm (VE) to pattern a specialized region known as the distal visceral
endoderm (DVE) [15, 57]. Cells of the DVE secrete Nodal inhibitors Cerberus and Lefty
which establish a proximal gradient of Nodal signaling in the epiblast, forming one of the
earliest embryonic patterns in the mouse (Figure 2A). In a Nodal-dependent process, the
DVE migrates anteriorly to become the anterior visceral endoderm (AVE) and localizes
Nodal to the posterior side of the developing anterior-posterior axis through continued
secretion of inhibitors (Figure 2B). Nodal signaling is concentrated in the proximal posterior
epiblast prior to primitive streak formation in a process that involves the activity of pro-
Nodal produced in the epiblast to signal in the EXE and induce the production of Furin,
Pace4 and BMP4 [33]. Furin and Pace4 in turn process Nodal which amplifies its own signal
through its autoregulatory enhancer region, while BMP4 signals back to the posterior
epiblast to upregulate Wnt3/B-catenin which activates the Nodal proximal epiblast enhancer
region, collectively increasing Nodal expression (Figure 2C inset). High levels of Nodal
within this region are necessary for induction of the primitive streak and Nodal deficient
embryos are not capable of initiating this process [58]. Epiblast cells entering the streak
migrate anteriorly and laterally and undergo complex genetic and transcriptional changes to
develop the endoderm and mesoderm lineages (Figure 2C). High levels of Nodal specify
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endoderm, while cells on the anterior side of the streak take on neuroectoderm
characteristics. Following the induction of gastrulation, the primitive node forms near the
anterior end of the streak and Nodal is expressed at the periphery of this structure through a
node-dependent enhancer element [59-64]. The node acts as an organizing center to
orchestrate left-right (LR) asymmetry and organ development in vertebrates [65].
Upregulation of Nodal on the left side of the node is a conserved feature in all examined
animal species for asymmetric expression during embryogenesis [66, 67]. This localization
of Nodal expression in the left lateral plate mesoderm results from multiple mechanisms
including a leftward flow of fluid from active cilia within the node and localization of Nodal
inhibitors on the right side [68]. Nodal on the left side upregulates its own expression, as
well as that of Lefty1/2 [69, 70]. Specifically, expression of Lefty1 at the dorsal midline
barrier and Lefty 2 on the right side restrict Nodal’s range and prevents Nodal signaling
from spreading from the left side of the midline to the right (Figure 2D) [68, 70]. Thus,
Nodal serves to pattern the asymmetric features of the embryo and defects in Nodal
signaling during these processes lead to significant disruption of body axis formation and
developmental impairments. Following gastrulation, Nodal is downregulated during
somitogenesis, completing its role in organization of the early mouse embryo. Similar
gradients and transitory patterns of Nodal signaling have been demonstrated in other
vertebrate species, highlighting the powerful ability of Nodal to coordinate morphogenesis
and cellular movements during development [71, 72].

Crucial to proper embryonic development is the sustainment of stem cells that give rise to
somatic lineages. Embryonic stem cells regulate a transcriptional profile that involves the
expression of core pluripotency genes such as Nanog, Sox2and Oct4. These genes maintain
a stem cell state by activating genes which maintain pluripotency and prepare lineage genes
for differentiation through chromatin modifications. “Poised” genes contain transcriptional
activating marks such as tri-methylation of histone 3 at lysine 4 (H3K4me3) as well as
inhibitory chromatin modifications (e.g. H3K9me3, H3K27me3) that prevent or pause
transcription, leaving genes silent but priming them for prompt response to differentiation
signals [73]. This allows for both maintenance of the stem cell as well as the ability to
rapidly produce differentiated progeny. Numerous reports have demonstrated that Nodal is
required for the pluripotency of human embryonic stem cells (hESCs) and prevents
differentiation into neuroectoderm lineages [74-80]. Noda/”~ mouse epiblast stem cells
exhibit neural differentiation following explant culture in vitro, and Nodal is required for the
maintenance of NManog and Oct4 expression in early mouse epiblast cells for formation of the
embryonic visceral endoderm [18, 81, 82]. In line with this, Nodal is required to sustain in
vitro pluripotency of mouse and rat epiblast stem cells isolated from post-implantation
embryos (which closely resemble hESCs) [83]. Other studies have shown the requirement
for Nodal to drive differentiation of mouse and hESC cultures to endoderm and mesoderm
lineages [84-87]. Thus, while Nodal is involved in lineage specification, it also maintains
the pluripotency of embryonic stem cells. Recent work has begun to elucidate the
mechanisms by which Nodal mediates these seemingly contradictory effects. Modulation of
transcription by chromatin remodeling and switching of Smad2/3 binding partners during
differentiation are key mediators of the process, as discussed below.
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The necessity of chromatin remodeling in response to Nodal has been demonstrated for the
induction of Nodal target genes. For instance, activated Smad2/3 in response to Nodal
signaling binds the DNA demethylase JIMJD3 and relieves Polycomb H3K27me3 mediated
chromatin condensation to allow for transcriptional activation of Brachyury and Noadal itself
[88]. Furthermore, in hESC, Nanog expression is maintained by Activin/Nodal, and Nanog
in turn regulates Nodal signaling intensity by binding Smad2/3 to modulate activity and
prevent differentiation to endoderm. Furthermore, Smad2/3-Nanog complexes recruit
Compass and DPY 30 proteins to deposit transcriptional activating H3K4me3 marks on
genes required to maintain pluriopotency, as well as lineage genes that also contain
inhibitory H3K27me3 modification. Upon induction of endoderm, Eomedosermin
(EOMES), a master regulator of endoderm and mesoderm formation, is upregulated with a
progressive decrease in Nanog expression [89]. This leads to a switch from Smad2/3-Nanog
complexes to Smad2/3-Eomes which drive the activation of endoderm specification genes
such as Sox17 and FoxA2. In another example, Nodal signaling regulates poised chromatin
through association of activated Smad2/3 with TRIM33, a Smad binding protein and
regulator of transcription [90]. Smad2/3-TRIM33 complexes bind chromatin at regions
containing H3K9me3 and H3K18ac and relieve transcriptional repression in nearby loci for
the mesendoderm genes Goosecoid and Mix/1 by displacing chromatin condensing protein
heterochromatin protein 1 and allowing for binding of Smad2/3-Smad4 complexes. These
examples highlight direct chromatin modifications downstream of Nodal that act as
molecular switches mediating pluripotency and differentiation (summarized in Figure 3).
These studies are further supported by evidence of changes to the Smad2/3 chromatin
binding landscape during the switch from pluripotency to differentiation in embryonic stem
cells [91, 92].

A recently characterized Nodal enhancer, highly bound element (HBE), provides additional
insight into Nodal regulation in embryonic stem cell pluripotency. HBE is activated in the
early pre-implantation mouse epiblast and is dependent upon pluripotency factors such as
Oct4, Nanog, KIf4 and Sox2 [93]. This regulates Nodal expression prior to implantation and
activates the autoregulatory Nodal enhancer element which subsequently drives Nodal
expression in the post-implantation epiblast. Removal of HBE in mESC leads to a lack of
Nodal expression and increased inhibitory transcriptional histone mark H3K27me3 near the
Smad2/FoxH1 responsive element (ASE), suggesting that HBE regulated Nodal expression
leads to chromatin changes that relieve the inhibition of the ASE element. Characterization
of this novel enhancer provides further molecular detail underlying the regulation of Nodal
in stem cells. How chromatin modification downstream of Nodal signaling coupled with
enhancer activation collectively unite in dynamic stem cell signaling contexts remain to be
fully elucidated. Thus, the continued study of the pathways by which Nodal modifies
chromatin to regulate pluripotency and differentiation in stem cells is an area of exceptional
importance. Of note, the establishment of Nodal as a key regulator of pluripotency draws
attention to its dysregulation in neoplastic progression where cancer stem cells may exploit
these authoritative genetic controls for survival and proliferation, as discussed below.

Cancer Metastasis Rev. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bodenstine et al. Page 7

3. Nodal and Cancer

Since the initial demonstration of Nodal’s influence on metastatic melanoma aggressiveness
and correlation to melanoma progression in clinical samples, Nodal re-expression in
neoplasia has been linked to aggressiveness in numerous cancer types, frequently in the
absence of its endogenous inhibitors (e.g. Lefty) [94]. The pro-tumorigenic effects of the re-
expression of Nodal protein and its signaling pathway in cancer cells have been well
documented and correlated with observations from experiments that have inhibited Nodal by
different mechanisms (e.g. chemical inhibitors, Morpholinos, ShRNA, neutralizing
antibody). For example, reduction of Nodal activity in aggressive breast cancer cells has
been shown to decrease their proliferative capacity, clonogenicity and ability to engage in
vasculogenic mimicry while increasing basal rates of apoptosis. In addition, the level of
Nodal expression has been shown to correlate with aggressiveness in different human breast
cancer cell lines while increasing Nodal expression in poorly aggressive breast cancer cells
resulted in increased proliferation [95]. Furthermore, reduction of Nodal expression
decreased tumorigencity and metastasis of breast cancer cells in multiple in vivo models [95,
96]. Similar associations have been reported for glioma cells [97, 98]. For instance, in
glioma cell lines, Nodal expression was shown to correlate with invasive potential and
treatment of glioma cells with rNodal increased invasion, proliferation, in vivo tumor growth
and production of MMP-2, while knockdown decreased these effects and induced a
differentiated phenotype [97]. A multitude of similar in vitro and in vivo work
demonstrating reductions in aspects such as invasion, tumor growth, proliferative capacity
and promotion of an overall less aggressive phenotype have been described for Nodal in
various cancers including melanoma, prostate, pancreatic and ovarian carcinoma (reviewed
in [94, 99, 100]).

Clinical correlations with Nodal expression and disease progression continue to be
established [99, 100]. Thus, the detrimental effects related to the re-emergence of Nodal in
the absence of its endogenous inhibitors, proper transcriptional regulation, and appropriate
microenvironmental and embryological contexts, have been well validated. While the
mechanistic complexities of Nodal signaling in cancer are being resolved, it remains a
difficult problem to fully solve due to the heterogeneous nature of tumors [101, 102].

3.1 Pluripotency in cancer stem cells

Given the role of Nodal in stem cell pluripotency and the influence of cancer stem cells on
neoplastic progression, several lines of evidence strongly suggest the presence of stem cell
features and cellular plasticity in Nodal positive cancers including the maintenance of self-
renewal and association with stem cell markers. In one report examining primary pancreatic
cancer stem cells, the Nodal pathway was found to be upregulated in the CD133* stem-cell
like population when compared to more differentiated pancreatic cancer cells [103]. The
Nodal signaling pathway in these cells was competent and responded to both recombinant
Nodal (rNodal) and Activin, demonstrating strong phosphorylation of Smad2/3, but did not
respond to stimulation with TGF-B1. Moreover, inhibition of Nodal in these stem cells
inhibited their ability to self-renew, causing a reduction in soft agar colony formation as well
as invasive capacity. In a subsequent study, Nodal produced by stromal pancreatic stellate
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cells promoted the invasive qualities and sphere formation of pancreatic cancer stem cells
[104]. Thus, paracrine Nodal activity may act to provide a niche for pancreatic cancer stem
cells. In another report, Nodal associated with colon cancer stem cell markers (CD44*/
CD24%) in colon cancer cell lines and promoted their self-renewal capacity. This effect was
reduced with treatment of SB431542, an Alk4/5/7 inhibitor, suggesting a role for Nodal in
the maintenance of colon cancer stem cells. In support of this, higher levels of Nodal and
CD44%/CD24* were observed in colon cancer patient tissues when compared with adjacent
non-cancerous tissues [105].

Evidence in testicular germ cell cancers (TGCC) has also provided evidence for the role of
Nodal on stem cell phenotypes and neoplastic transitions. Type Il TGCC are divided into
two categories: seminomas which resemble a less aggressive carcinoma in-situ, and non-
seminomas which display a high degree of pluripotency factors [106]. Non-seminomas form
highly heterogeneous tumors with both differentiated and undifferentiated cells forming
teratomas and choriocarcinomas and display more embryonal-like features. Using a
seminoma xenograft model in which seminoma cells are reprogrammed to form carcinomas
with more embryonal-like features, expression of key pluripotency and chromatin
remodeling genes was examined [107]. Nodal was upregulated during this transition by
demethylation of the Nodal promoter. Interestingly, in this model, inhibition of BMP
signaling by the microenvironment was linked to the induction of Nodal expression. This
study supports previous evidence which demonstrated that Nodal is expressed during mouse
germ cell development and regulates pluripotency [108]. Interestingly, Nodal, Cripto-1 and
LeftyI were found to be expressed in human testis cancers that contained carcinoma in-situ,
but Lefty1 was absent following progression to malignant embryonal carcinoma, suggesting
unabated Nodal signaling during this transition.

3.2 Alternative Signaling Pathways and EMT

TGFB family signaling through non-Smad proteins (non-canonical signaling) has been
demonstrated, although remains poorly understood. This signaling can be mediated by both
type | and type Il receptors and involves activation of pathways such as p38, JNK, ERK,
PI13K and Rho. These signaling pathways can act independently, or in cooperation with
Smads [109]. In particular, the ERK and PI3K pathways have been highly implicated in
cancer. For example, ERK and TGF1 have been shown to act in concert with other factors
to induce pathways such as the epithelial-to-mesenchymal transition (EMT), one of the most
intensely studied processes in cancer biology [110, 111]. Traits of EMT such as the
acquisition of motile phenotypes, loss of cell-cell contacts including down-regulation of E-
cadherin protein and gain of a genetic program that induces a mesenchymal phenotype,
contribute to the process of metastasis and have been implicated in numerous cancers [112].
The relevance of signaling pathways involved with EMT resides in the notion that many
cancer cells are physically and biochemically changing in order to interact with and migrate
through the surrounding microenvironment, much like mesenchymal cells [113, 114]. It is
interesting to note that the first instance of EMT in mammalian organisms occurs during the
formation of the primitive streak, and as previously discussed above, high levels of Nodal
are a requirement for this process.
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Two recent studies using breast cancer cells have demonstrated a link between the pro-
tumorigenic effects of Nodal and the ERK pathway [96, 115]. Knockdown of Nodal in
metastatic breast cancer cells led to a reduced aggressive phenotype with decreases in
viability, invasiveness and proliferation, as well as reduced clonogenicity, indicating a loss of
self-renewal capacity, consistent with a decrease in phosphorylation of Smad3. Nodal
knockdown also inhibited tumor formation and growth of these cells in orthotopic murine
xenografts. Molecular analysis revealed an impairment to cell cycle progression with
reduction of cyclin B1 and upregulation and increased nuclear localization of the cell cycle
inhibitor p27. Especially noteworthy in this study was the down-regulation of the proto-
oncogene c-myc and global down-regulation of H3K4Me3 chromatin marks (active
promoters) with an increase in H3K27Me3 (transcriptional inhibition). A key upstream
regulator of both c-myc and p27 is the ERK signaling pathway. It was shown in this study
that chemical inhibition of ERK reduced the ability of Nodal to increase c-myc and
downregulate p27, suggesting that Nodal was acting to regulate aspects of the cell cycle
through ERK, independent of Smad signaling. In support of this, ERK activity localized
with Nodal expression by immunohistochemistry in aggressive breast cancer samples,
indicating potential clinical connections. In another study, overexpression of Nodal or
treatment with rNodal in non-aggressive estrogen receptor (ER) positive breast cancer cell
lines reduced ER and caused a loss of E-cadherin localization from the plasma membrane
[115]. Overexpression of Nodal also upregulated mesenchymal markers including Vimentin,
N-cadherin and Twistl, inducing an EMT phenotype that was mediated by signaling through
the ERK pathway. While rNodal stimulation increased the invasive abilities of these cell
lines, the presence of an ERK inhibitor disrupted the inductive effect of rNodal on Twistl
and Vimentin and E-cadherin re-localized to the membrane. Reciprocal experiments in
aggressive breast cancer cells expressing high activity of the Nodal pathway by knocking
down Nodal with shRNA reduced Twistl and Vimentin and inhibited cellular invasion and
migration. Collectively, these studies demonstrate the ability of Nodal to induce cell cycle
changes and promote EMT by signaling through the ERK pathway. In support of these
studies in breast cancer, overexpression of Lefty2 in glioma cells is capable of reducing
signaling through ERK [116]. Additional studies addressing the upstream molecular detail
of Nodal-dependent ERK activation are of interest, but the downstream molecular and
functional effects of this stimulation are readily apparent.

Studies in other cancer types have also reported induction of alternative signaling and/or
EMT phenotypes related to Nodal signaling. Treatment of B16 murine melanoma cells with
rNodal induced EMT characterized by an increase in migratory capabilities and increase in
Vimentin, Fibronectin and a decrease in E-cadherin, while blocking Nodal signaling
inhibited these effects [117]. Additionally, overexpression of endogenous Nodal also
induced EMT in these cells while knock-down inhibited the process [118]. Specifically,
Nodal stimulation led to expression of Snail and Slug, key transcription factors in the EMT
process that mediate their effects, in part, through transcriptional downregulation of E-
cadherin and upregulation of Vimentin. Furthermore, induction of Snail and Slug were
partially regulated by non-canonical Nodal signaling through the PI3K/AKT pathway [117].
In both studies, inhibiting Snail reduced the induction of EMT in response to increased
Nodal levels. Similar to these reports, an increase in Snail was observed following rNodal
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treatment of pancreatic cancer cell lines. This stimulation led to increases in the
mesenchymal markers N-cadherin and Vimentin and down-regulation of E-cadherin [119].
Nodal treatment also induced expression of the malignancy related extracellular protease
MMP-2, implicated in the breakdown of extracellular matrix, and CXCR4, a chemokine
receptor involved in metastasis, collectively leading to a more aggressive phenotype.

Hypoxia is an effect commonly encountered within solid tumors due to decreased capillary
penetration of growing tumors and induces a shift towards the use of glycolytic pathways by
cancer cells. High glycolytic activity is characteristic of cancer stem cells and activates
proteins such as hypoxia inducible factors (HIFs) that respond to low oxygen levels. HIFs
induce the transcription of genes needed for the induction of new blood vessels and promote
anaerobic metabolism. A state of hypoxia has been shown to support cancer stem cell
growth, as well as maintain self-renewal capacity through genes such as Oct4 and Nanog.
Interestingly, in breast cancer and melanoma cells, hypoxia upregulated Nodal protein levels
[120]. This induction was shown to be mediated by HIFs enhancing Notch-mediated
transcription of Nodal through the node dependent enhancer which is normally active within
the primitive node during left-right asymmetry in embryogenesis. This Nodal upregulation
led to increases in migration, invasion and induction of endothelial tube formation in
response to conditioned media from breast cancer cells grown in hypoxia and blocked by
SshRNA to Nodal. A reciprocal but mutual connection between HIF1a and Nodal seems to be
present in glioma. Using human glioma cells, hypoxic conditions led to Nodal-dependent
induction of HIF1a expression. The increase in HIF1a transitioned cells to a glycolytic state
and decreased mitochondrial energy production. Consistent with these results, increased
HIF1a upregulated numerous genes involved in glycolysis including glucose transporter-1
and pyruvate dehydrogenase-1 with a corresponding increase in glucose uptake and lactate
production [121]. Moreover, Nodal mediates HIF1a in part through ERK1/2 signaling in
glioma cells. Thus, while the induction and feedback of this connection may be cell type
specific, it appears that HIFs and Nodal may cooperate to induce a shift to glycolysis and
maintain the pluripotency and survival of cancer stem cells in response to hypoxia.

In addition to diverse activation of multiple downstream pathways, further complexities in
Nodal signaling have recently been demonstrated at the receptor level in metastatic
melanoma cells. When hESC receptor profiles were compared to metastatic melanoma cells,
both cell types expressed Alk4, but metastatic melanoma cells exhibited little to no
expression of ActRIIA or ActRIIB, whereas TGFBRII was present at high levels in
melanoma cells, with little expression in hESCs. Thus, these cell types appeared to diverge
in their TGFp family type 11 receptors. In vitro binding assays and receptor/ligand
crosslinking experiments with melanoma cells demonstrated the binding of Nodal to
TGFBRII. Interestingly, antibody neutralization of either Nodal or TGFBRII led to
attenuation of each protein, suggesting potential feedback loops between these two proteins.
Consistent with this finding, transfection of a dominant negative TGFBRII construct
decreased Nodal levels and phosphorylation of Smad2/3. Thus, these data suggest that in
metastatic melanoma cells, a lack of expression of ActRIIA/B causes a shift in Nodal to
TGFBRII and TGFBRI (AIk5) binding. This is the first report to demonstrate the utilization
of a TGFBRII/TGFBRI complex by Nodal and adds to the intricacies of alternative signaling
pathways of Nodal in cancer [122]. This work also highlights potential mechanisms by
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which therapeutics that target members of the Nodal signaling pathway, rather than Nodal
itself, may be bypassed.

3.3 Epigenetic influence of an embryonic microenvironment on Nodal signaling in
metastatic tumor cells

One of the most striking features of Nodal in metastatic cells is the influential relationship
between Nodal positive tumors and the embryonic microenvironment, as discussed below.
The multipotent tumor cell in cancer and pluripotent embryonic stem cell demonstrate levels
of plasticity that can lead to their differentiation into various cell types, and the bi-directional
communication between cells and their microenvironment can modulate and determine both
the fate and behavior of these cells [123-141]. While these observations suggest a
commonality in processes associated with cell signaling and fate determination between the
areas of developmental biology and cancer biology, this relationship was strengthened by the
identification of tumor specific stem cell populations in some cancers [124-128]. This
concept led to studies focused on the bi-directional communication between cancer cells
with an embryonic microenvironment and has yielded significant insight into mechanisms
associated with normal versus aberrant cell behavior and cell fate determination in cancer.
For example, an early study showed that the tumorigenic phenotype of teratocarcinoma cells
was suppressed when introduced into a mouse embryonic blastocyst microenvironment
while the tumor cells themselves contributed to the formation of normal tissue, which was
interpreted as a demonstration of the cells’ developmental plasticity [142]. In addition, the
concept that an embryonic microenvironment that can differentiate a stem cell through a
particular lineage should be able to reprogram cancer cells derived from that lineage was
proposed [143]. This concept was supported by experiments showing an inhibition of tumor
formation by B16 murine melanoma cells after they were exposed to microenvironmental
factors derived from the embryonic skin of a developing mouse [144], and in a chick model,
where Rous sarcoma virus failed to induce sarcomas in embryos [145]. More recent studies
have extended these observations and gained insights into the molecular reprogramming of
metastatic melanoma cells exposed to the embryonic microenvironments of hESCs [123,
146], zebrafish [147-149] and chick embryo [150]. This work has led to the discovery of
novel signaling pathways in melanoma that underlie their stem cell-like plasticity and
provide potential targets for therapeutic intervention. Studies concerned with the interactions
of cells with their microenvironments, whether stem cells or metastatic tumor cells, are
focused on how these interactions regulate not only the cells’ behavior, but determine or
modulate the cells’ fate. In this regard, identifying the molecular pathways that regulate the
plasticity of the cells is a principle concern and involves examining the epigenetic influences
of the microenvironment that contribute to regulating the cell phenotype [123, 126, 138,
151]. Given the same DNA code in every cell in an organism, differences in gene expression
during differentiation, or in response to microenvironmental influences, are due to epigenetic
effects on specific cellular processes. Unlike genetic modifications that alter the DNA
sequence, epigenetic influences affect reversible processes, such as cell signaling or DNA
modifications [123, 151]. The three interacting events known to occur in epigenetic
regulation involve DNA methylation, histone modification and nucleosome remodeling. In
the case of cancer cells, the initiation, promotion and maintenance of the tumorigenic
phenotype is associated with DNA methylation in the promoter regions and the first exons of
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certain genes [151]. Epigenetic modifications can also result from changes in ion flow that
alter cell signaling events changing cellular functions at the post-translational level that
affect complex signaling pathways, which ultimately regulate gene transcription and
subsequent level of protein expression [151].

Given the similarities between the plastic phenotype of hESCs and multipotent tumor cells,
coupled with the observation that hESCs do not form tumors during blastocyst implantation
(though do form teratomas when implanted into immunodeficient mice) [142], prompted the
notion that the embryonic microenvironment exerts a dominant role over stem cell fate
[123]. This concept was examined using a model where a three-dimensional matrix was
conditioned by hESCs, and after the hESCs were removed, multipotent metastatic melanoma
cells were plated onto this hESC-conditioned matrix [123, 146]. Free of potential epigenetic
influences associated with cell-cell interactions, this work demonstrated that factors secreted
by hESCs into their microenvironment dramatically altered the subsequent behavior of the
metastatic melanoma cells (Figure 4). Melanoma cells formed spheroids in areas of the
matrix that had previously contained hESCs colony clusters during their conditioning of the
matrix, while parallel experiments showed that the conditioned medium from hESCs did not
induce melanoma spheroid formation. Biochemical and molecular analyses of the melanoma
cells (which were phenotypically amelanotic) recovered from the conditioned matrix showed
an epigenetic induction of MLANA (a melanocyte-specific phenotype marker), which did
not occur when the melanoma cells were exposed to a melanocyte-conditioned matrix. After
exposure to the hESC conditioned matrix, the entire population of melanoma cells was less
invasive in vitro and less tumorigenic in vivo, though neither their invasiveness nor
tumorigenicity was completely abrogated. This failure of the hESC-conditioned matrix to
completely inhibit the invasive and tumorigenic potential of the melanoma cell population
was presumed to be the result of the heterogeneous nature of both the hESC-conditioned
matrix (as demonstrated by regions of the conditioned matrix that promoted melanoma
spheroid formation versus regions that did not), and the melanoma cell line(s) themselves
[146]. Similar results were subsequently demonstrated for metastatic breast and prostate
cancer cells cultured on an hESC conditioned matrix [123].

The concept of the commonality in plasticity of hESCs and cancer cells was further
examined using an embryonic zebrafish model to investigate the potential bi-directional
cellular communication that exists between cells and an embryonic microenvironment [123,
147-149]. Of particular interest were common molecular messengers used by both hESCs
and metastatic tumor cells. These include Wnt, Notch and TGF- superfamilies, which are
classically associated with developmental processes and are now recognized as important
modulators of tumor progression [123, 129, 131, 147, 152, 153]. A major concern of these
studies was to understand which embryonic stem cell signaling pathways could be exploited
by cancer cells to sustain their plasticity [123]. These studies found that when multipotent,
metastatic melanoma cells were injected into the blastula-stage of zebrafish embryos
towards the animal pole, the embryos developed an abnormal anterior outgrowth, and when
injected near the yolk margin, a duplication of the body axis occurred [147]. The induced
ectopic growths did not occur when non-aggressive melanoma cells were injected. It was
also found that the melanoma cells did not directly form these structures but recruited and
instructed the host zebrafish cells. These results suggested that the metastatic melanoma
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cells were secreting a potent embryonic morphogen capable of initiating embryonic axis
formation and Nodal, a member of the TGF- superfamily, was identified as this signaling
molecule. The identification of Nodal secretion by the metastatic melanoma cells was
supported by the observation that goosecoid (a Nodal-responsive gene) was induced in
zebrafish cells surrounding the melanoma cells in as little as one hour after engraftment.
Furthermore, the induction of ectopic outgrowths by the melanoma cells was abrogated by
either inhibiting the expression of Nodal in the cancer cells, or overexpressing Lefty, the
endogenous inhibitor of Nodal, in the zebrafish embryo. Western blot analysis confirmed the
expression and secretion of Nodal protein by the metastatic, but not non-aggressive
melanoma cells [147]. While these zebrafish embryo experiments showed how metastatic
melanoma cells can affect and alter the embryonic environment, other work has
demonstrated that extracts from zebrafish embryos can inhibit proliferation and induce
apoptosis in several cancer cell types, and exposure of metastatic melanoma cells to the
zebrafish embryonic microenvironment can reprogram the cells to a non-tumorigenic
phenotype [149].

When metastatic melanoma cells were transplanted into the neural crest region of a chick
embryonic microenvironment, the melanoma cells invaded host neural crest targets and did
not form tumors [150]. While a subset of the tumor cells were reprogrammed to a neural
crest cell-like phenotype, melanoma cells were also seen to populate host peripheral
structures in a programmed manner, including branchial arches, dorsal root and sympathetic
ganglia. In addition, a subpopulation of melanoma cells that invaded the chick periphery was
reprogrammed to express the melanocyte-associated protein MLANA, and the neuronal
marker TUJ1. Together, these observations suggested that metastatic melanoma cells can
respond to developmental cues and that factors unique to the neural crest embryonic milieu
may reprogram melanoma cells to a more benign melanocytic cell type.

The embryonic zebrafish model identified Nodal as a crucial component of the signaling
pathway between human metastatic melanoma cells and zebrafish stem cells and prompted
additional studies into the molecular mechanisms that underlie this communication. The key
and defining differences in the Nodal signaling pathway between hESCs and metastatic
melanoma cells were the observations that: 1) unlike hESCs, metastatic melanoma cells only
express Nodal and not its primary inhibitor, Lefty, and 2) only subpopulations of the
metastatic melanoma cells express Cripto-1 [123, 153]. This suggested that Nodal signaling
occurs in an unregulated manner and without control in the metastatic melanoma cells. To
further explore this premise, two approaches were used to block Nodal signaling in
metastatic melanoma cells to examine what happens to the cells when Nodal signaling is
inhibited. These approaches used a small-molecule inhibitor of the activin-like-kinase (Alk)
activity and Nodal specific morpholinos (MO) [153]. Treating metastatic melanoma cells
with the Alk4/5/7 small-molecule inhibitor (SB431542) resulted in an inhibition of Nodal
signaling measured as a reduction in Smad2 phosphorylation and a decrease in Nodal
protein expression. These results suggested that Nodal expression is regulated, at least in
part, by a Smad2-dependent positive-feedback loop. The SB431542-treated metastatic
melanoma cells appeared to revert to a less plastic, melanocyte-like phenotype as
demonstrated by being less invasive in vitro, less able to engage in vasculogenic mimicry,
and the re-expression of Tyrosinase (a melanocytic marker). The anchorage-independent
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growth of the metastatic melanoma cells was significantly reduced by treating them with
Nodal MOs, and this anchorage-independent growth could be rescued by adding rNodal to
the cells. Orthotopic transplantation of Nodal MO-treated metastatic melanoma cells in a
nude mouse model resulted in a significant decrease in tumor incidence [153]. Additional
studies revealed that when Nodal-deficient metastatic melanoma cells were transplanted into
the chick embryonic neural crest microenvironment, they failed to migrate and populate
neural crest-cell migratory pathways and peripheral targets [123]. Furthermore, analysis of
the conditioned matrix of the hESCs model demonstrated that the Lefty protein that was
deposited into the microenvironment by the hESCs resulted in the decrease in Nodal
expression by the metastatic melanoma cells that were subsequently cultured on this
conditioned matrix [123, 146].

Additional studies examined how the embryonic microenvironment could epigenetically
reprogram metastatic tumor cells via the Nodal signaling pathway based on the observation
that epigenetic regulation of genes can also occur via miRNAs, which are a large group of
noncoding RNAs that can block mRNA translation and affect mMRNA stability. These studies
showed that metastatic melanoma cells exposed to an hESC conditioned microenvironment
expressed a higher level of miR-302a and lower level of miR-27b and that Notch4, an
upstream regulator of Nodal expression, is one of the targets for miR-302a, while DNA
methylation was found to be associated with the down-regulation of Lefty, the primary
inhibitor of Nodal [151].

During early vertebrate development, Nodal expression is regulated by the Notch signaling
pathway and is involved in the establishment of left-right asymmetry [11, 51]. Given the
reestablishment of Nodal expression in metastatic melanoma associated with the aggressive
phenotype, additional studies were initiated to examine the potential role for the Notch
signaling pathway in Nodal expression in metastatic melanoma. It was found that there was
a molecular link between Notch and Nodal signaling in metastatic melanoma cells that
occurred via an RBPJ-dependent Nodal enhancer element [154]. Furthermore, the specific
correlation between Notch4 and Nodal expression was shown in a number of aggressive but
not non-aggressive melanoma cell lines. It was also shown that Notch4 is required for the
expression of Nodal, which not only regulates the aggressive phenotype, but also contributes
to the regulation of vasculogenic mimicry and anchorage-independent growth in vitro. This
work, therefore, identified significant molecular cross talk between Notch4 and Nodal as a
key element in metastatic melanoma and placed Notch4 signaling upstream in regulating
Nodal expression [154].

It has become apparent that the complexities of the Nodal signaling pathway associated with
stem cell fate are relevant to and involved in the aggressive, metastatic phenotype. As such,
the Nodal signaling pathway, as well as potential intersecting signaling pathways known
from developmental studies, may provide unique and specific therapeutic targets for treating
metastatic melanoma. In this regard, and as previously presented, the cross talk between the
Notch4 signaling pathway and Nodal expression is a key factor in the aggressiveness of
metastatic melanoma and suggests additional therapeutic targets for treatment. Ongoing
studies are examining in greater detail how the embryonic microenvironment epigenetically
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reprograms multipotent, metastatic tumor cells and are focused on the potential
downregulation and or silencing of the aberrantly expressed Nodal plasticity gene.

3.4 Clinical significance of Nodal in cancer

In support of the strong experimental evidence linking Nodal to cancer cell aggressiveness,
clinical evidence has documented correlations between Nodal and advanced malignancies
and suggests the potential therapeutic benefits of targeting Nodal with novel therapies. In
melanoma, Nodal was correlated with disease progression in which expression was
significantly higher in cutaneous metastases compared to primary tumors of benign skin
samples and was not detected in normal skin or melanocytes [147]. These initial
observations were strengthened in a large study which examined Nodal in 269 melanocytic
lesions, including 109 melanoma samples. Results from this study confirmed an increase in
Nodal expression during melanoma progression with low levels noted in some benign nevi
[155]. In particular, Nodal expression was highest in deep malignant melanomas and
metastatic melanomas. This study constitutes the largest clinical analysis of Nodal in
melanoma to date. However, in another study, Nodal was found to be expressed in over half
of stage Il and IV melanoma samples, although it did not specifically correlate with disease
progression in this analysis [156]. Ongoing work focuses on the expression of Nodal in nevi
from patients with a history of melanoma, and suggests a potential, prognostic value in this
association.

Examining Nodal expression within the endometrium revealed an upregulation during the
proliferative phase of the menstrual cycle while Lefty was upregulated at later stages and
coincided with Nodal [157]. These observations suggested a proliferation inducing role of
Nodal that is controlled in later stages by the subsequent activation of Lefty. When Nodal
was examined in endometrial cancer samples, both Nodal and Cripto-1 increased with tumor
grade. Remarkably, Lefty levels were low in all cancer samples, indicating unregulated
Nodal signaling during endometrial cancer progression. Analysis in pancreatic cancer
revealed a lack of Nodal detection at the message and protein levels in normal tissue,
whereas high expression levels were noted in pancreatic adenocarcinoma [103]. This work
has been further confirmed by recent studies in which Nodal was significantly expressed at
higher levels in pancreatic cancer samples compared to normal tissue and associated with
poor differentiation [119]. Additionally, high levels of Nodal expression correlated with
reduced survival of patients with pancreatic ductal adenocarcinoma [158]. In hepatocellular
carcinoma, Nodal was detected in 70 of 96 samples and was absent in normal liver tissue
[159]. Nodal associated with numerous parameters correlating to disease progression such as
tumor size, metastasis status, microvascular density and vascular invasion. Nodal was found
to be an independent prognostic indicator of overall survival in this study in patients
following a curative hepatectomy with three-year survival rates dropping from 59.8% in low
Nodal expressing samples to 9.7% in the high Nodal expressing group. Still other studies
have reported associations with Nodal and neoplasia. In thyroid cancer, Nodal was strongly
correlated with papillary and follicular carcinomas while Nodal was detected at higher levels
in colon cancer tissue compared to adjacent non-cancerous tissue [105, 160].
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The largest clinical analysis to date on the expression of Nodal in cancer was performed in
breast cancer [99]. Specifically, 431 therapy naive breast cancer patient samples were
examined for Nodal expression by immunohistochemistry and stratified by clinical-
pathological features. Increasing Nodal scores correlated with malignancy, stage, lymph
node involvement and lower degree of differentiation. Of particular note in this study, the
expression of Nodal did not correlate with any of the established markers for breast cancer
(i.e. ER, PR, Her-2). This later result suggests that Nodal positive tumors may represent a
novel subtype of breast cancer with independent prognostic value. It also highlights the
potential for targeting Nodal in breast cancer. Adding to this information, another study
examined vascularization in breast cancer samples and found that levels of Nodal protein
within tumors correlated with microvascular density as assessed by CD31 staining [161]. In
vitro analysis in this study revealed that Nodal regulated factors associated with
angiogenesis such as VEGF and PDGF in breast cancer cells. In line with this association to
vascularization, Noda/ mRNA in human glioma samples corresponded with VEGFin human
cDNA arrays and Nodal protein correlated to tumor grade in human glioma samples with
highest Nodal expression in grade IV glioblastoma compared to grade 111 astrocytoma with
minimal detection in non-tumor controls as assessed by immunchistochemistry [162].

While additional clinical analysis is needed for interpretation in other types of cancers,
observations from reports such as these indicate potential prognostic implications for the
significance of Nodal in cancer. The clinical results are in agreement with numerous findings
in experimental models that have demonstrated the ability of Nodal to mediate many aspects
of tumorigenesis and the metastatic cascade.

3.5 Targeting Nodal in metastatic tumor cells

The strong connections between Nodal and cancer, validated by molecular mechanistic data,
have generated great interest in reducing the influence of Nodal on neoplastic progression in
cancer. While reports of Nodal being detected in adult tissue(s) have been described; the
majority of studies to date have noted low, or complete absence of Nodal in adult tissue
samples and how Nodal might function or signal in somatic cells have not been identified.
Furthermore, tissues that require frequent remodeling and undergo dramatic changes such as
the endometrium, placenta, and mammary gland transiently express various levels of Nodal
during adulthood [reviewed in 94]. Thus, our understanding of Nodal expression and
function in adult tissue remains to be further elucidated. Moreover, the ephemeral nature of
Nodal combined with its labile stability (in its mature form) and challenging detection
methods complicate interpretations, emphasizing validation by multiple experimental
methods as a requirement for appropriate analysis and conclusions. However, the compelling
burden of evidence that exists within the literature and outlined in this review strongly
suggest significant therapeutic potential for the careful development of approaches that aim
to inhibit Nodal signaling in cancer cells.

While the heterogeneous and dynamic nature of cancer complicates therapeutic approaches,
the development of targeted therapies, specifically against secreted or membrane bound
molecules, has been met with success. For example, breast cancers with human epidermal
growth factor 2 (Her2) amplification previously carried a poor prognosis; however, since the
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development of Herceptin (Trastazumab), a monoclonal antibody targeting the Her2
receptor, prognosis for these patients has greatly improved [163, 164]. Conversely, in
diseases such as triple-negative breast cancer, in which no established targeted therapies
exist, patients continue to face poor survival rates as well as the therapeutic consequences of
non-specific therapies with detrimental side effects. Targeted therapies are often used in
combination with broad spectrum chemotherapeutics and have shown therapeutic synergy
[165]. Thus, studies examining combinatorial approaches to therapy in the context of Nodal
inhibition may hold the greatest potential. As noted above, the inhibition of Nodal in the
laboratory setting can be achieved through various means, but translating experimental
manipulation into clinical application remains challenging. Since Nodal functions as a
secreted protein, the potential for therapeutic targeting exists, especially in the development
and application of monoclonal antibodies.

A previous study in pancreatic carcinoma cells demonstrated synergistic effects of targeting
Nodal in combination with chemotherapy [103]. Chemical inhibition of Nodal signaling in
pancreatic cancer stem cells reduced CD133 expression indicating a greater degree of
differentiation and upon withdrawal of Nodal inhibition, CD133 levels were restored. If,
however, cells were treated with gemcitabine, a DNA synthesis inhibiting chemotherapy, in
the context of Nodal inhibition, in vivo tumorigenicity was completely abolished and
survival was significantly increased in orthotopic mouse models. These results were further
validated using a pre-clinical model involving xenografted human pancreatic tissue.
Emerging evidence suggests that Nodal signaling in these cells is regulated by the
miR-17-92 cluster which may impact their response to chemotherapy and maintenance of
stem cell like features [166]. A recent study has also supported a link between Nodal
inhibition and sensitivity to chemotherapy in the context of melanoma [167]. Metastatic
melanoma is a disease with a poor prognosis and short five-year survival period with few
effective therapies available. The alkylating agent dacarbazine (DTIC) has been a mainstay
of therapy, although its efficacy remains low. Treatment of metastatic melanoma cell lines
with DTIC resulted in residual surviving cells that retained Nodal expression and displayed
more aggressive qualities. In the remaining DTIC treated cells, using neutralizing antibodies
against Nodal reduced their proliferative capacity and increased cell death. Intriguingly, the
combinatorial treatment of DTIC with subsequent targeting of Nodal produced synergistic
effects including a decrease in cellular viability and invasive capacity that was greater than
either approach alone. The observed functional changes were validated by molecular
analysis of proliferation and apoptosis markers. Additionally, in human melanoma samples
refractory to DTIC, Nodal was strongly expressed within the tumors before and after
therapy, highlighting the relevancy of the therapeutic potential obtained in vitro (summarized
in Figure 5). Thus, given the ability of Nodal to maintain self-renewal and promote
tumorigenic effects, Nodal may contribute to the survival of cancer cells through as yet
identified mediators of response to therapies. It is not entirely surprising that the inhibition
of Nodal leads to changes in sensitivity to chemotherapy due to the stem cell like features
that Nodal imparts on cancer cells and the intrinsic resistance of cancer stem cells to
therapeutics.

Although therapeutic agents have been in development that target aspects of the Nodal
signaling pathway (BI1B015, Biogen-ldec, monoclonal antibody targeting Cripto-1 [168];
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LY?2157299, Lilly, TGFp kinase inhibitor with effects on Alk4/7), no developmental
therapeutics directly targeting Nodal have been previously described. Recently, a novel
Nodal-targeting monoclonal antibody has been developed [169, (Strizzi et al. in press)]. This
monoclonal antibody (3D1), was generated against human Nodal amino acids 44-67,
targeting the Cripto-1 binding site. 3D1 binds Nodal with a dissociation constant of 1.4 nM
KD (rNodal) and disrupts interaction with the Cripto-1 co-receptor complex. In vitro
analysis of cancer cells following treatment with 3D1 reproduced many of the previously
reported effects of Nodal inhibition in cancer cells including decreases in anchorage
independent growth and vasculogenic mimicry. Reductions in downstream mediators of the
canonical and non-canonical Nodal signaling pathway were also observed and included
reduced phosphorylation of Smad2 and ERK. Additionally, changes in cell cycle markers
such as increased p27, decreased cyclin B1 and decreased serine 10 phosphorylation of
Histone 3 were observed. In vivo, treatment of C8161 metastatic melanoma cells with 3D1
inhibited cancer cell growth in multiple xenograft models. When cells were injected
orthotopically in a cutaneous model, tumor volumes were decreased in 3D1 treated tumors
using direct intra-tumoral injection. Additionally, in a metastatic model characterized by
lung metastases, 3D1 was administered via intra-peritoneal injections, and lung tumor
burden was reduced in the 3D1 treated group compared with control. In each case,
immunohistochemistry of the tumors revealed a marked decrease of phosphorylated Smad?2
within the nucleus of the 3D1 treatment groups. Analysis of lung sections also revealed a
decrease in cyclin B1 staining and an increase in p27 compared to 1gG controls. This study
represents the first report of an effective monoclonal antibody targeting Nodal that is in
development for translational application.

4. Conclusion and Future Perspectives

The body of evidence presented in this review provides new insights into the cancer stem
cell phenotype expressed by aggressive tumor cells, with particular focus on the reactivation
of the embryonic Nodal signaling pathway (Figure 6). Although cancer stem cells form the
minority subpopulation(s) within heterogeneous tumors, they commaonly express drug
resistance markers and are therefore challenging to target. In a similar manner, as Nodal is
reactivated in aggressive tumor cells while its inhibitor Lefty is mostly silenced, it is now
apparent that these Nodal-expressing cells are resistant as well to front-line therapies. In
humans, Nodal expression is largely restricted to embryonic tissues, and is lost in most
normal adult tissues. This selective expression pattern suggests a strong rationale for
targeting Nodal in cancer. Equally noteworthy are the recent findings generated by
immunohistochemistry and molecular analyses of Nodal in patient tumors, together with
experimental animal studies, showing the significance of Nodal as a valuable prognostic
biomarker in many different cancers and its quintessential role underlying tumor growth and
metastasis. As more evidence accumulates demonstrating the inability of conventional
therapy to target cancer stem cells, the notion of combinatorial approaches is gaining
prestige. Indeed, recent studies in various tumor types support the validity of this strategy,
including the targeting of Nodal together with front-line therapy. As additional cancer targets
emerge from sophisticated molecular analyses, precision, personalized therapies will
become more prevalent -- bolstered by our new found knowledge of cancer stem cells.
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Summary of Nodal processing and canonical signaling. The pro-form of Nodal is cleaved by
pro-protein convertases Furin or Pace4 to generate mature Nodal. Mature Nodal forms a
dimer via disulfide bonds and binds to type | (Alk4/7) and type Il (ActRIIA/B) Activin
receptors in combination with its co-receptor Cripto-1 or Cryptic. Extracellular inhibitors,
such as Lefty, disrupt the interaction of Nodal with Cripto-1/Cryptic while inhibitors such as
Cerberus inhibit signaling by directly binding Nodal. Upon receptor complex formation,
constitutively active ActRIIA/B phosphorylates and activates Alk4/7 leading to
phosphorylation of Smad2 and/or Smad3. Smad2/3 binds Smad4 and translocates to the
nucleus as a trimer of two Smad2/3 and one Smad4 molecules. Within the nucleus, the
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Smad2/3-4 complex interacts with numerous transcription factors and binds DNA to
regulate a diverse array of gene expression that coordinates embryogenesis and maintains
pluripotency.
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Figure2.
Role of Nodal in the early mouse embryo. A, following implantation, Nodal is expressed

throughout the epiblast and plays a role in specifying the underlying distal visceral
endoderm (DVE). The DVE in response secretes Nodal inhibitors Cerberus and Lefty,
generating a posterior-distal gradient of Nodal and forming one of the earliest patterns in the
embryo. EXE, extra-embryonic ectoderm; VE, visceral endoderm; P-D, proximal-distal. B,
the DVE migrates anteriorly to become the anterior visceral endoderm (AVE) concentrating
Nodal further to the proximal and newly formed posterior axis by continued secretion of
Nodal inhibitors. A-P, anterior-posterior. C, in a process that requires high levels of Nodal,
gastrulation begins with formation of the early primitive streak. Epiblast cells undergo EMT
and migrate with subsequent differentiation into mesoderm and endoderm lineages. Inset:
Pro-Nodal expressed in the epiblast upregulates Furin, Pace4 and BMP4 within the EXE.
Furin and Pace4 subsequently process pro-Nodal and BMP4 stimulates Wnt3 signaling in
the epiblast. Wnt3 acts on a Nodal proximal epiblast enhancer to increase Nodal expression.
Nodal also amplifies its own signal through an enhancer region in intron 1 stimulated by
Smad?2/3-FoxH1, collectively increasing levels of Nodal in the proximal epiblast. D,
formation of the primitive node organizes left-right asymmetry. Nodal expressed within the
node is concentrated to the left side of the embryo by cooperation of inhibitors and a
leftward fluid flow from the Node. Nodal expression is increased through autoregulatory
mechanisms and patterns the left-lateral plate mesoderm (LPM) through regulation of
morphogenetic genes while activity on the right side is suppressed.
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Nodal signaling maintains pluripotency and prepares stem cells for differentiation through
chromatin modifications and Smad2 binding partners. A, Polycomb tri-methylation of lysine
27 at histone 3 (H3K27me3) represses transcriptional activation. Nodal signaling induces
pSmad?2 binding of JIMJD3 demethylase that removes Polycomb methylation and allows for
transcriptional activation [88]. B, Nodal signaling is required for the maintenance of
pluripotency through cooperation with Nanog and recruitment of chromatin modifying
protein complexes to sustain a stem cell phenotype, in part through the deposition of
H3K4me3 marks on active promoters and genes poised for lineage fate determination.
Following the induction of differentiation signals, Smad2 complexes associate with EOMES,
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a master regulator of endoderm formation, to regulate numerous genes involved in endoderm
differentiation while expression of Nanog is reduced [89, 170, 171]. C, activated Smad2
binds to TRIM33 and recognizes the inhibitory H3K9me3 mark, displacing heterochromatin
protein 1 (HP1). This relieves chromatin condensation at nearby sites and allows for binding
of Smad2/3-4 complexes to activin response elements (ARE) to upregulate endodermal
differentiation genes such as Goosecoid and Mixer[90].
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Figure 4.
Crosstalk between human embryonic stem cells and multi-potent tumor cells. hESCs express

both Nodal and Lefty while in contrast, metastatic melanoma cells fail to express Lefty due
to epigenetic changes that involve methylation of the Lefty promoter, leading to aberrant
Nodal signaling. hESCs condition growth matrix including the deposition of Lefty.
Metastatic melanoma cells grown on this matrix exhibit decreased invasive capabilities and
in vivo tumorigenicity, demonstrating an example of the influence hESCs and an embryonic
microenvironment on cancer cell phenotypes [123, 146, 151].
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Inhibition of Nodal modulates response to chemotherapy. A, pancreatic carcinoma cells
were treated with gemcitabine, SB431542, or both molecules. In combination treatment, in
vivo tumorigenicity was abolished compared to the effects of SB431542 or gemcitabine
alone. Combination treatment also led to enhanced survival of mice xenografted with human
pancreatic cancer cells and reductions in pancreatic stem cell markers [103]. B, when
metastatic melanoma cells were treated with dacarbazine (DTIC), an increase in the Nodal
expressing cell population was observed in surviving cells. Subsequent treatment of this
population with anti-Nodal neutralizing antibodies decreased aggressive qualities of the
cells, including a reduction in viability and increases in cell death when compared to 1gG
controls, demonstrating greater effects than DTIC or neutralizing antibody alone [167].
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Summary of Nodal signaling and its effects in cancer (canonical pathways listed in bold).
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