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A B S T R A C T

AKT signaling is an essential intracellular pathway controlling cell homeostasis, cell proliferation and survival,
as well as cell migration and differentiation in adults. Alterations impacting the AKT pathway are involved in
many pathological conditions in human disease. Similarly, during development, multiple transmembrane
molecules, such as FGF receptors, PDGF receptors or integrins, activate AKT to control embryonic cell
proliferation, migration, differentiation, and also cell fate decisions. While many studies in mouse embryos have
clearly implicated AKT signaling in the differentiation of several neural crest derivatives, information on AKT
functions during the earliest steps of neural crest development had remained relatively scarce until recently.
However, recent studies on known and novel regulators of AKT signaling demonstrate that this pathway plays
critical roles throughout the development of neural crest progenitors. Non-mammalian models such as fish and
frog embryos have been instrumental to our understanding of AKT functions in neural crest development, both
in neural crest progenitors and in the neighboring tissues. This review combines current knowledge acquired
from all these different vertebrate animal models to describe the various roles of AKT signaling related to neural
crest development in vivo. We first describe the importance of AKT signaling in patterning the tissues involved
in neural crest induction, namely the dorsal mesoderm and the ectoderm. We then focus on AKT signaling
functions in neural crest migration and differentiation.

1. Introduction

Neural crest cells are multipotent progenitors in the vertebrate
embryo that give rise to a vast array of different cell types including
pigment cells, craniofacial skeleton and mesenchyme, peripheral
neurons and glia, cardiac and adrenal medulla derivatives (Bronner
and LeDouarin, 2012; Kirby and Hutson, 2010). The presumptive
neural crest (NC) is induced during gastrulation and neurulation,
within a broad frontier area located across the neural plate and the
nonneural ectoderm, named the neural (plate) border (NB) (see review
by Pla and Monsoro-Burq, 2018 this issue). This domain is a mixed
territory, which also contributes to the dorsal neural tube, the
nonneural ectoderm and, anteriorly, to cranial placode progenitors
(Steventon et al., 2009; Streit, 2002; reviewed in Pegoraro and
Monsoro-Burq, 2013). The NB is induced by a combination of signals
secreted from the adjacent tissues, namely the neural and non-neural
dorsal ectoderm and the underlying paraxial and intermediate meso-
derm. FGF signals, diffusing from the mesoderm, and Wnt ligands
from both non-neural ectoderm and mesoderm, cooperate with low-
level BMP signaling to activate the expression of the neural border

specifiers pax3/7, zic1/2, tfap2a, hes4, or msx1/2, which are tran-
scription factors required to establish the NB territory and are
necessary for NC development (Basch and Bronner-Fraser, 2006; de
Crozé et al., 2011; Mizuseki et al., 1998; Monsoro-Burq et al., 2005;
Nichane et al., 2008a; Sasai, 2005; Tribulo, 2003). In turn, these
factors synergize with WNT signals to activate the NC developmental
program (Monsoro-Burq et al., 2005; Sasai, 2005; Simões-Costa et al.,
2015). Further NC development follows successive steps: induction,
epithelial-to-mesenchymal transition (EMT), migration and differen-
tiation. This complex process is controlled by a network of transcrip-
tion factors and soluble molecules: the NC gene regulatory network
(NC-GRN), which has been validated in vivo, in multiple animal
models including frog, chick and fish for the early stages of the network
(Garnett et al., 2012; Milet and Monsoro-Burq, 2012; Sauka-Spengler
and Bronner-Fraser, 2008). Multiple transcription factors are ex-
pressed and cooperate at each step of the network; for example, snai2,
foxd3, sox8/9/10, twist1, ets1 are expressed in premigratory NC and
are essential for NC specification and EMT. As our knowledge of the
NC-GRN deepens, the main phases of NC formation can be subdivided
into more precise sub-steps. To illustrate, during premigratory NC
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specification, two phases can be distinguished: first, the early premi-
gratory NC cells (NCC), marked by expression of the transcription
factors snai2, sox8 and foxd3, are induced and the immature NC
population is maintained and amplified by action of BMP, Wnt and
Notch signaling (Faure et al., 2002; Garcia-Castro et al., 2002; Nichane
et al., 2008a, 2008b); then, at neural fold stage, mature premigratory
NCC express later NC specifiers, such as sox10 and twist, and activate
numerous cell modifications that are essential for NCC EMT and
migration.

Until recently, very little evidence had implicated AKT signaling in
NC early development. However, several new studies in fish, frog and
mouse embryos have shown an essential role for AKT at each step of
NC formation, from induction to differentiation. The serine/threonine
kinase AKT, also called PKB for protein kinase B, is a major node in cell
signaling for cell homeostasis. AKT protein comprises 4 main domains:
a N-terminal pleckstrin homology (PH) domain, which recognizes and
binds phosphatidylinositol-3,4,5-trisphosphate (PIP3) and allows AKT
recruitment at the plasma membrane; a linker domain, a kinase
domain and a C-terminal regulatory domain (Fig. 1A; Manning and
Toker, 2017; Ruan and Kazlauskas, 2011). AKT acts downstream of
signaling events recruiting PI3-kinase (PI3K) at the plasma membrane,
such as the activation of receptor tyrosine kinases (e.g. PDGFRs,
FGFRs, EGFRs, insulin receptors), of integrins, of B and T cell
receptors, of cytokine receptors, or of G-protein-coupled receptors
(Hers et al., 2011; Manning and Cantley, 2007; Manning and Toker,
2017). PI3K phosphorylates phosphatidyl-inositol-4,5-bisphosphate

(PIP2) into PIP3, while the phosphatase PTEN catalyzes the reverse
reaction (Divecha and Irvine, 1995; Maehama and Dixon, 1998). The
accumulation of PIP3 at the plasma membrane simultaneously recruits
AKT and PDK1 (3-phosphoinositide-dependent protein kinase 1), via
their respective PH-domains proteins (Fig. 1B). AKT is then activated
by two sequential phosphorylation events. First, PDK1 phosphorylates
AKT on Thr-308, which stabilizes the activation loop located in the
kinase domain. Secondly, the complex mTORC2 phosphorylates AKT
on Ser-473, located in the C-terminal regulatory domain (Alessi et al.,
1997, 1996; Sarbassov et al., 2005; Stokoe et al., 1997). These two
phosphorylation events are essential to attain maximal AKT activation.
Moreover, many other post-translational modifications, including
additional phosphorylations on Ser/Thr/Tyr residues, acetylation/
ubiquitylation/methylation on lysine residues, hydroxylation, glycosy-
lation, and SUMOylation participate in the fine tuning of AKT stability,
activity, sub-cellular localization and partner selection (Risso et al.,
2015). In turn, AKT controls multiple downstream effector pathways to
monitor various major cellular functions. Among over a hundred
different substrates reported by in vitro or in vivo experiments, active
AKT controls the activity of FoxO proteins, regulators of cell survival,
proliferation, growth and metabolism; of GSK3 which has major roles
in survival, proliferation, metabolism and neural development; of
mTORC1 known to act in protein synthesis and growth signaling; of
p53 controlling cell cycle but also cell survival migration and metabo-
lism; and of YAP broadly involved in proliferation, survival, growth and
differentiation (Ma et al., 2007; Manning and Cantley, 2007; Moroishi

Fig. 1. Overview of the AKT signaling pathway. (A) Schematic structure of the AKT protein. AKT contain three main protein domains: the N-terminal pleckstrin homology (PH)
domain, the catalytic domain (kinase) and the hydrophobic C-terminal regulatory domain (RD). The two major phosphorylation sites T308 and S473, needed for the full activation of
AKT are indicated. (B) Outline of AKT regulation and major downstream targets during development, as discussed in the text. The activation of PI3K leads to PIP3 production and
accumulation at the plasma membrane. PTEN catalyzes the reverse reaction thus regulates AKT activation negatively. AKT is recruited at the plasma membrane via its PH domain and
undergoes full activation through two sequential phosphorylations: T308 phosphorylation (by PDK1) and S473 phosphorylation (by mTORC2). PP2A and PHLPP are phosphatases able
to directly dephosphorylate these two phosphorylation sites reverting AKT to an inactive conformation. The main potential downstream effectors of AKT signaling are indicated. Green
arrows indicate a positive regulation; red arrows indicate a negative regulation.
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et al., 2015; Piccolo et al., 2014; Roger et al., 2006; Tokino and
Nakamura, 2000; Fig. 1B). Several of these targets have been studied in
NC development, albeit not specifically as effectors of AKT signaling.
GSK3 is a negative regulator of the Wnt-βcatenin signaling pathway,
essential for NC development (see below). In frog embryos, FoxO4
depletion leads to craniofacial and pigmentation defects (Schuff et al.,
2010). Defective p53 expression causes craniofacial defect in fish,
mouse and chick (Rinon et al., 2011; Xia et al., 2013). Finally, YAP is
important for mouse craniofacial development (Ma et al., 2007;
Manning and Cantley, 2007; Moroishi et al., 2015; Piccolo et al.,
2014; Roger et al., 2006; Tokino and Nakamura, 2000; Wang et al.,
2016) as well as for NC stemness in human NCC in vitro (Hindley et al.,
2016).

This review describes the novel roles of AKT signaling, revealed by
recent studies in frog, fish and mouse models, during the successive
developmental steps that lead to neural crest formation in vivo, from
gastrulation to organogenesis. We highlight how known and novel
inputs control AKT activation during essential patterning events acting
upstream of NC formation, during cleavage and gastrulation stages;
then how AKT signaling controls premigratory NC induction and
maturation during neurulation, NC EMT and migration at the end of
neurulation, and NC differentiation into different cell types during
organogenesis.

2. AKT signaling is essential during early dorsal patterning,
neural crest induction and maturation

2.1. AKT signaling in dorsal mesoderm induction and in gastrulation

During embryogenesis, AKT signaling is involved in a sequence of
early patterning events occurring upstream of NC formation, namely
mesoderm induction and dorsal ectoderm patterning, which, as men-
tioned above, are prerequisite steps upstream of NB and NC formation.
The amenability of cleavage-stage and gastrula-stage frog embryos to
study early patterning events, notably germ layer specification, has
been instrumental in those studies. Various approaches conducted in
vivo have thus been used to modulate PI3K-AKT signaling, either using
activated or dominant-negative forms of these kinases, or, more
precisely, using time-controlled inactivation with a pharmacological
compound inhibiting PI3K activity (LY294002). Whole embryo treat-
ment with LY294002, from late cleavage stage to the end of gastrula-
tion, blocked the movements of gastrulation and prevented the
complete internalization of mesoderm and endoderm. The resulting
embryos lack head and axial mesoderm: the differentiation markers for
paraxial muscle (12/101) and notochord (MZ15) were strongly de-
creased compared to control sibling embryos at tailbud stage. Early
trunk mesoderm markers (brachyury (xbra), apod, not1) failed to be
activated at early gastrula stage, while the markers of early endoderm
(mixer, sox17a) and organizer (siamois, gsc, chd) were expressed
similarly in treated embryos and controls (Carballada et al., 2001).

During mesoderm induction, the PI3K-AKT pathway is required in
response to FGF signaling. A classical model for studying mesoderm
induction is to use the pluripotent animal cap cells dissected out of frog
blastulae and grown in vitro with soluble mesoderm inducers. When
treated either with activin or FGF, these explants differentiate into
dorsal mesoderm. They first activate xbra expression, then muscle
differentiation markers and undergo convergent and extension move-
ments, resulting in explants with an elongated shape (Amaya et al.,
1993; O’Reilly et al., 1995). However, if a similar experiment is done in
presence of both FGF and LY294002, the early induction of brachyury
and the elongation movements are blocked (Carballada et al., 2001).
Moreover, because FGF-mediated mesoderm induction is known to
require the Mitogen Activated Protein Kinase (MAPK) pathway, the
relationships between the MAPK and PI3K intracellular pathways were
studied in similar animal cap assays. An efficient activation of ERK is
obtained when animal caps are treated with FGF, even in the presence

of LY294002, showing that PI3K activity does not affect MAPK
signaling in this context (Carballada et al., 2001; Peng et al., 2004;
Fig. 2). However, in contrast to FGF stimulation, PI3K-AKT constitu-
tive activation (ca) alone results in low-level brachyury induction, even
when high doses of caPI3K are used. Simultaneous activation of caPI3K
and caERK improves the efficiency of mesoderm induction, with
formation of ventral mesoderm (mesothelium), although dorsal meso-
derm, identified by high levels of brachyury expression, failed to be
activated in this assay. Together, these results show that both PI3K-
AKT and MAPK pathways are required to mediate mesoderm induction
by FGF. The two pathways act in parallel since blocking PI3K-AKT does
not alter MAPK signaling. However, as the co-activation of these two
intracellular activities fails to activate high brachyury expression, this
suggests that additional signals are needed for the full activity of FGF
signaling during dorsal mesoderm induction.

As described above, when PI3K signaling is inhibited in during late
blastula stages, the trunk dorsal mesoderm (muscle and notochord)
fails to be induced, and the dorsal embryonic axis does not form
(Carballada et al., 2001; Peng et al., 2004). In contrast, when a
constitutively active (ca) form of PI3K or of caAKT is expressed
ectopically, by injections at the animal pole of 2-cell stage embryos, a
secondary dorsal axis forms, resulting in twin embryos (Peng et al.,
2004). Classical experiments on dorsal axis patterning have shown that
the ectopic activation of Wnt-β-catenin signaling causes a similar
double dorsal axis phenotype which can be suppressed by overexpres-
sion of GSK3β (McMahon and Moon, 1989; Larabell, 1997; Glinka
et al., 1998). Similarly, the double axis phenotype caused by ectopic
caAKT activity is rescued by GSK3β gain-of-function (Peng et al.,
2004). Given that AKT can inactivate GSK3β activity by phosphoryla-
tion, it has been proposed that AKT may participate in dorsal axis
formation by inhibiting GSK3β and thus potentiating β-catenin activity
(Peng et al., 2004; Yang et al., 2008; Fig. 2).

Finally, of the putative AKT regulators mentioned above, EGFR has
also been suggested to play a role in the early embryo. In contrast to
FGF receptor blockade, the inhibition of EGFR/Erb1-4 signaling does
not prevent mesoderm induction. However, similarly to FGF signaling,
depletion of ErbB4 also blocks gastrulation movements by affecting
cell-cell adhesion and cell motility (Nie and Chang, 2007a). Upon
depletion of ErbB4, constitutive activation of either PI3K or AKT can
rescue convergence-extension movements both in whole embryos and
in mesoderm explants, as well as cell-cell adhesion and motility
characteristics (Nie and Chang, 2007b). Therefore, PI3K-AKT signals
are essential for the induction of the dorsal mesoderm, downstream of
FGF signaling, in late blastulae as well as the movements of gastrula-
tion driven by dorsal mesoderm cells, downstream of FGF and EGF
receptors.

2.2. AKT signaling in dorsal ectoderm patterning

During gastrulation, the dorsal mesoderm is progressively posi-
tioned under the dorsal ectoderm. Both neural induction and the
induction of the neural border are initiated simultaneously, as gas-
trulation starts with the ingression of dorsal and paraxial/intermediate
mesoderm respectively (Harland, 2000). Neural plate markers (sox2)
and NB markers (pax3/7) are readily detected by this stage (Basch and
Bronner-Fraser, 2006; de Crozé et al., 2011; Monsoro-Burq et al.,
2005; Plouhinec et al., 2017). When PI3K/AKT signaling is blocked
during gastrulation (i.e. at a later developmental stage than in the
experiments described above), partially defective dorsal mesoderm
patterning is observed: the notochord is reduced and muscle formation
is diminished (Carballada et al., 2001). This phenotype could be
sufficient to cause subsequent defective neural and neural border
induction. In order to try and separate the roles of AKT signaling in
neural induction from its functions in mesoderm induction and
morphogenesis, PI3K-AKT signals have been activated in animal cap
explants in vitro. When, caPI3K or caAKT are injected in animal caps,
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this is sufficient to trigger the expression of the pan-neural marker
ncam and the regional anterior and posterior neural markers otx2
(midbrain) and hoxb9 (spinal cord) (Peng et al., 2004; Yang et al.,
2008). The induction of neural markers occurs in the absence of
brachyury induction. This indicates that PI3K-AKT signaling activa-
tion triggers neural induction and regionalization independently of
mesoderm induction.

Besides growth factor receptors and known AKT regulators, novel
molecules controlling AKT phosphorylation have been recently identi-
fied. For example, our laboratory has found a crucial role for an enzyme
that regulates the rate of glycolysis, 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase (PFKFB). This enzyme controls AKT signaling
during ectoderm development. In gastrula-stage frog embryos,
PFKFB4 is expressed broadly in the dorsal ectoderm that will form
the neural plate, the neural border, and part of the nonneural ectoderm
(Pegoraro et al., 2015; Pegoraro and Monsoro-Burq, 2013). The
depletion of PFKFB4 in vivo, using antisense morpholino oligonucleo-
tides, blocks ectoderm patterning during gastrulation by preventing the
activation of all dorsal ectoderm markers, such as sox2 (neural plate),
snai2 (NC), six1 (pan-placode ectoderm) and epidermal keratin (non-

neural ectoderm) (Fig. 2). Instead, the ectodermal cells retain an
immature progenitor status, with high expression of markers such as
sox3 (immature neural ectoderm), pax3, hes4 (early NB) and foxi1e
(immature non-neural ectoderm) (de Crozé et al., 2011; Mir et al.,
2007; Nichane et al., 2008a; Wang et al., 2006). In this context,
neurulation movements are blocked. However, in contrast to the severe
phenotype of PFKFB4-depleted embryos, glycolysis blockade does not
perturb ectoderm development and neurulation (Pegoraro et al., 2015).
This is consistent with the fact that, in early frog embryos, glycolysis is
not required for development because the cell energy metabolism is
fueled by yolk-derived amino acids entering the citric acid cycle (Vastag
et al., 2011). The discrepancy between the phenotype of PFKFB4-
depleted embryos and that of glycolysis-blocked embryos lead to the
hypothesis that PFKFB enzymes also play a non-conventional, glyco-
lysis-independent, function. A candidate signaling pathway approach
revealed that PFKFB4 is required to phosphorylate AKT in the dorsal
part of the embryo (Pegoraro et al., 2015). Further experiments link
PFKFB4 and AKT signaling. Both PFKFB4 depletion and time-con-
trolled PI3K-AKT pharmacological inhibition display similar pheno-
types on the patterning of the ectoderm during gastrulation, using the

Fig. 2. Regulations linked to AKT signaling during early embryo dorsal patterning. (A) On the left, representation of a whole blastula in external view and in sagittal section.
The three germ layers and the blastocoel (Blast.) are indicated: the ectoderm in blue, the mesoderm (Meso.) in red, and the endoderm (Endo.) in yellow. The ectoderm is further
subdivided into two parts: the neural plate (Neu.) in dark blue and the nonneural ectoderm (Epi.) in light blue. On the right, schematic representation of the regulations involving the
AKT pathway during mesoderm patterning, dorsal axis formation and gastrulation. (B) On the left, representation of a late gastrula, in external view and in sagittal section. The same
color code for different germ layers is used. On the right, schematic representation of regulations linked to AKT signaling regulating dorsal ectoderm patterning. See text for details.
Animal pole (AP); Vegetal pole (VP). Red arrows indicate negative regulations.

M. Sittewelle, A.H. Monsoro-Burq Developmental Biology 444 (2018) S144–S155

S147



markers described above. In this case, LY294002 was applied from the
start of gastrulation to mid-neural plate stage, to avoid perturbation of
mesoderm induction and to limit the effects on gastrulation move-
ments. Of note, PFKFB4 depletion does not significantly alter meso-
derm induction and positioning during gastrulation, in agreement with
restriction of its role to the ectoderm layer. Finally, the constitutive
activation of AKT rescues the PFKFB4 depletion phenotype, demon-
strating that AKT signaling specifically mediates PFKFB4 functions in
early dorsal ectoderm global development (Pegoraro et al., 2015).
Together, these studies demonstrate the important role of PI3K-AKT
signals to establish the neural and neural border territories in the
dorsal ectoderm, upstream of neural crest induction. They also high-
light the essential tissue-specific activation of the various regulators of
AKT signaling which are required to finely tune the levels of this broad-
spectrum pathway in specific target cells.

2.3. AKT signaling in early neural crest patterning

Based on work in multiple vertebrate species, such as amphibians,
fish, lamprey and chick, the premigratory neural crest is established in at
least two main steps after neural border formation (Aybar and Mayor,
2002; Germanguz et al., 2007; Nikitina and Bronner-Fraser, 2009;
Pegoraro and Monsoro-Burq, 2013). Firstly, the earliest NC markers,
such as snai2, foxd3 and sox8, are induced at the open neural plate stage.
Then, during the progressive elevation of the neural folds, a second set of
characteristic NC molecules, such as twist1 and sox10, are activated,
preparing the cellular modifications of epithelial-mesenchymal transition
(EMT), such as the switch of cadherin expression and activation of
metalloproteases. Finally, EMT occurs around the time of neural tube
closure. Three recent studies, conducted in fish and in frog embryos, have
implicated AKT in premigratory neural crest development, either during
its induction at the edges of the neural plate, or during the maturation of
the premigratory neural crest at neural fold stage or during EMT (Neuner
et al., 2009; Figueiredo et al., 2017; Ciarlo et al., 2017). Importantly, these
studies have been conducted after the establishment of the neural plate, or
in experimental conditions that do not cause significant defects in
mesoderm induction, in gastrulation movements, in neural induction or
in NB initiation.

The first series of indirect evidence involves the ADAM19 disin-
tegrin metalloprotease, which is expressed in the dorsal mesoderm, the
neurectoderm and neural crest cells of the developing frog embryo
(Neuner et al., 2009). In many cellular and in vivo models, ADAM19 is
involved in processing pro-heparin-binding EGF (HB-EGF) and neur-
egulin, upstream of the EGFR receptor tyrosine kinase (Horiuchi et al.,
2005; Kurohara et al., 2004; Shirakabe et al., 2000; Taylor et al., 2014).
In whole frog embryos, ADAM19 knockdown using morpholino anti-
sense oligonucleotides blocks AKT phosphorylation and activation.
ADAM19 depletion does not greatly affect neural induction at the end
of gastrulation, as seen by robust expression of sox2. At neural fold
stage, however, sox2 levels are increased in morphant embryos, while
the emergence of the premigratory neural crest markers snai2 and sox8
is inhibited (Neuner et al., 2009, Fig. 3). In two-thirds of the tadpoles,
morphant NCCs fail to migrate, although it remains unknown whether
this phenotype is a consequence of the early defects in premigratory NC
patterning or an independent effect of ADAM19 depletion on cell
migration. Similar to ADAM19 depletion, the pharmacological block-
ade of EGF signaling or the broad-spectrum inhibition of ADAM
metalloproteases blocks snai2 activation in the premigratory NC in
vivo (Neuner et al., 2009). These data demonstrate a novel function of
EGF signaling in neural crest induction, likely mediated by AKT
activity.

Direct evidence for a key function for AKT signaling in premigratory
NC formation comes from two parallel studies, in fish and frog. Using
either pharmacological inhibitors or inducible PFKFB4 depletion
(using photoactivable morpholinos) PI3K/AKT signaling was blocked
in a time-controlled manner during neurulation in order to avoid the

effects on gastrula-stage embryos. In summary of the results described
below, both series of experiments include a phenotype rescue by
caAKT, demonstrating that in each case, altered AKT signaling is the
major and specific cause of the observed premigratory neural crest
defects (Ciarlo et al., 2017; Figueiredo et al., 2017, Fig. 3).

In zebrafish embryos, crestin is a neural crest-specific marker,
activated by NB regulators and the late NC specifier sox10 (Kaufman
et al., 2016; Rubinstein et al., 2000). Ciarlo and colleagues have
devised a novel high throughput cellular assay using crestin-gfp
reporter zebrafish embryos dissociated into individual cells, to auto-
mate and screen the effects of pharmacological compounds on crestin-
dependent gfp activation (Ciarlo et al., 2017). In this assay, the cells are
grown in a medium containing EGF, insulin, and FGF, all three being
able to activate AKT signaling. The authors find that caffeic acid
phenethyl ester (CAPE), previously reported as an inhibitor of PI3K
activity in melanoma cell lines (Pramanik et al., 2013), and several
other PI3K inhibitors, decrease crestin-gfp appearance both in dis-
sociated cells and in whole embryos. Embryos are treated at the
2-somite stage, i.e. a stage when the cephalic neural crest is already
specified as known from the expression pattern of NB markers (pax3),
early premigratory NC markers (foxd3) or the late premigratory
NC markers (sox10 and twist1a) (Dutta and Dawid, 2010;
Germanguz et al., 2007). CAPE treatment at this stage is thus expected
to affect either the maintenance of already specified cranial NC or the
induction of posterior trunk NC, but not the formation of the neural
plate or the neural border. Analysis of CAPE-treated embryos shows
that indeed, NB formation (marked by pax3a, msxb, tfap2a, and tfap2c
expression) is globally normal along the entire anterior-posterior axis,
as well as early premigratory NC specification (from snai1, snai2,
foxd3, and ets1 expression) although some NB/NC markers display up
to 30% decreased expression levels compared to controls. In particular,
CAPE treatment causes a modest decrease in expression of the late NC
marker sox10 (17% less relative to control), mainly in trunk NC
(Fig. 3). In contrast, downstream NC gene expression is defective in
the premigratory trunk NC: crestin or tfap2-target inka are severely
decreased, as are genes involved in pigment cell development (mitfa,
tyr, ednrba, fms) (Fig. 5). Molecularly, both insulin and FGF synergize
to activate crestin-gfp in the zebrafish cell cultures. While insulin
signaling acts mostly via AKT activation, FGF signals can activate
several pathways including AKT and MAPK (MEK-ERK) signaling as
described in several paragraphs above. The phenotype of CAPE-treated
embryos is rescued by caAKT, as shown by restored crestin expression,
improved melanocyte induction and migration in vivo. This indicates
that AKT activity is a major target of CAPE in NC formation.
Importantly, in transgenic fish embryos with a constitutive activation
of PTEN, both AKT phosphorylation and crestin expression are
reduced, confirming the central function of AKT signaling in zebrafish
NC (Ciarlo et al., 2017).

In Xenopus laevis embryos, PFKFB4 expression becomes spatially
restricted to the premigratory NC during the neural fold stage, similar
to sox10. This refinement appears to depend on the main NC-GRN
regulators, e.g. pax3, tfap2a, and sox9 (Figueiredo et al., 2017).
PFKFB4-depleted NC displays reduced phospho-AKT levels while and
caAKT rescues the PFKFB4 morphant phenotypes. In contrast,
MEK/ERK signaling remains unaffected. As observed in CAPE-treated
zebrafish, in conditions that bypass early neurula stages (either using
low-level depletion with standard morpholinos or photo-inducible
morpholinos), the main phenotype in the PFKFB4 morphants is the
defective activation of a subset of late markers in the premigratory
NC: twist1 is severely diminished in 65% of the embryos, while sox10 is
decreased in 25% of the embryos. In parallel, expression of NB and
immature NC markers (pax3, zic1, hes4 and cmyc) are increased,
indicating that the PFKFB4-AKT-defective NB cells generates a normal
pool of premigratory NC stem cells, but these cells fail to complete their
specification during neural fold stages. Direct inhibition of PI3K by
LY2940042, during the neural fold stage results in the similar main-
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tenance of the NC stem cell marker c-myc and blockade of twist1
activation, while MAPK pathway inhibition (using UO126) has no
effect. Together, the three different modes of AKT inhibition, by CAPE
or LY294002, or PFKFB4 depletion, both in fish and frog embryos,
highlight the direct function of PI3K-AKT signaling on the maturation
of premigratory NC cells in late neurulas prior to EMT (Fig. 3).

3. AKT signaling modulates EMT and migration of the neural
crest cells

The defining feature of NC cells is their delamination from the
dorsal neural epithelium. At the end of neurulation, mature premi-
gratory NC cells lose their epithelial organization, acquire a mesench-
ymal morphology and emigrate from the neural tube towards multiple
locations in the embryo. NCC modify their cell-cell contacts and cell-
substratum adhesion properties, mediated notably by changes in the
cadherins located at the plasma membrane and by modulation of
integrin signaling (Mayor and Theveneau, 2013; Nieto et al., 2016).
The NCC cytoskeleton is actively remodeled by a dynamic regulation of
the actin network, allowing flexibility and fast morphology changes
while the rhythm of cell divisions becomes coordinated with the
constraints of cell migration (Nieto et al., 2016). During NC EMT
and migration, the AKT pathway is involved in at least three of these
cellular modifications: cytoskeleton changes, the stability of cell-cell
junctions, and the nature of cell-substratum interactions in mouse, fish
and frog embryos.

3.1. AKT signaling modulates cell-cell and cell-matrix contacts
upstream of EMT

Intercellular adherens junctions between cells involve cadherins

connected to the actin cytoskeleton via catenins α and β and other
junctional proteins (Aberle et al., 1996; Nelson, 2008). As NCC lose
their epithelial structure, they still form transient cell-cell contacts,
allowed by a switch from E-cadherin (cdh1) to other cadherins
(e.g. N-cadherin, cadherin-6, or cadherin-11). Tightly regulated
levels of these cadherins are essential for NCC migration, as
'moderate' levels of N-cadherin allow a balance between transitory
cell contacts during collective migration, and cell dispersion by
contact-inhibition of locomotion (CIL) (Mayor and Theveneau,
2013). AKT signaling is implicated in the transcriptional control of
cadherin gene expression prior to EMT. In frog premigratory NCC,
both PDGFRα-PDGFA signaling and PFKFB4 are required for EMT
from the NB tissue both in vitro and in vivo, and regulate n-cadherin
gene activation (Bahm et al., 2017; Figueiredo et al., 2017, Fig. 4).
Moreover, PDGFRα-PDGFA activates n-cadherin in an AKT-depen-
dent manner (Bahm et al., 2017).

In parallel, the AKT pathway is involved in the stability of the
protein complexes forming the cell-cell junctions. Mice mutant for
SPECC1L, a gene predicted to encode a coiled-coil domain protein
interacting with the cytoskeleton (Saadi et al., 2011), exhibit a severe
facial clefting phenotype, resulting from a dramatic alteration of
craniofacial morphogenesis, a condition also seen with a lesser severity
in human patients with heterozygous SPECC1L mutation (Wilson et al.,
2016). Homozygous SPECC1L deficient mouse embryos present re-
duced NCC delamination from the cranial neural folds, increased
premigratory NCC apoptosis, while the earlier premigratory neural
crest patterning is normal (Wilson et al., 2016). Compared to wild-type
NCC, SPECC1L mutant NCC morphology is altered, with more
numerous actin stress fibers and stabilized adherens junctions enriched
in β-catenin and E-cadherin (cdh1), both in cell culture and at the
edges of the neural folds in vivo. SPECC1L deficiency causes a decrease

Fig. 3. Regulations linked to AKT signaling during neural crest induction. (A) Scheme of whole early frog neurula and cross section. Anterior (Ant.); Posterior (Post.);
Mesoderm (Meso.); Endoderm (Endo.); Epiderm (Epi.); Neural plate (NP); Neural border (NB). (B) The regulations upstream of AKT signaling, involving either ADAM19-EGF
signaling, PFKFB4 or the chemical component CAPE are listed. Downstream events during the first phase of NC induction (initiation) or the maturation of premigratory NC (maturation)
are indicated, with the main NC markers for each stage used in the various studies.
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of total AKT and of phospho-AKT levels. Blocking AKT in normal cells
mimics the mutant cytoskeleton phenotype, while the pharmacological
reactivation of AKT activity in SPECC1L deficient cells restores normal
cellular morphology in vitro. While a direct link between SPECC1L and
AKT regulation remains unclear, this study demonstrates that adequate
NCC emigration from the neural folds relies on the AKT-dependent
destabilization of adherens junctions (Wilson et al., 2016).

In addition to cell-cell adhesion regulation, AKT mediates integrin
signaling to regulate cell-matrix contacts and the timing of EMT. In

mouse embryos, NC-specific deletion of integrin-linked kinase (ILK), a
key component of focal adhesions (Legate et al., 2006), leads to the
premature emigration of NCC, followed by altered migration.
ILK-deficient NC present decreased phospho-AKT levels, disorganized
cytoskeleton and focal adhesion foci, together with altered cell adhe-
sion properties on several components of the extracellular matrix
(Dai et al., 2013, Fig. 4).

Altogether, these studies highlight the pivotal role of AKT signals in
the multiple cellular transformations of NCC involved in their spatially

Fig. 4. Regulations linked to AKT signaling during neural crest EMT and migration. (A) Scheme of whole late frog neurula and cross section. Anterior (Ant.); Posterior
(Post.); Mesoderm (Meso.); Endoderm (Endo.); Epiderm (Epi.); Neural plate (NP); Neural crest (NC); Notochord (N). (B) The regulations controlling AKT signaling impacting the
different parameters of NC EMT and migration are indicated, including early regulation of cell-cell and cell-substrate junctions, cytoskeleton organization, and parameters of cell motility
and migration. Red arrows indicate negative regulations.
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and temporally coordinated exit from the dorsal neural tube.

3.2. AKT signaling controls neural crest cell migration

After EMT, NCC migrate along defined routes in the embryo, under
multiple controls including cell-cell guidance (collective migration,
CIL), attractant and repulsive cues (Carmona-Fontaine et al., 2011;
Gammill et al., 2006; Theveneau and Mayor, 2014). The modulation of
these parameters impacts the velocity, the directionality and the
distance of migration (Carmona-Fontaine et al., 2008). Several of these
parameters are controlled by AKT signaling. In addition to examples of
AKT regulation by various actors already described above, the cleavage
of cadherin-11 produces a soluble extracellular fragment, EC1-3, which
bind EGF receptor ERBB2 and stimulates AKT phosphorylation in NCC
in vivo (Mathavan et al., 2017, Fig. 4). Studies conducted both in frog
and in fish embryos show that either directly blocking AKT signaling, or
indirectly preventing AKT activation (by inhibition of PI3K, knock-
down of PFKFB4, CAPE treatment, or blocking EGF signaling),
decreases the size of NCC streams and their distance of migration.
CAPE-treated NCC fail to reach the ventral trunk of the embryo: the
cells maintain a round morphology and do not make cytoplasmic
extensions as usually seen in migrating cells. As a consequence, body
pigmentation is significantly reduced while melanocytes remain clus-
tered dorsal to the neural tube (Ciarlo et al., 2017). While most in vivo
studies have used treatments encompassing both premigratory NC
maturation at neural fold stage, EMT and migration (Bahm et al., 2017;
Ciarlo et al., 2017; Mathavan et al., 2017), NC migration is also
inhibited when PFKFB4 knockdown or PI3K blockade are done
selectively after EMT of the cranial NCC and during their initial stages
of migration (Figueiredo et al., 2017). The detailed analysis of PDGF
signal activation on frog premigratory NCC in vitro shows that the
PDGFA ligand induces the rapid accumulation of AKT at the plasma
membrane and AKT phosphorylation. Such AKT activation in response
to PDGFR signaling is accompanied by the acquisition of cell polarity,
migration and dispersion as a mark of CIL (Bahm et al., 2017, Fig. 4).
As a whole, these studies demonstrate that defective AKT signaling
affects NC migration, resulting in a limited population of NCC reaching
their target tissues, thus potentially resulting in the formation of
NC-derived organs reduced in size. According to this prediction, mice
with a targeted PDGFRα mutation in the neural crest (Pdgfrαflox/flox;
Wnt1-cre) have a reduced number of cells reaching the craniofacial
prominences (He and Soriano, 2013). In vitro, those cells exhibited
altered cell-substratum adhesion and abnormal lamellipodia, confirm-
ing the defective migratory abilities (He and Soriano, 2013).

4. AKT signaling promotes the differentiation of several
NCC-derived lineages

In several instances, such as the differentiation of the craniofacial
skeleton and the peripheral nervous system, NCC differentiation depends
on AKT signaling. Because many growth factor receptors simultaneously
activate multiple downstream signaling cascades, we here focus on
regulators such as PTEN that have been formally linked to PI3K-AKT.

4.1. The proliferation and survival of peripheral neurons are
stimulated by AKT signaling

The enteric nervous system is formed by NC-derived neurons and glia
which are essential for intestine motility. These emerge mainly from the
vagal level and undergo a long-distance migration along the gut,
populating the myenteric and the submucosal plexuses (Burns and Le
Douarin, 1998). Cell migration and gut colonization are coordinated with
extensive cell proliferation prior to differentiation. ENS development,
including migration, proliferation, survival and maturation, is largely
controlled by RET tyrosine kinase receptor-dependent signaling
(Airaksinen and Saarma, 2002; Jiang et al., 2015, Fig. 5). In addition,

Ret deficient mice also present defects in the other peripheral neurons in
the sympathetic, autonomous and sensory lineages (Schuchardt et al.,
1994). RET activation triggers both MAPK and PI3K-AKT intracellular
pathways (Santoro et al., 1994; van Weering and Bos, 1997). Specifically,
GDNF treatment of ENS neurons, in culture, promotes AKT-dependent
neuronal survival and neurite extension while MAPK does not seem
involved (Srinivasan et al., 2005). Enteric neuron proliferation, in
contrast, is activated both by AKT and MAPK signaling (Ngan et al.,
2007). Similarly, the trigeminal ganglia and the maxillary nerves are
enlarged in mice mutant for PTEN, due to an increased proliferation rate
caused by enhanced AKT signaling (Yang et al., 2017, Fig. 5).

4.2. PI3K-AKT signals stimulate proliferation and differentiation of
skeletal derivatives

Craniosynostosis is characterized by the premature fusion of the
calvaria (skull bones), most of which are derived from the neural crest
(Couly et al., 1993). Craniosynostosis is a frequent human birth defect,
arising in 1/2500 births. It can be caused by mutations in genes encoding
either receptor tyrosine kinases (RTK), or their ligands or a downstream
signaling component (Johnson and Wilkie, 2011). For example, muta-
tions in FGFR2 and 3 lead to Apert and Crouzon syndromes which are
associated with craniofacial defects and craniosynostosis in human
(Johnson and Wilkie, 2011). When targeted to the neural crest lineage
in mouse embryos, FGFR2/3 mutations reproduce the craniosynostosis
phenotype (Su et al., 2014). Although FGFRs potentially activate either
MAPK, PI3K-AKT or PLC γ signaling, MAPK signaling is the major
mediator of FGFRs function in the NC-derived mouse skeleton
(Matsushita et al., 2009; Shukla et al., 2007). PDGF receptors are another
class of RTKs, essential for NC development, involved in human
craniosynostosis, and engaging multiple intracellular signaling such as
MAPK, Rac1, SRC, PLC γ or PI3K/AKT (He and Soriano, 2013;
Klinghoffer et al., 2001; Miraoui et al., 2010; Soriano, 1997; Tallquist
and Soriano, 2003; Vasudevan et al., 2015). In mice, the ubiquitous
expression of a constitutively active form of PDGFRα leads to craniosy-
nostosis, caused by simultaneous defects in the neural crest-derived and
the mesoderm-derived skeletal cells (He and Soriano, 2017; Moenning
et al., 2009). The differentiation of both mesoderm-derived chondroblasts
underlying the coronal suture, and of NC-derived interfrontal, sagittal and
coronal suture osteoblasts is enhanced and accelerated when PDGFRα
signaling is increased. Molecularly, activating PDGFRα signaling in vivo,
either with caPDGFRα or by inhibiting PTEN, increases PLC γ and AKT
phosphorylation, while SRC, ERK and STAT3 remained unchanged
(He and Soriano, 2017; Moenning et al., 2009). Conversely, mouse
mutants with a PDGFRα allele unable to activate PI3K signaling show
delayed suture ossification and hypoplastic cartilage (Yang et al., 2017;
Fig. 5). Other types of NC-derived skeletogenic mesenchyme are regulated
in a similar manner. For example, the osteogenic differentiation of the
frontonasal mesenchyme, grown in primary culture, is stimulated by
PDGFRα in an AKT-dependent mechanism (Vasudevan et al., 2015).
Similarly, primary mesenchyme cells dissected from the premaxilla of
E13.5 PTEN KO mice show increased cell proliferation and elevated
p-AKT levels in primary culture. The PI3K inhibitor LY294002 suppresses
both overproliferation and alkaline phosphatase activity in those cells. In
contrast, premaxillary mesenchyme with a mutant allele of PDGFRα
unable to trigger PI3K presents reduced proliferation and differentiation
(Yang et al., 2017). In vivo, the subcellular localization of all actors of the
AKT signaling cascade is tightly regulated. For example, PDGF receptors
are enriched in the primary cilium of neural crest cells. Mice with
mutations in the intraflagellar transport protein IFT20 have altered
ciliogenesis and reduced PDGFR expression at the cell surface. When
this mutation is targeted to the neural crest (ift20flox/flox:Wnt1-cre mice)
the mice present defective facial bone differentiation (severe osteopenia).
On the one hand, this phenotype is caused by decreased osteoblast cell
proliferation and increased apoptosis, while on the other hand, there
appears to be an AKT-independent mineralization defect of skull bones
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(Noda et al., 2016). Altogether, these studies demonstrate the critical
impact of the PI3K-AKT pathway to promote the proliferation, survival
and differentiation of several NC-derived cell types, including neuron
progenitors, chondroblasts and osteoblasts, at various stages of embry-
ogenesis (Fig. 5).

5. Conclusions and perspectives

Recent studies highlight that the AKT signaling pathway is involved
at all the steps of neural crest development, from establishment of the
dorsal ectoderm and mesoderm during gastrulation to ectoderm
regionalization and patterning of the neural border as well as for
induction and maturation of the premigratory neural crest. AKT
appears to play key cellular roles during these stages, including
promoting EMT and migration, as well as for cell proliferation and
survival during the differentiation of the neural crest derivatives.
Because of this broad requirement for AKT activity, the experimental
definition of AKT function at each individual step, in vivo, has required
the use of time-controlled modulation of AKT signaling, e.g. using
pharmacological agents, as well as by the use of tissue-specific spatial
control of AKT activity with targeted strategies. In the developing
embryo, the spatial and temporal dynamics of selected ligands and
receptors orchestrates the fine-tuned activity of AKT. Specifically, in

neural crest progenitors or tissues related to neural crest development,
AKT signaling is activated and sustained in a tissue and time-specific
manner by ligands binding RTKs or by non-conventional regulators,
linked to the NC-GRN. For example, PDGFRα and PFKFB4 expression
are controlled by NB/NC regulators (Figueiredo et al., 2017; Plouhinec
et al., 2014). Collectively, these studies demonstrate that in the neural
crest as in other cellular systems, AKT signaling is a hub potentially
integrating the inputs from multiple pathways, and translating them
into a coordinated cellular response, such as cell proliferation, survival,
migration, or differentiation. In the neural crest context, it remains
largely unknown which AKT effector(s) is (are) engaged to elicit each
response. Comparison with adult cells or cancer cells with altered AKT
response, which have been extensively studied could help us find the
relevant effectors: for example, snai2, an essential transcription factor
for neural crest induction and EMT initiation, is involved in migration
and EMT of cancer such as melanoma, carcinoma or thyroid cancer
(Fenouille et al., 2012; Julien et al., 2007; Visciano et al., 2015).
Moreover, AKT is described to use TWIST1 to regulate cell migration in
breast cancer and provide antiapoptotic properties in nasopharyngeal
carcinoma cells (Li and Zhou, 2011; Zhang et al., 2007). Other
potential AKT effectors from cancer studies, not yet recorded to
participate in NC development could be identified by checking their
expression at the different stages of NC formation in large-scale

Fig. 5. Regulations linked to AKT signaling during neural crest differentiation. (A) NC differentiation into different cell types, indicated in the schematics has been studied in
frog, fish and mouse embryos. Anterior (Ant.); Posterior (Post.); Enteric nervous system (ENS). (B) The regulations impacting AKT signaling and their outcome on NC differentiation are
indicated for bone and cartilage, neurons and pigment cells derived from the neural crest.
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transcriptome studies (Plouhinec et al., 2017; Rabadán et al., 2013).
Many of the cellular processes regulated by AKT activation are also

controlled by other intracellular pathways such as the MAPK pathway,
the PLCγ pathway, but also, directly or indirectly, by signaling path-
ways not linked to RTK transmembrane receptors, such as growth
factor-linked signaling affecting important steps of neural crest forma-
tion, e.g. BMPs or Wnt signals. The complex crosstalk between path-
ways, its temporal, spatial and cell-type specificity, as well as the
importance of the temporal dynamics of each signal, are emerging as
key parameters necessary to elicit the appropriate response in each cell
context (Ciarlo et al., 2017; Vasudevan et al., 2015). Additional
modulation of AKT activation by posttranslational modifications,
redundancy or specific roles for each member of the families of kinases,
phosphatases, and other enzymes involved in AKT modifications, adds
a further layer of biological complexity to the matter. Altogether, the
recent involvement of AKT signaling at all the steps of neural crest
formation for multiple responses, including early patterning events
which were thought to rely mainly on transcriptional regulation,
implicate this pathway as an integral partner of the NC-GRN in future
studies.
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