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1 | NEURAL CREST CELLS FORM
A REMARKABLE STEM CELL

POPULATION

Neural crest cells are specific to vertebrates and their con-
tribution to the formation of the head has led to an evolu-
tive behavioral shift from filter feeding to active

predation.'”

NCCs arise from the embryonic ectoderm germ layer
and their formation follows a multistep process starting

Abstract

Neural crest cells (NCCs) are highly motile, multipotent, embryonic cells that
delaminate from the dorsal edges of the neural tube. NCCs follow stereotypical
long-range migratory pathways to reach target organs during development,
where they give rise to multiple derivatives. The identification of reservoirs of
neural crest stem cells that persist to adulthood has recently aroused renewed
interest in the biology of NCCs. In this context, several recent studies have
demonstrated the essential role of the metabolic kinase LKB1 in NCC estab-
lishment. This review surveys how LKB1 governs the formation and mainte-
nance of several neural crest derivatives, including facial bones, melanocytes,
Schwann cells, and the enteric nervous system. We also detail the underlying
molecular mechanisms that involve downstream effectors of LKB1, in particu-
lar the contribution of the AMPK-mTOR signaling pathway to both polarity
and metabolic processes. Collectively, these recent discoveries open promising
perspectives for new therapeutic applications for the treatment of neural crest
disorders.
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with their induction.*® Next, NCCs delaminate from the
dorsal part of the neural tube. NCCs then migrate
through the embryo and proliferate to reach and colonize
diverse target organs, where they differentiate.”® After
their establishment, they are maintained throughout
embryonic, postnatal, and adult stages. The establish-
ment and maintenance of neural crest derivatives is
essential for the shaping of a plethora of organs and pre-
cise tissue homeostasis and organ activity. The cellular
origin and timing of the induction of neural crest cells
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has been the subject of recent studies that have modified
the classical vision of these processes but are not the sub-
ject of this review and all work on neural crest cells will
not be detailed here.

Briefly, four NCC subpopulations have been defined
according to their level of origin along the rostrocaudal
axis: cranial, vagal (along with cardiac), trunk, and sacral
NCCs." These subpopulations exhibit specific gene regu-
latory networks, migratory behavior, and differentiation
potential that is highly conserved among vertebrates.
NCCs give rise to a large variety of cell lineages. NCCs
form the facial bones, cartilage, and connective structures
of the head. They also generate melanocytes (the pigmen-
ted cells of the skin), the neurons and glial cells of
peripheral nerves, and the enteric nervous system, which
controls digestive motility. Transcriptomic studies have
established precise maps of the gene regulatory networks
involved at each step of NCC formation and in specific
NCC derivatives, made possible from recent advances in
single-cell RNA sequencing combined with lineage trac-
ing tools. Several recent reviews provide a more exhaus-
tive list of NCC derivatives and details of their complex
lineage trees and the master genes involved in neural
crest formation (eg, References 4,7,8,10,11 among others).
Their directional migration within the embryo relies on
cooperation between gradients of chemical and mechani-
cal signals.'> These data have collectively renewed our
knowledge of NCC development, along with the charac-
terization of signaling pathways and microenvironmental
cues required for neural crest formation.

Although considered to be a “transient” population of
stem cells, neural crest stem cells were recently shown to
be abundant at prenatal stages, even persisting after
birth."> One well-characterized neural crest stem cell
population is that of Schwann cell precursors, originally
described as progenitors of immature Schwann cells that
then mature into myelinating or nonmyelinating
Schwann cells in the peripheral nerves. Schwann cell pre-
cursors are also able to give rise to many nonglial deriva-
tives, such as endoneurial fibroblasts,"* melanocytes,'>'°
sympathetic and parasympathetic neurons,'” '’ and
enteric neurons,”>*" as well as a subpopulation of cranio-
facial and trunk skeletal cells,?? among other derivatives.
Recent analyses based on single-cell RNAseq showed
Schwann cell precursors to have similar transcriptional
profiles as late migratory NCCs and to thus constitute a
common multipotent “hub” state.>® Several excellent
recent reviews highlight the developmental timing of
Schwann cell precursors during embryogenesis and dis-
cuss their multipotent, evolutionary, and therapeutic
properties.®>*'"1>?* These discoveries may lead to novel
therapeutic approaches for the treatment of neural crest
disorders.

Impaired NCC formation and/or maintenance are
responsible for a wide spectrum of human diseases called
neurocristopathies.”*° These disorders include craniofa-
cial malformations, such as Treacher Collins Syndrome,
among others, digestive motility disorders, including
Hirschsprung disease, defective heart function, and pig-
mentation abonormalities and for some patients, periph-
eral demyelinating neuropathy (subtype 4 of
Waardenburg syndrome).

Neurocristopathies are caused by various genetic
mutations,”*>*’ often involving multiple NCC-containing
organs (eg, CHARGE or Waardenburg syndromes), that
have a severe impact on the quality of life of patients.
Current available treatment mainly consists of corrective
surgery.”>** A heterogeneous group of cancers are also
derived from NCCs.” A better understanding of the
underlying molecular mechanisms that lead to defective
NCC formation and/or maintenance is needed to design
new therapeutic strategies.

2 | THE KINASE LKB11IS
ESSENTIAL FOR THE
DEVELOPMENT OF NCC LINEAGES

LKB1 forms a heterotrimer complex with the pseudoki-
nase STRAD (« and ) and the scaffolding protein MO25,
which promote its nuclear export and enhance its kinase
activity (Figure 1).°>*' Several upstream enzymes
involved in posttranslational modifications (phosphoryla-
tion, acetylation, farnesylation) of LKB1 also modulate
LKB1 activity (reviewed in Reference 31). LKB1 phos-
phorylates and activates 14 related kinases.””> Among
them, the AMP-activated protein kinase (AMPK) is a
direct sensor of AMP, ADP, and ATP levels and adapts
the cellular energy supply during metabolic stress, nota-
bly through the inhibition of the nutrient-sensor target of
rapamycin (mTOR).**> Once activated, LKBI is involved
in a broad array of cellular processes, such as cell sur-
vival, proliferation, cell polarity, and the regulation of
energy metabolism. These LKBl-mediated biological
mechanisms are essential for how LKBI1 takes part in
NCC ontogeny, as we will review here.

Several studies have recently found that LKBI is a
master regulator of neural crest stem cell formation and
differentiation (Figure 1, Table 1). A first hint concerning
the contribution of LKB1 to NCC development was given
by germline inactivation of Lkb1 in mice, which is lethal
around embryonic day 10.5 (E10.5) and triggers various
embryonic defects, including the absence of the first
branchial arch, a structure highly enriched in NCCs that
later contributes to formation of the face.** These data
suggested that Lkb1 ablation disrupts the development of
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FIGURE 1 Recent data concerning LKB1 & neural crest cells: an unfolding story. (A) Schematic representation of the active LKB1

complex (top), downstream kinase substrates (middle) and nonexhaustive cellular functions (bottom). (B) LKB1-mediated regulation of

neural crest derivatives of amphibian, avian, and murine animal models. Only neural crest derivatives for which the contribution of LKB1

was established are represented here.

a cranial NCC subpopulation. Since then, several studies
have accumulated evidence of a major contribution of
LKBI1 signaling during NCC differentiation and mainte-
nance in various vertebrate species and NCC subpopula-
tions (Table 1, see associated references). In the mouse, a
comprehensive understanding of the role of LKB1 in
NCC throughout embryonic development could not be
obtained upon germline ablation of Lkbl due to early
embryonic lethality.>* Further studies therefore required
the development of genetically engineered mouse models
with spatio-temporal conditional ablation of LkbI in
NCCs. These models allow LkbI inactivation at different
times during NCC formation in different NCC subpopu-
lations (Table 1). The effects of LkbI inactivation have
also been studied in Xenopus and chick models (Table 1).
In-depth phenotyping of these vertebrate models collec-
tively identified LKB1 as an important regulator during
the formation and maintenance of various NCC-derived
lineages (Figure 2).

2.1 | LKBI1 is required to establish
chondrocytic and osteocytic lineages

Cranial NCCs emerge from the posterior forebrain, as
well as from the midbrain and hindbrain areas, and
migrate to populate either the facial mesenchyme, fronto-
nasal process, or pharyngeal arches. Cranial NCCs form
the bones, cartilage, and connective tissues of the face,
cranial sensory ganglia, and nerves,”” as well as dental
pulp mesenchymal stem cells, which give rise to

odontoblasts in teeth.*® The development of the tongue is
initiated by NCCs and is tightly associated with mandible
formation.>” A number of cranial sutures, as well as the
meninges of the forebrain, are also derived from cranial
NCCs and are essential for fontanelle closure. Formation
of the craniofacial structures and correct brain develop-
ment are intimately linked and patients with craniofacial
dysmorphy often exhibit associated developmental
delay.*®*°

Lkb1 inactivation in post-delaminating NCCs (from
E8.5) has been obtained in mice using the human tissue
plasminogen activator (HtPA) promoter to drive the
expression of the Cre recombinase (HtPA-Cre driver).*
Lkb1 ablation in this model caused perinatal lethality and
mutants exhibited craniofacial malformations, including
a shortened nose and micrognathia. Cranial bones
derived from NCCs, such as the maxillaries and mandi-
bles, were greatly reduced, whereas mesodermal-derived
occipital bones were unaffected by Lkbl loss. However,
animals presented defects of the bones of the skull vault,
an open fontanelle, and a cleft palate. Both shape and/or
bone structure were observed to be altered in the absence
of Lkb1, leading to severe impairment of the skeletogenic
properties of cranial NCCs upon LkbI inactivation.*’

The critical function of LKB1 in cranial NCCs was
confirmed using the avian embryo model, which allows
in ovo Lkbl knockdown in cranial NCCs using small
interfering RNA (siRNA) targeting chick LkbI (Table 1).
Lkb1 silencing in cranial NCCs impaired their delamina-
tion, migration, survival, and differentiation. A marked
reduction in the number of NCCs colonizing the
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nasofrontal process was observed upon Lkb1 knockdown,
while later during embryonic development, chondrogenic
differentiation of the nasal process was reduced and nose
calcification was absent.*” Consistent with coordinated
brain and craniofacial development,**"** Lkbl mutants
also exhibited defective brain formation, associated with
the abrogated expression of morphogens that pattern the
prosencephalon.*

In Xenopus, Lkbl knockdown in cranial NCCs also
affects their polarized migration. Nucleocytoplasmic
transport of LKB1 is essential for NCC polarity, as over-
expressed LKB1 was shown to rescue developmental
defects due to the knockdown of the nucleocytoplasmic
shuttling protein RanBP1.**

Overall, these data show that LKB1 orchestrates sev-
eral steps of cranial NCC formation essential for the cra-
niofacial bones and cartilage development that pattern
the vertebrate head.

2.2 | LKBI1 contributes to establish the
melanocytic lineage

NCCs produce melanocytes of the dermis and hair folli-
cles, oral mucosa, heart, and ears.***” Melanoblasts arise
from NCCs delaminating from all axial levels and
migrate along a dorsolateral path between the ectoderm
(future epidermis) and dorsal surface of the somites.
Alternatively, another pool of melanoblasts originate
from Schwann cell precursors, an intermediate state of
the Schwann cell lineage.

In a study conducted by our laboratory, we inacti-
vated Lkb1 in the subpopulation of NCCs that expresses
tyrosinase, an enzyme that participates in melanin syn-
thesis.*® The Tyr-Cre driver is active after NCC migration
from E10.5 (Table 1).** This model allows the targeting of
several NCC subsets, including migrating melanoblasts,
as well as neural and glial precursors of the peripheral
nervous system.*®* Mice with conditional disruption of
Lkb1 were born with the expected Mendelian ratio. How-
ever, most of the mutants failed to thrive and died within
a few weeks after birth. Lkbl mutants showed a complex
phenotype that associated an array of defects involving
several neural crest derivatives. They notably showed a
wide range of coat depigmentation patterns. Lkbl loss
did not impair melanoblast migration but triggered a
marked decrease in melanocytes in the hair follicles, thus
uncovering the essential role of LKB1 in melanocyte
development. However, inducible Lkb1 ablation in skin
melanocytes of newborn pups (Tyr-Cre®™8? driver) did
not trigger any skin or coat color defects,™ suggesting
that LKB1 activity is not required for the maintenance of
postnatal melanocytes.

2.3 | LKBI1 functions in the peripheral
nervous system

2.3.1 | LKBI triggers axonal growth and the
branching of sensory neurons

In the peripheral nervous system, bipotent neural crest
progenitors give rise to sensory neurons, in which the cell
bodies are located in the dorsal root ganglia of the spinal
cord. Lkb1 ablation from E8-E9 using the WntI-Cre driver
causes perinatal lethality (Table 1).>' Lkbl loss in this
model did not impair axonal polarity but was associated
with reduced axonal growth and branching of sensory
neurons. These results suggest a function for LKB1 in
neuronal maturation in neural crest-derived neurons. In
contrast to the HtPA-Cre transgene, which is exclusively
expressed in neural crest cells, the WntI-Cre transgene is
expressed in neural crest derivatives, as well as in the
midbrain and dorsal neural tube of the central nervous
system.>” Given that LKBI is also essential for neurons of
the central nervous system, it cannot be excluded that
communication between central and peripheral neurons
contributes to the phenotype in this model.

2.3.2 | LKBI is essential for the
establishment of the Schwann cell lineage

Aside from sensory neurons, bipotent neural crest pro-
genitors also give rise to glial cells, such as satellite glial
cells in the dorsal root ganglia and mature Schwann cells
in peripheral nerves. Several reports recently elucidated
the involvement of LKB1 in the Schwann cell lineage
(Figure 2, Table 1). Schwann cells are essential for correct
saltatory conduction of electric signals along axons, nota-
bly through myelin production, as well as for trophic sup-
port of neurons.” Schwann cell fate specification and
maturation is a multistep process that occurs at embry-
onic and postnatal stages.>* In mice, NCCs first develop
into Schwann cell precursors around E12/E13. Next, they
differentiate into immature Schwann cells at E15/16 and
persist until birth. Immature Schwann cells then become
either pro-myelinating and myelinating Schwann cells,
which surround motor and sensory axons at a 1:1 ratio,
or nonmyelinating Schwann cells, which wrap several
sensory axons together. Myelination then starts around
postnatal days 4 to 6 (P4-6).>

Conditional ablation of Lkb1 in Schwann cell precursors
impairs the formation of myelinating and nonmyelinating
Schwann cells and consequently triggers peripheral axono-
pathies and neuropathies. These peripheral nerve defects
upon Lkb1 loss have been observed in three different mouse
models generated by four independent laboratories.
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Lkb1 inactivation using the Tyr-Cre driver (Table 1)
has been shown to trigger progressive peripheral neurop-
athy.”® At 3 weeks after birth (P21), mutant animals
exhibited an abnormal gait and reflexive contraction of
the hindlimbs. Macroscopic observations showed that
their sciatic nerves were thinner than those of wildtype
mice and exhibited myelination defects. Imaging of the
nerve ultrastructure revealed abnormal differentiation of
myelinating and nonmyelinating Schwann cells. Degen-
erating axons were observed and the number of myelin-
ated neurons was substantially reduced. Furthermore,
the increased g-ratio (the ratio of the inner axonal diame-
ter to the outer myelinated axon radius) confirmed the
hypomyelination phenotype of the mutant nerves.*®
Moreover, Lkbl loss was associated with an increase in
the neural crest progenitor population (Sox2- and
p75N"R-positive cells) in sciatic nerves.

Later inactivation of LkbI in Schwann cell precursors
from E12 (Table 1) based on the expression of CNP (2/,
3'-cyclic nucleotide 3’ phosphodiesterase) was performed
using the CNP-Cre driver.”>>” Lkbl mutant mice were
viable at birth but half of the population became mori-
bund from P14. Their phenotype was characterized by
growth retardation and hindlimb muscle atrophy as a
consequence of hypomyelination of the peripheral nerves
due to a deficit of the myelination process.’’

Lkb1 ablation in Schwann cell precursors around
E13.5 was obtained with the myelin protein zero (PO, also

LKBI orchestrates the multistep process of neural crest cell formation by exerting pleiotropic roles.

called MPZ) promoter using the PO-Cre driver.”® In this
model, the features of peripheral neuropathy stochasti-
cally appeared at around 3 months of age and progres-
sively worsened until ambulatory impairment that
affected all mice. The sciatic nerves were characterized
by a reduced number of axons, among which the unmy-
elinated axons were the most affected. These models have
been reviewed in depth.*

All studies reported a delay in axonal sorting and
myelination upon Lkbl loss during the early steps of
myelination (from birth to P21). However, compensation
of these defects was observed only in the P0O-Cre model
with later LkbI inactivation, with a normal number of
myelinating Schwann cells recovered at P30.>® This
recovery may be driven by the accumulation of Sox2- and
Oct6-positive progenitors at P21.

Overall, these data highlight the crucial contribution
of LKB1 during Schwann cell specification and matura-
tion. During development, axons guide and coordinate
the proliferation and differentiation of Schwann cell pre-
cursors, which are in contact with them through a juxta-
crine effect. Schwann cells are thus not essential for
axonal development.>® In return, mature myelinating and
nonmyelinating Schwann cells support neuronal viability
and activity.>*

Collectively, these three mouse models (Tyr-Cre, Cnp-
Cre, and P0-Cre) show that the deletion of Lkb1 leads to
axonal degeneration and neuropathy. However, the
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knockout of Lkb1 within a few hours/days of each other
gave rise to subtly different phenotypes, with earlier abla-
tion having more drastic effects on myelination and
nerve development.

It cannot be excluded that the observed phenotypic
discrepancy could be due to specificities of each genetic
model, such as the efficiency of Cre recombination.
Although all models specifically target Lkbl ablation in
myelinating and nonmyelinating Schwann cells but not
sensory neurons, ®>”°® Cnp-Cre also drives Cre expres-
sion in oligodendrocytes of the dorsal spinal cord®’ and
Lkbl ablation in these cells could thus potentially
account for the observed motor defects.

2.3.3 | LKBI1 maintains mature Schwann

cells

The role of LKB1 in the maintenance of mature Schwann
cells has also been explored. Inducible inactivation of
Lkbl in the Schwann cell lineage was performed by
tamoxifen injection of PLP-Cre"™” mice starting at P30
(at the beginning of adulthood), leading to reduced Lkb1l
protein levels in the nerves. After such treatment,
12-month-old mutant mice exhibited an abnormal gait
and signs of neuropathy.>® This phenotype was associated
with collapsed myelinating fibers, abnormal unmyelin-
ated axon tracts, and a decrease in the number of myelin-
ated and unmyelinated fibers. However, these
degenerative events were not preceded by marked defec-
tive myelin structure in intact axons and nerve conduc-
tion velocity was not altered up to 10 months of age.
These data show that Lkb1 is essential for axonal mainte-
nance in adult nerves but is dispensable for myelin main-
tenance, at least in the PLP-Cre®XT model.

2.34 | LKBI is required for the maintenance
of the enteric nervous system

Digestive tract motility is ensured by the enteric nervous
system (ENS), an extensive network embedded within
the lining of the gastrointestinal tract.”® The ENS makes
up the largest portion of the peripheral nervous system
and is comprised of millions of enteric neurons and glial
cells organized into two interconnected layers of ganglia,
the submucosal and myenteric plexuses. The ENS gov-
erns bowel motility, as well as digestive secretion and
local blood flow. Essential for nutrient absorption, the
ENS also interacts with the immune system and gut
microbiota while contributing to the gut-brain axis.®*°*
The ENS is composed of several cell populations of
mixed origin: (i) vagal and sacral neural crest

subpopulations and (ii) neural crest-derived cells associ-
ated with the vagal nerve or sympathetic fibers innervat-
ing the gut through the mesentery, mainly described as
Schwann cell precursors.”>®* In mice, vagal enteric pro-
genitors reach the foregut by E9.5 and then migrate fol-
lowing the rostro-caudal axis to colonize the entire
digestive tract, whereas sacral progenitors join the distal
part of the hindgut by E13.5.°> Around E11/12, a subpop-
ulation of vagal NCCs bypass the caecum to follow the
so-called “transmesenteric” route and migrate through
the mesentery from the midgut toward the hindgut.® A
recent study suggested that vagal NCCs actually separate
into two populations: one adopting the classic rostro-
caudal migration route along the gut and one migrating
first through the mesentery surrounding the foregut to
later colonize the gut and complementarily contribute to
the ENS.*” Along with the historically named ‘“vagal”
neural crest, Schwann cell precursors (or nerve-
associated bi-potent progenitors) covering the vagal nerve
invade the esophagus and stomach around E11.5 and
give rise to approximately half of the neurons in the
esophagus.”’ At later embryonic and postnatal stages,
Schwann cell precursors from the sympathetic efferents
innervating the gut through the mesentery contribute to
neurogenesis for a small proportion of the submucosal
ganglia in the distal part of the small intestine, whereas
in the large intestine (colon), they contribute to both
myenteric and submucosal ganglia for approximately
20% of neurons, mainly forming calretinin-expressing
neurons.**%

NCCs at the migratory front are highly proliferative,
whereas NCCs behind the migratory wavefront differen-
tiate into neurons and glial cells and gradually organize
the enteric nervous system.®*®” By E15.5, the digestive
tract is completely colonized and proliferates to adjust to
the increase in body size until birth. In addition, the pro-
liferation of enteric progenitors and enteric neurogenesis
in mice have also been shown to coincide with global
body growth after birth.**%®

Defective development or maintenance of the ENS
triggers enteric neuropathies in humans that substan-
tially affect the quality of life and for which the main
therapy consists of surgical resection. Recent studies
based on enteric stem cell transplantation support the
hypothesis that postnatal reorganization of the ENS is
possible, thus opening new therapeutic perspectives.'?
These discoveries emphasize the importance of under-
standing the biological mechanisms responsible for the
formation of the ENS, in particular, given that enteric
neuropathies in humans are also associated with neuro-
degenerative disorders of the central nervous system,
inflammatory conditions, diabetes, and as a side effect of
chemotherapy for cancer patients.*”°
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In this context and as mentioned above, LkbI inacti-
vation using the Tyr-Cre driver triggers a broad range of
defects, including progressive intestinal pseudo-obstruc-
tion** (Figure 2). In this mouse line, Lkbl inactivation
occurred at E10.5, when NCCs had already reached the
midgut. Although formation of the ENS was not affected
by E15.5, the loss of Lkbl led to progressive postnatal
reduction in the number of enteric ganglia in the distal
intestine and colon (Table 1). The remaining ganglia
were smaller and displayed a punctiform morphology. At
adulthood, Lkbl mutants showed atrophy of the stom-
ach, dilation of the small intestine, hypertrophy of the
cecum, and constriction of the colon, most likely due to
longtime dysfunction of intestinal motricity. These results
show that Lkb1 inactivation is associated with progressive
postnatal degeneration, leading to enteric hypogangliono-
sis, and highlight, for the first time, the importance of
LKBI signaling in the maintenance of the ENS.*®

Interestingly, animals with conditional inactivation of
Lkbl using the HtPA-Cre driver, which drives earlier
recombination in NCCs (by E8.5, Table 1), also exhibited
signs of digestive dysfunction and enteric hypogangliono-
sis but with a more drastic phenotype than that of Tyr-
Cre mutants (Lucas A., Torch S., Billaud M., Thibert C.,
personal comm.). These data suggest that as in the
Schwann cell lineage, LKB1 may also have pleiotropic
roles in enteric lineages. Further studies are required to
better delineate the roles of LKB1 in enteric neurogen-
esis, as well in the indirect trophic effect on the ENS.

3 | LKB1-DEPENDENT
MOLECULAR MECHANISMS IN NCC

A number of studies have started to shed light on the
molecular basis of LKB1-dependent regulation in NCCs,
as discussed below.

3.1 | The LKB1-AMPK-mTOR axis
controls several NCC fates

3.1.1 | A direct downstream substrate of
LKB1: AMPK signaling

AMPK is a heterotrimer composed of one catalytic subu-
nit (AMPKa) and two regulatory subunits (AMPKp and
AMPKYy). AMPX regulates cellular processes by promot-
ing catabolic and inhibiting anabolic pathways. Upstream
kinases shown to regulate AMPK activity are LKBI,
Ca®"/calmodulin-dependent protein kinase kinase
2 (CaMKK2), and in certain specific settings, transform-
ing growth factor p-activated kinase 1 (TAK1).>>”' Both

LKB1 and CAMKK?2 activate AMPK by its phosphoryla-
tion of the Thr172 residue,*>”! whereas direct phosphory-
lation of AMPK by TAK1 is still under debate.”
Although AMPK activity was first observed at the cell
membrane and in the cytosol and nucleus, recent studies
have also identified AMPK in mitochondria, lysosomes,
and the endoplasmic reticulum.”? Such subcellular pools
of AMPK may coordinately regulate different metabolic
pathways and underpin the important role of AMPK in
cellular and systemic homeostasis. The contribution of
LKB1 to NCC biology through AMPK activity is still not
completely clear and conflicting explanations have been
put forward, as discussed below.

In cranial NCCs, we showed that LKB1 kinase activ-
ity is required for the formation of the face, as craniofa-
cial development of chick embryos co-electroporated
with Lkbl-targeting double-stranded RNA and a plasmid
encoding a kinase-dead LKB1 was not rescued whereas it
was by co-electroporation with wildtype LKB1.*’ Further-
more, gain-of-function and loss-of-function experiments
conducted in chick embryos showed that AMPK activity
is also required for LKB1-dependent head morphogene-
sis. Combined siRNA-based knockdown of the AMPKal
and 2 subunits triggered a lack of facial structures remi-
niscent of the malformations observed upon LKB1 loss.*
In addition, electroporation of constitutively active forms
of AMPKa2 or yl restored cephalogenesis in LkbI-
silenced embryos, thus demonstrating that AMPK trans-
duces LKB1-dependent morphogenetic processes govern-
ing head formation.

In sensory neurons from dorsal root ganglia, Lkbl
ablation triggered reduced AMPK and ACC phosphoryla-
tion, suggesting that LKB1 is the upstream activator of
AMPK in these cells.”’ Combined biochemical and tran-
scriptomic analyses showed reduced axonal ATP levels
upon Lkb1 loss due to downregulation of the mitochon-
drial Ca*"-binding protein Efhd1.

In the Schwann cell lineage, Lkb1 inactivation using
the PO-Cre driver led to an increase in AMPK phosphory-
lation®® (Table 2). The authors identified high levels of
TAKI activity in Lkbl mutant nerves, whereas CAMKK?2
activity did not change. These data suggest that
TAK1-dependent AMPK phosphorylation could contrib-
ute to the peripheral neuropathy caused by Lkb1 loss.”®
However, conditional ablation of AMPK subunits ol/o2
or f1/p2 in the Schwann cell lineage did not lead to pro-
gressive axonal loss but triggered hypomyelination in
aging animals.”®”* Overall, these data indicate a role for
AMPK in myelin maintenance, whereas it is not required
for axonal maintenance.

Total and phosphorylated AMPK levels were shown
to decrease during the process of myelin biogenesis (ana-
lyzed between E18 and P9) and AMPK was suggested to
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TABLE 2

LkbI*F-Tyr-Cre

~ E10.5

Peripheral neuropathy

Defective Schwann cell
specification and myelination

N.D.
. AMPK activity
/' mTOR activity

\\ Glucose levels (NMR)

\\ PH acidification (Seahorse)

No change in lactate

/" pyruvate-alanine cycling
(NMR)

ALAT inhibition (with Cl-ala)
=> rescue of glial
specification

\, OXPHOS (Seahorse) but not
required for glial specification

\, Lipids with aliphatic chains
acyl chain groups (L4 to L6)
(NMR)

\\ ATP production (Seahorse)

Supplementation with the AMP
precursor AICAR => partial
rescue of the peripheral
motricity

Radu, Torch et al., 2019

Lkb1""~-CNP-Cre
~E12

Peripheral neuropathy
Myelination delay

Phospho-Lkb1 at Ser431 by PKA
N.D.

No impact on glycolysis in
proliferating Schwann cells

/" Glycolysis in differentiating
Schwann cells (lactate/glucose
ratio)

\, OXPHOS (Seahorse)

\ Citrate

Overexpression of Citrate synthase
in Schwann cells => partial
rescue of myelination

\\ Myelin lipids (MS lipidomics):
phosphatidylcholine,
cerebroside, sulphatide,
cholesterol

N.D.

Pooya et al., 2014 Shen et al., 2014

be a negative regulator of myelin biogenesis, although
confirmatory studies using more specific and in vivo
approaches should be performed to further validate this
hypothesis.”* Consistent with the possible contribution of
AMPK at earlier steps of Schwann cell formation, Lkbl
inactivation in younger Schwann cell progenitors using
the Tyr-Cre driver triggered a marked decrease in AMPK
phosphorylation of Thr172. These observations suggest
that the main upstream activator of AMPK in this model
is LKB1. Later contribution of AMPK to myelin mainte-
nance in adult animals has also been reported,”

Metabolic consequences of conditional Lkb1 ablation in Schwann cells

General
information

Model features

+ Genetic model

+ Defloxing stage
« Nerve phenotype

Lkb1"/F-Po-Cre

~E13.5

Progressive peripheral neuropathy

Unmyelinated sensory axons most
affected

Only transient hypomyelination

Signaling pathways
« LKB1PTM

« AMPK activity
« mTOR activity

N.D.
\\ Phospho-AMPK (TAK1-dependent)
No rescue upon mTOR inhibition

Cell metabolism

/" pH acidification (Seahorse) . Glycolysis

/" lactate release
Glycolysis inhibition (2DG) =>
increased axon loss

/' TFAM, VDAC mitochondrial
proteins

/" Total mitochondria number

/" Mitochondrial membrane potential

/" Cytochrome oxidase

/" Mitochondrial ROS

« OXPHOS

\\ Myelin lipids (MS lipidomics):
phosphatidylethanolamine,
cerebroside, cholesterol

« Lipid metabolism

Progressive \, ATP
\. NAD"/NADH due to increased
NADH levels

+ Global energy

Beirowski et al., 2014 References

suggesting the fine-tuning of AMPK activity in NCCs
over time. The regulation of AMPK by LKB1 and/or
potentially other upstream kinases could thus be essen-
tial for nerve development and function. Such hypotheses
merit further exploration using more time-specific condi-
tional inactivation models.

Finally, in enteric ganglia, Lkbl ablation in NCCs
using the Tyr-Cre driver was associated with decreased
AMPK phosphorylation and triggered an increase in the
neural crest progenitor population (Sox2- and p75™ ®-
positive cells).*® Furthermore, low levels of AMPK activity
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may be important for enteric neuron survival. Indeed,
AMPK inhibition using low doses of Compound C in pri-
mary cell cultures of myenteric neurons favored neuron
survival, whereas higher doses triggered neuronal death.”®

3.1.2 | Recruitment of mTOR

AMPK adjusts the energy available to cells under condi-
tions of stress, partially through the control of mTOR
activity. AMPK and mTOR control two intertwined meta-
bolic pathways, both involved in sensing nutrient and
energy levels but with counteracting activities: AMPK is
activated when ATP levels are low and limits energy-
demanding processes, whereas mTOR is activated when
nutrients and energy are abundant, acting mainly as an
amino-acid sensor.>> Although numerous studies have
characterized how AMPK negatively regulates mTORC1
activity in detail, emerging data suggest that mTORC1
regulates AMPK activity.”> As LKB1/AMPK have been
shown to be involved in the formation and/or mainte-
nance of NCCs, investigating the contribution of mTOR
to NCCs with defective LKB1/AMPK activity would be
relevant.

Several reviews have already thoroughly described the
role of mTOR signaling during Schwann cell formation
and maturation.’>’® Under normal conditions, mTORC1
activity is associated with the onset of myelination,
whereas its activity decreases when myelination is initi-
ated, thus showing dynamic regulation of mTORC]1 to be
linked to the differentiation status of myelinating Schwann
cells.”® Conditional mutants of several effectors of the
mTOR signaling pathway have been generated in develop-
ing or mature Schwann cells. Briefly, these data collectively
highlight the essential role of mTOR during the onset and
maintenance of myelination, as well as in myelin clearance
and remyelination upon nerve injury.>®”*7¢7

In the context of Lkb1 ablation in Schwann cells using
the PO-Cre driver, inhibiting mTOR by rapamycin treat-
ment was shown to not rescue the phenotype.’® Further-
more, mMTORC1 and mTORC2 inhibition in Schwann
cells using the PO-Cre driver to knock out mTor led to
hypomyelination and aberrant nonmyelinating Schwann
cells but did not result in axonal degeneration.’® As simi-
lar results were obtained when AMPK was inactivated,
these data suggest that the loss of axon maintenance in
Lkb1-deficient Schwann cells is largely independent of
AMPK and mTOR activity.

In stark contrast, Radu et al. showed that mTOR
activity markedly increased upon Lkb1 loss, consistent
with the decrease in AMPK phosphorylation observed in
the Tyr-Cre model.*® Such hyperactivation of mTOR was
also observed in vitro using a neural crest stem cell line

committed toward the glial lineage. Consistent with this
observation, exposure of cells to the mTOR inhibitor
Torinl rescued the absence of glial differentiation trig-
gered by Lkb1 knockdown in vitro.**

Although several studies have delineated the contri-
bution of mTOR activity during Schwann cell develop-
ment, few have undertaken the exploration of AMPK/
mTOR function in the formation of the enteric nervous
system.*®”> However, there is strong evidence that
enteric glial cells provide trophic support to enteric neu-
rons that likely involves metabolic mechanisms. Thus,
there is a rationale to explore the role of the AMPK/
mTOR pathway in this process. In this context, Lkbl
ablation in NCCs from ES8.5 using the HtPA-Cre driver
triggered massive intestinal hypoganglionosis associated
with upregulated mTOR activity (Lucas A., Torch S., and
Thibert C., personal communication).

Earlier conditional disruption of mTOR activity in neu-
ral crest stem cells using the Wnt1-Cre driver (allowing
inactivation from E7.5, before NCC delamination) has
shown mTOR activity to be essential.** Conditional inacti-
vation of both mTORC1 and mTORC2 signaling (mTOR"
F) is embryonic lethal, with most animals dying at E12.5
and very few surviving until E14.5. Interestingly, mTORC1
inactivation (Rptor”’") triggered E12.5 lethality with simi-
lar defects as those found in mTORC1/2 mutants. How-
ever, specific mTORC2 inactivation (Rictor’”") triggered
perinatal death and the mutants exhibited an elongated
nose, suggestive of (i) differential recruitment of mTORC1
and 2 activity during development and (ii) critical mTOR
activity in cranial NCCs. These models also allowed stud-
ies on NCC-derived cells that form the cardiac outflow
upon mTOR inactivation and showed mTORC]1 activity to
be crucial for heart development, whereas mTORC?2 activ-
ity was dispensable.®!

Finally, mTOR also contributes to melanocyte func-
tion, as reported in several articles, although its role is still
not clearly understood. Deficient mTOR activity has been
clearly shown to be associated with pigmentary mosaicism
in human patients, often along with defects of other neural
crest derivatives (craniofacial dysmorphy, Waardenburg
syndrome, Hirschsprung disease, etc.) or other neurodeve-
lopmental disorders, such as developmental delay or epi-
lepsy.*”#*% However, the possible deregulation of mTOR
by AMPK in this context has not been established.

More generally, the close relationship between LKB1/
AMPK and mTOR activity in NCC subpopulations other
than Schwann cells or craniofacial territories has not
been extensively addressed thus far and further studies
remain to be conducted. Furthermore, the contribution
of other downstream kinases for LKB1 of the AMPK fam-
ily or upstream kinases that regulate AMPK has been lit-
tle investigated and will also require further studies.
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In conclusion, accumulating evidence highlights criti-
cal recruitment of the LKB1/AMPK/mTOR pathway dur-
ing the formation of various neural crest derivatives,
namely craniofacial cells, sensory neurons, and Schwann
cells. These findings suggest that cellular processes regu-
lated by LKB1, such as the control of cell polarity, energy
metabolism, and oxidative stress could be essential for
NCC differentiation and survival. Certain results support
this hypothesis, as described below, and already available
evidence along this line will be discussed in the following
sections.

3.2 | LKBI controls NCC polarity and
cytoskeleton dynamics

The control of cell polarity is essential throughout the
multistep process of NCC formation. Following their
delamination from the neural tube, NCCs lose their cell-
cell adhesion properties and apico-basal polarity to gener-
ate a leading edge essential for directional migration
through the embryo. Such polarized migration relies on
remodeling of cytoskeleton topology and dynamics, nota-
bly through the activity of the small GTPases of the Rho
family.®* Polarity of neural crest derivatives in their target
organs is also essential for their maturation and function.
LKB1 was first identified as a member of the family of
polarity proteins PAR (partitioning defective), a highly
conserved network of scaffolding proteins, adaptors, and
enzymes involved in the control of cell polarity. Since
then, numerous studies have established the crucial regu-
lation exerted by the LKB1 signaling pathway in various
physiological processes through the control of cell
polarity.31’32’85

Lkb1 silencing by RNA interference in chick cranial
NCCs disturbed their polarized migration. The distribu-
tion of the Golgi matrix protein GM130, which normally
accumulates in the rear edge of migrating cranial NCCs,
showed randomized positioning upon Lkbl silencing,
which subsequently compromised their survival and led
to craniofacial defects.*” Disturbed cell polarity due to
the absence of Lkbl was also observed in sciatic nerves,
as shown by immunostaining of the Schwann cell
markers GFAP and E-cadherin.*® Lkb1 was found to be
specifically enriched at the Schwann cell/axon interface
in Schwann cell and neuron co-cultures, which allow
Schwann cell maturation and myelin sheath formation
in vitro.’® Polarized LKB1 distribution is dependent on
its phosphorylation at Serine 431 by the upstream kinase
PKA, a post-translational modification that is essential
for Schwann cell maturation. Indeed, Lkb1 phosphoryla-
tion in sciatic nerves has been shown to be associated
with increased expression of myelin proteins, such as PO
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and MBP, and decreased expression of progenitor factors,
such as Oct6.>® Overall, these data indicate that the con-
trol of cell polarity by LKB1 is required in the formation
of several NCC subpopulations.

Cell polarity during NCC migration, survival, and
specification is also controlled through the modulation of
cytoskeleton dynamics involving the activity of critical
effectors, such as the Rho-dependent kinase (ROCK).5¢%%
In chick embryos, pharmacological inhibition of ROCK1
led to reduced craniofacial development and mimicked
the Lkbl loss-of-function phenotype.*’ Interestingly,
expressing a constitutively active form of the ROCKI iso-
form restored the cephalic development of embryos
depleted of Lkb1l or AMPKal/2. One ROCK1 phosphory-
lation substrate is the myosin II regulatory light chain
(MRLC). Once phosphorylated on sites corresponding to
Thr18/Ser19 in humans, the MRLC upregulates the sta-
bility of the myosin II filament. Expression of a phospho-
mimetic form of the MRLC restored proper cephalic
development in Lkbl-depleted embryos.”” However,
expression of a constitutively active form of AMPKy1 did
not rescue facial morphogenesis of embryos treated with
the ROCKI1 inhibitor. Overall, these data show that cra-
niofacial development requires the sequential activation
of LKB1, AMPK, ROCK kinase, and the actin molecular
motor myosin-II in cephalic NCCs.

In Schwann cells, LKB1 is distributed at the Schwann
cell/axon interface and colocalizes with the polarity pro-
tein Par3.7® Par3 is a scaffolding protein that was reported
to inhibit upstream regulators of RhoA in NCCs and pro-
mote microtubule destabilization at cell-cell contacts.®
Par3 was also shown to be essential for the initiation of
myelination.””*" Upon LkbI ablation in Schwann cells or
the restriction of Lkbl phosphorylation of S431, asym-
metric localization of Par3 and myelination were
impaired.’® Further exploration of the contribution of the
Par3-Rho-ROCK pathway in the molecular circuits
underlying LKBl-mediated regulation of cell polarity
during Schwann cell maturation should provide new
insights.

Developmental Dynamics

3.3 | Metabolism-dependent regulation
by LKB1 in NCCs

Little is known about the metabolic requirements during
NCC formation, although energy metabolism is a central
driver of stem cell fate.”> Measurements of oxygen con-
sumption by trunk explants from amphibians showed
that oxygen uptake by NCCs increases when cells begin
to differentiate into melanocytes,” suggesting that meta-
bolic pathways contribute to the early steps of neural
crest formation. After this early study conducted in the
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1940s, metabolic studies were long neglected and only
recently has there once again been renewed interest in
the metabolic contribution to neural crest cell fate. The
glycolytic modulator PFKBP2 has been shown to play an
important role in the control of delamination and migra-
tion of NCCs in Xenopus and glycolysis is essential for
head formation.”* Furthermore, the glycolytic status of
chick cranial NCCs during early delamination/migration
was recently established.”

In this context, it is expected that the contribution of
LKB1 to NCC formation also relies on its regulation of
metabolic functions. However, the metabolic roles of
LKBI1 have been established thus far mainly in Schwann
cells of the peripheral nerves.

We observed a significant decrease in glucose levels
using proton nuclear magnetic resonance (NMR) spec-
troscopy in peripheral nerves of mutants with LkbI abla-
tion from E10.5 (Tyr-Cre driver) (Table 2). However,
lactate levels were not modified, whereas increased ala-
nine and glutamate levels were detected and confirmed
using a neural crest stem cell line that can be differenti-
ated into glial cells. As pyruvate can be transformed into
alanine by alanine aminotransferase (ALAT), these data
suggest that LKB1 may modify ALAT activity. Indeed, we
found that inhibition of ALAT rescued glial specification
upon Lkbl1 loss, thus demonstrating that LKB1 governs
glial specification through pyruvate-alanine cycling
coupled to mTOR signaling without substantially modify-
ing the glycolytic rate.*® Alanine regulation by LKB1
mainly relies on AMPK activity among the LKB1 down-
stream kinases. Although oxidative phosphorylation was
impaired upon Lkb1 loss in the Tyr-Cre model, the resto-
ration of glial specification by inhibiting ALAT did not
rescue mitochondrial activity, indicating that reduced
oxygen consumption in this system is independent of
glial differentiation. Strikingly, although LKBI is also
required for neuronal specification from NCCs, it does
not regulate alanine levels during this process, suggesting
tissue specificity in the regulation of pyruvate-alanine
cycling (Thibert C., Torch S. and Radu A., unpublished
results).

At a later developmental stage, Lkb1 inactivation in
the Schwann cell lineage using the Cnp-Cre driver (from
E12) did not modify the glycolytic rate of proliferative
Schwann cells (Table 2). However, Lkb1 loss in differenti-
ated Schwann cells prevented the shift from glycolysis to
oxidative phosphorylation that typically occurs during
the transition from proliferation to differentiation.>” In
addition, LkbI knockout triggered a marked reduction in
citrate synthase activity and Schwann cell myelination
was partially restored in vitro through the overexpression
of this enzyme.

Developmental Dynamics

Lkbl loss in Schwann cell precursors using the
PO-Cre driver (from E13.5) triggered upregulation of gly-
colysis and, thus, increased lactate release.’® Inhibition of
glycolysis and, therefore, normalization of lactate levels
in Lkbl mutants using 2-deoxy-glucose (2-DG) treatment
amplified axonal loss, thus supporting the proposed pro-
tective role of lactate observed in this model and confirm-
ing the inhibitory action of LKB1 on glycolysis in
differentiated cells.’®

Reduced lipid levels, notably those of major myelin
lipids, were observed in all three models, explaining the
hypomyelination phenotype. Given the crucial role of
these lipids for both glial and neuronal function, such as
membrane formation at pre- and post-synaptic sites or
energy storage in lipid droplets,”® the observed decrease
in lipid levels upon Lkb1 loss likely contributes to periph-
eral neuropathy. Accordingly, citrate synthase overex-
pression led to the rescue of de novo lipogenesis of
Schwann cells in the CNP-Cre model, thus strengthening
the link between global nerve homeostasis and lipid pro-
duction by glial cells.”’

Finally, Lkb1 ablation with both Tyr-Cre and PO-Cre
drivers triggered an energetically deficient status, as
shown by reduced ATP levels (Table 2). Treatment of
newborn Lkbl mutants of the Tyr-Cre model with the
AMP precursor AICAR to replenish the ATP pool par-
tially prevented motor defects in the peripheral nerves
and the loss of enteric ganglia.*®

Overall, these data reveal the LKB1-mediated meta-
bolic functions involved in sensory neuron and Schwann
cell differentiation and/or maturation. Future studies
should more systematically address the metabolic conse-
quences of LKB1 loss during craniofacial formation and
enteric neurogenesis.

4 | POTENTIAL CONTRIBUTION
OF LKB1 SIGNALING TO NEURAL
CREST DISORDERS

4.1 | Neural crest syndromes

Human germline mutations of the LKBI-encoding gene,
also named STK11, are responsible for Peutz-Jeghers syn-
drome. This rare autosomal dominant inherited disorder
is characterized by the association of benign hamartoma-
tous polyps of the gastrointestinal tract, a high risk of
developing various cancers, and hyperpigmented macules
that are mainly localized on the lips and buccal
mucosa.>! However, the contribution of defective mela-
nocytes in this syndrome has not been formally
established.
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Mutations of LKB1 pathway in human tumors of neural crest origin.

TABLE 3

Downstream kinases

LKB1 complex

Number of Patients

BRSK2

1.9%

BRSK1

3.9%

SIK3
3.5%

SIK2
1.1%
0.4%

SIK1
3.5%

NUAK?2

3.6%

NUAK1

AMPK

16.7%

MO25
0.8%
0.4%

STRAD
2.1%
0.4%

LKB1
1.7%

2494
1472

3.1%
1.8%

Melanoma

1.6%
0.5%

Neuroblastoma

31
184

Pheochromocytoma

Paraganglioma

Note: Frequencies of genetic alterations were obtained using the cBioPortal database (data from mid-October 2022), including all melanoma studies available on the website except the Pancancer studies and TCGA-

PanCancer Atlas to avoid redundancy. Genetic alterations of AMPKa2, 2 and y2 account for most of all AMPK mutations.

No LKBI mutations have been described in human
pathologies associated with NCC-based malformations.
One likely reason is that this would involve the biallelic
loss of LKBI function, which is likely embryonic lethal,
as shown in mice.** However, hypomorphic LKB1 signal-
ing could be involved in disorders associated with the
defective formation of NCCs. This merits exploration. In
this context, homozygous mutations of STRADa, the
pseudo kinase that assembles in the nucleus with the
scaffolding protein MO25 and LKB1, are responsible for a
rare neurodevelopmental disease called PMSE syndrome.
PMSE syndrome combines craniofacial malformations,
epilepsy, polyhydramnios, and megalencephaly.”’*°
STRADa deficiency in both patients and a mouse model
of STRADa knockdown have been shown to be associ-
ated with abnormal LKB1 retention in the nucleus and
mTOR hyperactivation in the cortex.'” Accordingly,
inhibition of mTOR using sirolimus (rapamycin) in a
pilot study on PMSE patients reduced seizure fre-
quency.'®" It is also conceivable that somatic LKBI mosa-
icism could explain LKB1 signaling deficiencies in
clinical settings. This has been reported for mTOR muta-
tions associated with pigmentation mosaicism.**** Inter-
estingly, somatic mosaicism for LKBI mutations have
been recently observed in Peutz-Jeghers patients.'**'%
These new results support the possible causative contri-
butions of LKB1 deregulation in neurocristopathies.

4.2 | Neural crest-derived cancers

Several tumors originate from neural crest derivatives
and the reemergence of a neural crest stem cell like state
has been described in certain neural crest-derived can-
cers.'® One of the most frequent cancers derived from
NCCs is neuroblastoma. This pediatric malignancy
develops from the sympatho-adrenal lineage (ventrally
migrating NCCs originating between somites 18-24) and
represents 15% of childhood mortality induced by can-
cer.””'%> The sympatho-adrenal lineage can also give rise
to pheochromocytomas and paragangliomas. Other can-
cers are also derived from neural crest derivatives, includ-
ing malignant peripheral nerve sheath tumors (MPNSTSs,
a type of sarcoma) and Schwannomas, ganglioneuromas,
and melanomas.*®'%*1%°

Somatic mutations of LKBI in neural crest-derived
tumors are found almost exclusively in melanomas. Ana-
lyses of cBioPortal data of melanoma patients show that
1.7% of patients with melanoma exhibit LKBI mutations
(Table 3). LKBI mutations are mainly associated with
cutaneous and metastatic melanoma subtypes. Moreover,
mutations of LKB1 partners (MO25 and STRAD«a) and
LKB1 downstream substrates (AMPK, NUAK1 and
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2, SIK1 to 3, and BRSK1 and 2) are also observed in mela-
noma patients. AMPK mutations are found in more than
16% of patients with melanoma (Table 3).'°” Of note,
although LKBI haploinsufficient Peutz-Jeghers patients
show an increased risk to develop cancer, it does not par-
ticularly concern tumors derived from NCCs.

Overall, there is thus far little evidence that LKBI
mutations are associated with neural crest-derived
tumors. However, this question merits further explora-
tion, as subtle signaling defects of the pathway (low
phospho-AMPK levels for example) rather than gene
mutations per se, could be causally involved, as recently
found for the LKB1 pathway in lung adenocarconima.'*®

5 | CONCLUSIONS AND
PERSPECTIVES

Overall, these studies formally demonstrate the pleiotro-
pic role of LKB1 in the establishment and maintenance
of multiple neural crest lineages. It is likely that the
known NCC subpopulations in which LKB1 function is
required will expand in the future as additional studies
are conducted. Furthermore, the cranial peripheral ner-
vous system and sense organs are the result of coordi-
nated movement and coalescence of neural crest and
placode cells, a population of cells that is adjacent to
NCCs during development.'*''° Given the massive head
reduction observed in Lkbl null mutants,** the explora-
tion of any contribution of LKB1 signaling in placode for-
mation should be informative. In light of the early onset
neural crest phenotype of LKB1 null mutants,* the role
of LKB1 in the early steps of cranial NCC formation are
also worth exploring, in particular, as cranial NCCs have
recently been shown to uniquely retain pluripotent stem
cell programming.''"''* Furthermore, wider use of
inducible genetic mouse models to ablate Lkbl should
help discriminate between the early and late roles of this
kinase in neural crest derivatives.

The identification of novel molecular processes
involving LKB1 in NCC ontogenesis opens new perspec-
tives that merit further mechanistic exploration. Future
studies will most likely identify common LKB1-mediated
metabolic mechanisms involved in these various func-
tions in NCCs. However, thus far, there is only a smatter-
ing of data, which does not easily allow such analysis.

In particular, delineating the contribution of other
LKB1 downstream kinases, such as NUAK or SIK, may
identify new regulatory mechanisms. In this contex,
NUAK knockout mice exhibit exencephaly and facial
clefting, suggesting potential involvement in face forma-
tion'"* through the transcriptional coactivators Yap and
Taz of the Hippo pathway.''* Conversely, more

systematically exploration of how other upstream regula-
tors of AMPK, such as CAMKK?2 and TAK1, contribute
to NCC formation would also be of interest.

More generally, the interplay between LKB1 signaling
and important regulators of NCCs, such as transcription
factors or morphogens, still requires further studies.
LKB1 physically interacts with BRG1,"* a transcription
factor and chromatin remodeler that controls critical
steps during the specification of neural crest
derivatives,"'® such as melanocytes’'” and Schwann
cells.'"® Furthermore, LKB1 modulates p53 transcrip-
tional activity,'*® while p53 hyperactivation has been
observed both in mouse genetic models of neurocristopa-
thies and patients with neurocristopathy.'**'*' Addres-
sing how LKBI1 intersects with regulators of NCC
development, for which defects are associated with neu-
rocristopathies, should provide new avenues for thera-
peutic intervention.

An improved understanding of LKB1-dependent met-
abolic regulation of NCCs will also be a major issue in
the near future. As a consequence of metabolic regulation
already described in Schwann cells, adaptation to the
stress induced by reactive oxygen species is of great inter-
est during NCC formation. Cranial NCCs arise in a con-
text of low oxygen tension, wheras vagal and trunk
neural crest cells form after aerobic conditions have
begun and thus develop in a context of higher oxygen
availability.'**'** Hypoxia-inducible factor 1a (HIF1a) is
critical for the colonization of branchial arches by cranial
NCCs and HIF?2 is required for the development of trunk
NCCs.'**'* In addition, enzymes involved in the capture
of free radicals, such as superoxide dismutase (SOD), cat-
alase, and glutathione peroxidase (GPx), are expressed
only from ES8.5 and their activity is even maintained at
low levels until birth."?® Therefore, embryonic cells, espe-
cially NCCs, may not be well equipped to adapt to abnor-
mal oxidative stress at early developmental stages,
possibly explaining why cranial NCCs are very sensitive
to high oxidative stress."*”'*® Given that LKB1 and/or
AMPK pathways contribute to the antioxidant response
by preventing oxidative stress through various mecha-
nisms during development,'****! in-depth exploration of
the oxidative stress response upon LKB1 loss are of inter-
est. Indeed, increased oxidative stress was observed in sci-
atic nerves upon Lkb1 ablation in the P0-Cre model,*®
thus supporting this hypothesis.

As LKB1 regulates cell polarity and metabolism,
which are both essential for NCC formation, the possible
interplay between these two cellular processes would be
worth exploring in NCCs. In this context, the LKB1/
AMPK axis has been shown to modulate cell-cell junc-
tions under energetic stress, notably through direct phos-
phorylation of  GIV/Girdin."**'** In  addition,
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spatiotemporal resolution of AMPK activity in various
subcellular compartments has been recently proven to be
a critical feature of its coordinated regulation of cell
polarity and metabolism involved in cell fate choices.”
As an example, the multiprotein complex Ragulator,
located at the lysosomal surface, activates LKB1 and
AMPK in conditions of energy deprivation, whereas the
same proteins switch to mTOR activation in energy-rich
conditions.”” Further evaluation of the subcellular con-
trol exerted by LKB1 and AMPK will be essential to bet-
ter understand how the interconnected regulation of cell
polarity and metabolism governs NCC fates.

Massive transcriptomics data, especially single cell
RNAseq, has collectively deepened our understanding of
the multipotency mechanisms of neural crest lineages.
Strikingly, these data have recently revealed that
Schwann cell precursors and late migrating NCCs share a
transient “hub” state.”* These findings led to the recent
proposal by Adameyko et al. of new conceptual models of
the molecular events that establish neural crest line-
ages."’ How metabolic signals, in particular controlled by
LKB1 signaling, intervene in this context are essential
questions that require future studies.

Finally, knowledge of the contribution of LKBI to
human disorders involving NCCs is still limited and
future collaborative studies should be conducted to
explore potential deficiencies of LKB1 activity in neuro-
cristopathies. The combined increase in our knowledge
concerning both the molecular mechanisms linking
LKBI1 to the development of NCCs and the involvement
of LKB1 defects in neural crest disorders should lead to
the development of new therapeutic strategies that may
releave the symptoms of patients affected by these fre-
quently devastating diseases.
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