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Abstract

The neural crest is a migratory stem cell population that contributes to various tissues and 

organs during vertebrate embryonic development. These cells possess remarkable developmental 

plasticity and give rise to many different cell types, including chondrocytes, osteocytes, 

peripheral neurons, glia, melanocytes, and smooth muscle cells. Although the genetic mechanisms 

underlying neural crest development have been extensively studied, many facets of this process 

remain unexplored. One key aspect of cellular physiology that has gained prominence in the 

context of embryonic development is metabolic regulation. Recent discoveries in neural crest 

biology suggest that metabolic regulation may play a central role in the formation, migration, 

and differentiation of these cells. This possibility is further supported by clinical studies that 

have demonstrated a high prevalence of neural crest anomalies in babies with congenital 

metabolic disorders. Here, we examine why neural crest development is prone to metabolic 

disruption and discuss how carbon metabolism regulates developmental processes like epithelial-

to-mesenchymal transition (EMT) and cell migration. Finally, we explore how understanding 

neural crest metabolism may inform upon the etiology of several congenital birth defects.

Introduction

The neural crest is a migratory stem cell population that contributes to multiple components 

of the vertebrate body plan, including the craniofacial skeleton, the peripheral and enteric 

nervous systems, and the pigmentation of the skin (Le Douarin and Kalcheim, 1999). During 

neurulation, neural crest cells delaminate from the dorsal neural tube (Fig 1) and migrate 

along stereotypical pathways. Upon reaching the appropriate destinations in the embryo, 

these cells differentiate into more than thirty distinct cell types such as chondrocytes, 

melanocytes, neurons, etc. (Bronner and Simoes- Costa, 2016). The neural crest has served 

as model for the study of multipotency and migration for many decades, and interest in this 

cell population has also been fueled by its medical importance. Many congenital disabilities, 

broadly termed as neurocristopathies, result from defects in the formation of the neural crest 

and its derivatives (Vega-Lopez et al., 2018). While some of these conditions are linked to 

genetic mutations, they can also be caused by environmental stimuli. The high prevalence of 
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neurocristopathies underscores the complexity of neural crest development and its reliance 

on the coordination of multiple cellular processes (Vega-Lopez et al., 2018).

The different steps in neural crest formation, which include induction, specification, 

migration, and differentiation, are governed by an expansive gene regulatory network (GRN) 

(Simoes-Costa and Bronner, 2015). The neural crest GRN is composed of a large number 

of genetic interactions between signaling systems, transcription factors, and epigenomic 

regulators (Hovland et al., 2020; Hu et al., 2014). In the past years, studies in multiple model 

organisms have allowed us to expand the network’s architecture and gain insight into its 

logic. Yet, we still have a superficial understanding of how the genetic programs that control 

cellular behaviors and developmental transitions are coupled with cellular physiology. The 

complex tasks performed by neural crest cells during embryonic development require the 

coordination of a number of biochemical processes beyond transcriptional control. One facet 

of neural crest development that remains relatively unexplored is its metabolic regulation, 

which recently has taken center stage in many cellular and developmental contexts.

For much of the last century, studies on the links between metabolism and cellular behaviors 

were bioenergetic in nature, focusing on metabolic changes as a response to cellular needs. 

An example of this is the Warburg effect (WE), in which cancer cells transition to glycolysis, 

even in high oxygen environments, to meet the macromolecule demands of persistent 

proliferation (Hsu and Sabatini, 2008). More recently, numerous studies have suggested that 

separate from its role in ATP production, metabolism broadly functions as a signaling hub 

that impinges on other signal transduction pathways as well as on the epigenome and the 

proteome, to regulate key cellular functions and behaviors (Miyazawa and Aulehla, 2018). 

Consistent with this idea, we have recently demonstrated that neural crest cells display 

WE and that this metabolic adaptation is necessary for EMT and migration (Bhattacharya 

et al., 2020). The importance of this metabolic adaption in neural crest development is 

further underscored by the etiology of many neurocristopathies. Metabolic syndromes or 

dietary changes that interfere with glucose metabolism often result in defects in neural crest 

development (Berio, 2011; Chappell et al., 2009; Smith et al., 2014). Disruption of other 

bioenergetic pathways such as lipid metabolism and folate synthesis also has shown to have 

severe consequences on the formation of this stem cell population (See Box 1). This led 

us to postulate that metabolic regulation is essential for neural crest specification, migration 

and differentiation by any combination of the following: protecting neural crest cells against 

oxidative stress, coupling neural crest behavior and physiology, regulating cellular pH, and 

rapidly producing ATP. In this review, we discuss the diverse roles that carbon metabolism 

plays in stem cells and throughout embryogenesis, with an emphasis on the neural crest. 

We also examine why neural crest development is particularly prone to disruptions in 

metabolism and how these disruptions may result in congenital birth defects (Fig. 1).

Metabolic regulation of neural crest development

Central carbon metabolism, which breaks down glucose, is the primary ATP production 

mechanism in all living cells. It comprises three sequential pathways: Glycolysis, the 

Krebs Cycle, and the Electron Transport Chain (ETC) through which, in the presence of 

oxygen, glucose is completely oxidized to produce CO2, H2O, and 38 ATP molecules 
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(Noor et al., 2010). This combined process is referred to as Oxidative Phosphorylation 

(OXPHOS) and is the default cellular respiration mechanism for somatic cells under aerobic 

conditions (Gautheron, 1984; Noor et al., 2010) (Fig. 2). Additionally, glucose can also 

be incompletely oxidized through glycolysis to produce lactate, which does not enter the 

subsequent pathways. This process is independent of oxygen availability and is known as 

aerobic glycolysis when occurring under normoxic conditions (Lunt and Vander Heiden, 

2011; Noor et al., 2010) (Fig. 2b). Aerobic glycolysis results in the net gain of only 

2 ATP per glucose molecule, and thus increased flux through this pathway necessitates 

high glucose uptake to meet cellular energy demands. Though not mutually exclusive, 

aerobic glycolysis and OXPHOS are antagonistic mechanisms of glucose breakdown. The 

balance between these pathways has been studied extensively in various tissues and distinct 

biological contexts (Ito and Suda, 2014; Jose et al., 2011; Shyh-Chang and Ng, 2017; Zheng, 

2012). In general, most differentiated cells display OXPHOS, while proliferative cells such 

as stem cells and tumor cells preferentially utilize aerobic glycolysis (Fig 1). The benefits 

and drawbacks of using one process versus the other are cell type-specific and not only 

reflect metabolic regulation but also affect cell identity and behavior.

Congenital diseases caused by disrupted glucose metabolism are often associated with 

severe defects in neural crest-derived tissues, indicating that this metabolic pathway has a 

lineage-specific role in neural crest formation (Chappell et al., 2009; Smith et al., 2014). 

Furthermore, as discussed below, early neural crest cells are susceptible to oxidative stress, 

a byproduct of excessive OXPHOS, suggesting that a balance between the distinct modes 

of glucose metabolism may be critical for proper development of the cell type. Despite 

this, the dynamics of carbon metabolism and its broader functions in neural crest cells have 

not been resolved. In the 1940s, a study measuring cellular respiration in amphibian neural 

tube explants reported that, despite aerobic culture conditions, delaminating and migratory 

neural crest cells display low oxygen uptake rates and that oxygen consumption increases 

significantly only when the cells begin to differentiate (Flickinger, 1949). This observation 

was further supported by reports showing that activity of the critical OXPHOS enzyme 

cytochrome C oxidase is low in undifferentiated migratory quail neural crest cells but is 

elevated in differentiating cells, particularly in those committed to neuronal lineages (Liu et 

al., 1990). Additionally, recent studies in murine embryos have revealed that tissue-specific 

deletion of the mTOR kinase, a critical upstream regulator of OXPHOS, results in apoptosis 

of only post- migratory neural crest cells (Nie et al., 2018). These observations indicate that 

OXPHOS plays a more prominent role in later neural crest development.

These findings raised the question of what is the metabolic state of early neural crest 

cells. Early on, it was hypothesized that undifferentiated neural crest cells maintain a basal 

state of metabolism (low OXPHOS) and only become energetic (high OXPHOS) during 

differentiation (Flickinger, 1949, Liu et al.,1990). However, studies from our group and 

others have recently uncovered that migratory neural crest cells are energetic and that their 

primary mode of glucose metabolism is aerobic glycolysis (Bhattacharya et al., 2020; Keuls 

et al., 2020). This discovery underscores a novel feature of neural crest metabolism that 

has so far been underappreciated. Below, we have described how this metabolic state is 

specifically regulated in neural crest cells and its possible impacts on the biology of this 

progenitor population.
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Neural crest and aerobic glycolysis

Elevated flux of a metabolic pathway is usually associated with enhanced expression of 

its rate-limiting enzymes. We thus utilized a time-course series of RNA-seq data in chick 

neural crest cells to assess the transcriptional dynamics of enzymes involved in glucose 

breakdown. This analysis revealed that, before undergoing EMT, cranial neural crest cells 

specifically upregulate the expression of several glycolytic genes, including PFKP, GAPDH, 

and LDHA. Consistent with these findings, pre-migratory chick neural crest cells display 

hallmarks of aerobic glycolysis, including increased glucose uptake, lactate production, and 

low rates of oxygen consumption. Remarkably, pharmacological inhibition of glycolysis, 

but not OXPHOS, disrupted EMT and inhibited neural crest migration (Bhattacharya et al., 

2020).

By examining the mechanism underlying this phenotype, we uncovered that aerobic 

glycolysis promotes neural crest EMT by activating the YAP/TEAD pathway, a known 

regulator of cell migration and invasion (Plouffe et al., 2015) (Fig. 3). In neural crest 

cells, WE stabilizes the interaction between the transcription factor TEAD1 and its 

activator YAP1, thus promoting the formation of a functional complex that can activate 

the transcription of downstream target genes. By profiling the genomic occupancy of 

the active form of YAP1, we identified several direct targets of YAP/TEAD signaling in 

neural crest cells, which included EMT factors such as SOX9, ZEB2, ETS1, TWIST1 and 

PRRX2 (Bhattacharya et al., 2020), as well as several genes involved in cell migration 

and extracellular matrix remodeling (Fig. 3) (Simoes-Costa and Bronner, 2015). Our work 

directly implicates carbon metabolism in neural crest development for the first time and 

highlights how bioenergetic shifts impact GRNs to control cell identity and behavior in 
vivo (Bhattacharya et al., 2020). Notably, another recent study reported that in murine 

cranial neural crest cells, the switch from the pre-migratory to the migratory state is also 

accompanied by an increase in glycolytic gene expression and a decrease in the transcription 

of OXPHOS enzymes (Keuls et al., 2020). These observations support our findings in 

the chick embryo and suggest that modulation of glucose breakdown is an evolutionarily 

conserved mechanism of controlling neural crest migration.

Potential functions of aerobic glycolysis in migratory neural crest cells

Our study indicates that WE promotes the activation of the YAP/TEAD pathway, promoting 

EMT and cell migration in neural crest cells. However, given the pleiotropic function 

of this metabolic adaptation in different contexts, it is likely WE impacts other aspects 

of neural crest physiology. One such role of WE could be regulating Reactive Oxygen 

Species (ROS) levels in the migrating cells. Not only ROS can function to mediate cellular 

signaling (Finkel, 2011), but neural crest cells are especially sensitive to ROS, which can 

cause oxidative stress and severely affect the development of this cell type (Laforgia et 

al., 2018). In respiring cells, most ROS are generated as byproducts of mitochondrial 

electron transport (Murphy, 2009). However, WE can significantly reduce cellular ROS 

production by decreasing reliance on mitochondrial respiration (Brand and Hermfisse, 1997; 

Mullarky and Cantley, 2015). Additionally, pathways promoting redox homeostasis, such 

as the pentose phosphate pathway (PPP), are often upregulated in cells undergoing aerobic 

glycolysis. Increased flux through PPP produces the reducing intermediate NADPH, which 
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alongside glutathione, function to quench cellular ROS (Cho et al., 2018; Patra and Hay, 

2014). Downstream of WE, these mechanisms may also be essential for preventing oxidative 

stress in migratory neural crest cells.

Another function of WE could be modulating extracellular matrix proteins to make the 

microenvironment conducive to neural crest migration. In metastatic tumors, glycolytic 

cells secrete excess lactate, which renders the environment acidic (Estrella et al., 2013). 

This shift in pH activates metalloproteases and cathepsins and promotes the degradation 

of extracellular matrix proteins to facilitate cell migration (Li et al., 2016). Furthermore, 

metabolic intermediates of aerobic glycolysis and enzymes of this pathway can function as 

cytokines that promote cell invasion through autocrine signaling (Kathagen- Buhmann et 

al., 2018). Neural crest migration and cancer invasion implicate many of the same proteases 

and chemokine signaling pathways ((Acloque et al., 2009)). Thus, in principle, WE could 

function through some or all of the above mechanisms to promote neural crest migration.

Apart from their canonical function in glucose metabolism, glycolytic enzymes can also 

directly control cellular signaling systems. A recent study by Figueiredo et al. reported that 

the enzyme PFKFB4 is an important regulator of the AKT pathway in neural crest cells 

of Xenopus embryos. By performing stage-specific knockdown of the enzyme, the authors 

were able to show that PFKFB4 function is essential both for specification and migration 

of neural crest cells. Interestingly, the role of this protein during specification was found 

to be independent of glycolysis and is mediated solely through the activation of the AKT 

pathway. However, during neural crest migration, PFKFB4 function was dependent both on 

glycolysis and AKT signaling (Figueiredo et al., 2017). This hints at yet another potential 

mechanism by which glucose metabolism co-operates with a signaling system to drive 

neural crest migration. As discussed below, AKT as well as the broader FGF pathway has 

been implicated in the regulation of WE in other developmental contexts. Thus, it is possible 

that PFKFB4 mediated activation of AKT pathway during neural crest specification may 

play a causal role in the upregulation of glycolysis during neural crest migration.

Lastly, aerobic glycolysis may also affect the epigenetic landscape of neural crest cells. 

As discussed below, a link between glycolytic metabolism and histone acetylation is well 

documented (Cluntun et al., 2015; Liu et al., 2015; Lu and Thompson, 2012). Removal 

of glucose causes a global reduction in chromatin acetylation, decreasing the transcription 

of several genes, including those of glycolytic enzymes. Conversely, histone deacetylation 

is also sensitive to cellular glycolytic flux (Wellen and Thompson, 2012). The activity of 

histone deacetylases, such as sirtuins, is modulated by the cytoplasmic NAD+/NADH ratio, 

an increase in which accentuates these enzymes’ function (Cluntun et al., 2015; Wellen and 

Thompson, 2012). Importantly, delaminating neural crest cells also display a high NAD+/

NADH ratio (Bhattacharya et al., 2020), indicating that aerobic glycolysis may be essential 

for maintaining a balance between histone acetylation and deacetylation in this progenitor 

population. Additionally, a recent study reported the association of WE with another novel 

epigenetic modification: lactate-derived lactylation of histone lysine residues (Zhang et al., 

2019). The authors discovered that lactylation is a glycolysis-regulated widespread histone 

mark that stimulates gene expression. Histone lactylation is, in fact, more specific than 

acetylation and is only observed in cells displaying high glycolytic flux (Zhang et al., 2019). 
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Thus, the identification of this epigenetic mark provides another clue regarding the non-

metabolic functions of WE, which could be relevant to neural crest biology. In summary, 

a number of developmental processes intrinsic to neural crest cells may be facilitated by 

WE. We hypothesize that, in coordination with its neural crest specific role as a regulator 

of the YAP/TEAD pathway, these downstream functions of WE ensure that the neural crest 

EMT program is initiated only in metabolically primed cells that are equipped to modify the 

microenvironment.

Warburg Effect in other developmental contexts

While the physiological role of WE remains controversial, its proposed functions in 

cancer cells include rapid ATP production, promoting flux through biosynthetic pathways, 

modulating the tumor microenvironment, and impacting cellular signaling through ROS and 

chromatin modulation (Liberti and Locasale, 2016). By regulating these distinct aspects 

of cellular physiology, WE promotes cell survival, proliferation, and migration, making 

this phenomenon indispensable for tumor growth and metastasis (Liberti and Locasale, 

2016). Extensive cell proliferation and migration also underlie embryonic morphogenesis, 

which suggested to researchers early on that WE may be similarly relevant during normal 

development (Gardner and Leese, 1987, 1990). The concept of WE as a developmental 

phenomenon has gained traction and studies over the past decade have provided elegant 

examples of how aerobic glycolysis regulates cell identity in developmental systems. 

These findings summarized below, indicate that WE is a tightly-regulated developmental 

mechanism rather than an anomaly of cancer cells.

Lessons in carbon metabolism from embryonic stem cells

The most well-studied function of aerobic glycolysis in development is its critical role in 

regulating pluripotency and proliferation of Embryonic Stem Cells (ESCs) (Ito and Suda, 

2014; Shyh-Chang and Ng, 2017). Like cancer cells, ESCs in culture proliferate rapidly 

and have shorter cell cycle than differentiated cells, prompting researchers to investigate 

their energetic and biosynthetic demands. Studies in both human and mouse primed 

ESCs revealed that these cells are almost exclusively glycolytic and display increased 

activity of the PPP pathway under normoxic conditions (Gu et al., 2016; Sperber et al., 

2015; Zhou et al., 2012). Together, these metabolic pathways regulate the stemness of 

ESCs, protect them from oxidative stress, and produce biomolecules (such as ribose and 

NADPH) required for nucleotide synthesis and DNA replication (Shyh-Chang and Ng, 

2017). Notably, differentiation of ESCs to adult cell types is associated with a metabolic 

shift to OXPHOS (Varum et al., 2011). Conversely, nuclear reprogramming of somatic cells 

to induced Pluripotent Stem Cells (iPSCs) results in a metabolic shift to aerobic glycolysis 

(Folmes et al., 2011). These observations indicate that WE is intricately associated with 

pluripotency. Indeed, a seminal study by Moussaief and colleagues reported that increased 

glycolysis in ESCs increases the production of acetyl-CoA and promotes histone acetylation 

(Moussaieff et al., 2015). The authors further demonstrated that a shift to OXPHOS results 

in the loss of these acetylation marks within the first hour of differentiation. This can be 

prevented by adding exogenous acetate, which sustains ESC pluripotency (Moussaieff et 

al., 2015). Apart from acetylation in ESCs, WE regulate other epigenetic marks such as 
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histone methylation and O-N-acetylglycolysation, which either enhances the transcription of 

pluripotency factors or silences the expression of differentiation genes in ESCs (Hanover et 

al., 2012; Jang et al., 2012; Shi et al., 2013). Moreover, as a feed-forward mechanism, key 

glycolytic enzymes, including HK2 and PKM2 and glucose transporter GLUT1, are direct 

transcriptional targets of core pluripotency factors c-MYC, SOX2, and OCT4 (Kim et al., 

2015; Yu et al., 2019). Another important ESC factor, the RNA binding protein LIN28A/B 

also inhibits mitochondrial respiration and directly alters the cellular proteome to promote 

glycolysis (Zhang et al., 2016).This complex crosstalk illustrates that stem cell identity and 

cellular metabolism are reciprocally regulated in ESCs and emphasizes the importance of 

metabolism in the regulation of developmental plasticity.

The above observations obtained from cultured ESCs in vitro also hold true for pluripotent 

stem cells that compose the Inner Cell Mass (ICM) of human and murine blastocysts 

in vivo. Analysis of metabolic flux in early murine embryos revealed a transition from 

OXPHOS to aerobic glycolysis as embryos progress from a single-cell zygote to morula 

and blastula stages (Kaneko, 2016; Martin and Leese, 1995). This metabolic shift is driven 

by an increased expression of glycolytic genes and decreased mitochondrial potential of 

the ICM (Houghton, 2006; Kaneko, 2016). Post implantation, despite a surge in oxygen 

availability, the murine ICM continues to elevate its glycolytic flux until the beginning 

of germ layer differentiation (Houghton, 2006; Kaneko, 2016; reviewed by Intlekofer 

and Finley, 2019). These findings reiterate the association between WE and pluripotency 

and show that complementary metabolic transitions drive ICM formation and germ layer 

differentiation in vivo.

Notably, the role of WE in the regulation of stemness extends beyond pluripotent cells and 

is also relevant in several tissue- specific multipotent progenitor cells such as Neural Stem/

Progenitor Cells (NSPCs) and Haemopoietic Stem Cells (HSCs) (reviewed by Candelario 

et al., 2013; Ito and Suda, 2014). Both NSPCs and HSCs are quiescent stem cells 

that preferentially utilize glycolysis. In fact, in their respective tissues, these cells exist 

within a hypoxic niche that promotes WE downstream of HIF1a-mediated upregulation 

of glycolytic genes (De Filippis and Delia, 2011; Mohyeldin et al., 2010; Suda et al., 

2011). The dependence of both NSPCs and HSCs on WE suggests that, rather than rapid 

ATP production, the primary function of glycolysis in stem cells is the regulation of 

developmental potential. Thus, it is likely that the mechanisms by which WE regulates 

stemness is cell type-specific and dependent upon the functional and environmental context 

of stem cell populations.

In this context, the development of the vertebrate retina provides another interesting example 

of how aerobic glycolysis sustains progenitor identity in vivo. This is exemplified in a 

study by Agathocleous and colleagues, which reported that proliferating progenitor cells 

within the retina of Xenopus and Zebrafish embryos are glycolytic (Agathocleous et 

al., 2012). Unlike their differentiated counterparts, these cells have reduced sensitivity 

to OXPHOS inhibition. The authors showed that WE is essential for the survival and 

proliferation of these progenitor cells and that glycolysis mediates this function by directly 

regulating the cell cycle. Lastly, as observed in several other contexts, the differentiation of 

retinal progenitors in the Xenopus embryo was accompanied by a transition to OXPHOS 
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and reduced dependence on glycolysis (Agathocleous et al., 2012). Taken together, these 

findings echo a common theme: the balance between aerobic glycolysis and OXPHOS 

regulates cell state transitions during embryogenesis. Since the neural crest shares many 

regulatory features with embryonic stem cells, it is likely that many of the mechanisms 

described here are shared between these cell populations. Comparative studies in metabolic 

regulation of cell identity will be vital to obtaining a holistic perspective on the role of WE 

in stem cell populations in the developing embryo.

Aerobic glycolysis in organogenesis

Our understanding of the role of carbon metabolism in neural crest development can 

benefit from an examination of the metabolic transitions that take place in other embryonic 

cell types. As discussed above, germ layer differentiation and organogenesis in vertebrate 

embryos are usually associated with a shift to oxidative metabolism. However, as in the case 

of neural crest, specific cell types within the developing embryo can transition back to a 

glycolytic state to engage in distinct biological processes. In particular, migratory progenitor 

cells commonly upregulate glycolysis to drive organ morphogenesis. A classic example of 

this is the “tip” and “stalk” Endothelial Cells (EC) that mediate blood vessel formation 

in the embryo (De Bock et al., 2013). The tip ECs are migratory and promote vessel 

sprouting while the proliferative stalk ECs function to elongate the blood vessel (Potente 

et al., 2011). By measuring the metabolic flux of cultured ECs in vitro, De Bock and 

colleagues uncovered that these cells display very high glycolytic flux comparable to that 

observed in tumor cells (De Bock et al.,2013). This metabolic alternation in ECs is mediated 

by the action of sprouting signals such as FGF and VEGF, that increase the expression 

of glycolysis activator enzyme PFKFB3. Depletion of PFKFB3 in ECs expectedly reduces 

the glycolytic flux and inhibits sprout formation and EC migration in vitro and embryonic 

angiogenesis in vivo. This demonstrates that high glycolytic flux is required for proper tip 

cell positioning in the developing blood vessel, and that PFKFB3 expression is necessary 

and sufficient to promote the formation and activity of tip cells in vitro and in vivo. 

Interestingly, this “pro-tip” function of aerobic glycolysis counters the “pro-stalk” activity of 

Notch signaling. This balancing act is essential for maintaining the proper ratio of tip:stalk 

cells in the growing vessel (De Bock et al., 2013). This elegant study thus shows how 

aerobic glycolysis can mediate the crosstalk between different signaling pathways (such as 

FGF and Notch) to regulate cellular identity and function during organogenesis.

A series of recent studies characterizing the metabolic transitions that control somite 

formation also support the premise that WE functions as a mediator of developmental 

signals in specific cellular contexts. By studying paraxial mesoderm segmentation during 

somitogenesis, Oginuma and colleagues, and Bulusu and colleagues independently observed 

that a glycolytic gradient in the presomitic mesoderm is required for the posterior elongation 

of the embryonic axis (Bulusu et al., 2017; Oginuma et al., 2017). Furthermore, Oginuma 

and colleagues showed that this gradient is established downstream of FGF signaling, which 

increases the expression of glycolytic enzymes in the developing tail bud. In a follow-up 

study, they reported that aerobic glycolysis-mediated acidosis elevates the intracellular pH 

of NMPs, leading to the activation of Wnt signaling through acetylation and stabilization of 

the effector protein β-catenin (Oginuma et al., 2020). This enhanced Wnt activity establishes 
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a mesodermal identity in multipotent NMPs and may also promote their migration towards 

the forming somite by regulating cell motility. Additionally, Wnt signaling transcriptionally 

controls the expression of FGF ligands and receptors in the paraxial mesoderm (Oginuma 

et al., 2020). As discussed above, elevated FGF signaling activates aerobic glycolysis and 

consequentially the Wnt pathway, thus feeding into a positive feedback loop that ensures 

tight coordination between Wnt and FGF signaling during somitogenesis.

Crosstalk between aerobic glycolysis and FGF appears to be a recurring theme during 

organogenesis. A recent study by Kantarci and colleagues indicates that FGF and aerobic 

glycolysis can reciprocally regulate each other and that this mechanism is broadly relevant 

in the formation of multiple tissues within the embryo (Kantarci et al., 2020). By harnessing 

the power of reverse genetics, the authors of this study disrupted the glycolytic enzyme 

phosphoglycerate kinase-1(PGK1) in zebrafish embryos and observed defective neuronal 

development in the otic vesicle and central/peripheral nervous system, as well as disruption 

of hair cell formation. Interestingly, both neuron and hair cell development are controlled 

by FGF signaling, prompting the authors to investigate how aerobic glycolysis impacts 

this signaling pathway. Through a series of functional experiments, the study found that 

lactate elevates the basal levels of FGF effectors MAPK and ETV5B in glycolytic cells, 

which primes them to respond efficiently to changes in this signaling pathway (Kantarci et 

al., 2020). Taken together, the above studies shed light on how signaling systems work in 

concert with metabolic regulation to drive changes in cell identity.

Effects of metabolic disorders in neural crest development

Our examination of carbon metabolism in neural crest cells indicates that their metabolic 

states are precisely regulated during development. Prior to delamination, these cells display 

basal cellular metabolism (Fig. 4). However, as they become primed for migration, there 

is a striking upregulation of glycolytic enzymes, and the cells become highly glycolytic, 

exhibiting the hallmarks of the Warburg effect. Glycolytic flux increases during migration, 

but once neural crest cells reach their final destinations they begin differentiating. As 

observed in many other developmental cell types, differentiation is accompanied by an 

increase in the expression of OXPHOS enzymes and reduction in levels of aerobic 

glycolysis. Thus, there are two major bioenergetic shifts during neural crest development: 

the first during delamination and the second at the onset of differentiation (Fig. 4). 

We propose that disruptions in these metabolic transitions may affect the migration and 

differentiation of neural crest cells, leading to metabolic neurocristopathies (Fig. 1).

Neurocristopathies are a set of congenital disabilities that arise from defects in the formation 

of the neural crest and its derivatives (Vega-Lopez et al., 2018). These pathologies are often 

associated with exposure of the fetus to abnormal levels of different metabolites, including 

high glucose (Chappell et al., 2009) and alcohol (Smith et al., 2014; Zhang et al., 2018). 

Furthermore, mutations in genes that affect the cellular response to metabolic stress can 

cause neurocristopathies such as Treacher Collins syndrome (Sakai et al., 2016). Other 

congenital diseases caused by mutations in mitochondrial proteins, such as Leigh syndrome, 

also have severe craniofacial phenotypes indicative of improper neural crest development 

(Berio, 2011). This is consistent with the view that neural crest cells are specifically 
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sensitive to metabolic abnormalities, underscoring the importance of energy homeostasis 

in the formation of this cell population. Below, we describe the phenotypes associated with 

some metabolic neurocristopathies and discuss their etiology.

Diabetic Embryopathies

Maternal diabetes is strongly associated with increased craniofacial malformations such as 

cleft palate, cardiac outflow tract defects, and holoprosencephaly (Castori, 2013). Though 

maternal diabetes has been linked to embryopathies since the 1930s, the specific diabetic 

teratogens causing these malformations remain to be determined. Initial studies in animal 

models suggested that hyperglycemia is the crucial factor, since exposing mouse and rat 

embryos to diabetic glucose levels recapitulates the malformations observed in human 

neonates (Fine et al., 1999). Community-based approaches to monitor and manage maternal 

blood glucose levels during gestation were also found to be effective in moderating 

birth defects (Kitzmiller et al., 1991). However, more recent reports implicate maternal 

hyperketonemia, disrupted fetal arachidonic acid metabolism, and increased oxidative and 

cellular stress in diabetic embryopathy (Eriksson and Wentzel, 2016). Given the pleiotropic 

effect of diabetes on adult tissue (DeFronzo et al., 2015), it is likely that the cause behind 

maternal diabetes embryopathy is multifactorial. Furthermore, since neural crest cells are 

significantly affected by high levels of extracellular glucose and oxidative stress, maternal 

diabetes may impinge on neural crest development at multiple levels and via distinct 

mechanisms.

Studies in chick, mouse, and rat models have revealed that maternal diabetes induces 

apoptosis of cranial and cardiac neural crest cells. A study by Wang and colleagues 

shows that chick embryos developed in the presence of glucose display facial bone defects 

caused by apoptosis of early neural crest cells (Wang et al., 2015). The authors determined 

that the hyperglycemic environment activates the PI3K/ERK signaling pathway promoting 

autophagy, the excess of which results in neural crest apoptosis in a p53-dependent 

manner (Wang et al., 2015). Consistent with this conclusion, pharmacological inhibition 

of autophagy rescues glucose-induced cranial neural crest apoptosis, highlighting the 

therapeutic relevance of this pathway (Wang et al., 2015).

Similar observations were also made in an earlier study by Morgan and colleagues, which 

demonstrated that hyperglycemia and oxidative stress directly disrupt cardiac neural crest 

induction (Morgan et al., 2008). In this study, the authors showed that embryos of both 

diabetic and transiently hyperglycemic mice have increased apoptosis of PAX3+ neural 

crest cells and subsequently display cardiac outflow defects. Interestingly, these phenotypes 

could be rescued by administering antioxidants to hyperglycemic pregnant mice, leading the 

authors to conclude that oxidative stress is the primary cause of diabetic embryopathy in 

cardiac neural crest cells (Morgan et al., 2008). In support of this hypothesis, a transient 

increase in oxidative stress by subcutaneous injection with actinomycin in pregnant mice 

recapitulated the cardiac neural crest defects, further indicating that oxidative stress is a 

downstream effect of hyperglycemia (Morgan et al., 2008).

A separate study by Wentzel and colleagues provides insights into a possible mechanism 

by which high glucose levels increase oxidative stress in neural crest cells (Wentzel and 
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Eriksson, 2011). By assessing the gene expression profiles of cranial and trunk neural crest 

cells isolated from rat embryos, the authors showed that when cultured in the presence 

of high glucose, cranial neural crest cells specifically downregulate the expression of 

antioxidant genes such as NRF2, Superoxide dismutase, Catalase, and PARP. (Wentzel 

and Eriksson, 2011). This suggests that, in addition to altering the cells’ metabolic profile, 

hyperglycemia can impinge on their transcriptional program, reducing the ability of neural 

crest cells to respond to oxidative stress. The specificity of this transcriptional alteration 

to the cranial subpopulation further indicates an axial-specific susceptibility of neural crest 

cells to hyperglycemia and oxidative stress.

Taken together, these studies describe two distinct mechanisms: (1) upregulation of 

autophagy and (2) increase in oxidative stress, by which maternal diabetes can promote 

apoptosis of neural crest cells. However, since an important effect of oxidative stress is the 

upregulation of autophagy (Filomeni et al., 2015; Yun et al., 2020), these two mechanisms 

likely merge into a single signaling cascade where, downstream of hyperglycemia, cellular 

oxidative stress upregulates autophagy to cause neural crest apoptosis in a p53-dependent 

manner. If substantiated, this mechanism emphasizes the potential of dietary antioxidant 

supplementation to pregnant diabetic mothers as a possible intervention for diabetic 

embryopathy.

Fetal Alcohol Spectrum Disorder

Fetal Alcohol Spectrum Disorder (FASD) is a neurocristopathy that results from prenatal 

alcohol exposure (Smith et al., 2014). It can be diagnosed by characteristic craniofacial 

dysmorphia, including flattened midface and mouth area, thin upper lip, and micrognathia. 

Infants suffering from FASD may also display sensory and language disorders, neurological 

abnormalities, and growth defects (Smith et al., 2014; Wozniak et al., 2019). Prenatal 

alcohol exposure impacts multiple stages of neural crest development. During early 

gastrulation, high maternal blood alcohol levels disrupt neuroectoderm development and 

decrease expression of crucial neural crest markers genes in the embryo (Cartwright and 

Smith, 1995). Alcohol also suppresses cranial neural crest migration (Cartwright and Smith, 

1995; Rovasio and Battiato, 1995). In vivo studies in the chick embryo have revealed that 

upon exposure to ethanol, neural crest cells fail to emerge from the neural tube, indicative of 

defects in EMT. The few cells that do migrate initially follow appropriate migratory routes 

but do not arrive at the correct locations in the embryo, further suggesting disruption of 

signaling cues (Cartwright and Smith, 1995; Rovasio and Battiato, 1995). A recent study 

in zebrafish embryos demonstrated that upon ethanol challenge, the left-right symmetry 

of migratory cranial neural crest cells is lost, and the cells display an uncharacteristic 

retrograde motion that prevents travel over longer distances (Boric et al., 2013). Intriguingly, 

complementary in vitro studies using neural crest explants revealed that the migration 

defects observed upon ethanol exposure are specific to cranial neural crest cells and 

are significantly moderate in its trunk counterparts (Czarnobaj et al., 2014; Rovasio and 

Battiato, 2002), thus affirming the axial differences in the neural crest’s ability to respond to 

metabolic stress.
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The above defects in cranial neural crest formation and migration are partly attributed to 

increased apoptosis of these cells upon alcohol exposure (Debelak-Kragtorp et al., 2003; 

Flentke et al., 2011; Rovasio and Battiato, 1995; Smith et al., 2014). Even low doses of 

ethanol induce cell death in up to 50% of delaminating neural crest cells, and inhibition 

of apoptosis can rescue the facial anomalies observed in FASD (Cartwright et al., 1998; 

Dunty et al., 2001; Rovasio and Battiato, 2002). At least two distinct mechanisms have been 

described by which alcohol promotes cell death in the neural crest. The first mechanism 

involves the interaction of ethanol with a yet unidentified G-protein coupled receptor, 

which elevates the levels of inositol triphosphate (IP3) and causes a massive increase in 

intracellular Ca2+ levels (Debelak-Kragtorp et al., 2003; Garic-Stankovic et al., 2005). 

This transient calcium wave activates the calcium/calmodulin-dependent protein kinase II 

(CaMKII), specifically in the dorsal neural folds (Garic et al., 2011). CaMKII, in turn 

phosphorylates and destabilizes β-catenin, thus effectively inhibiting the Wnt signaling 

pathway (Flentke et al., 2011). This disrupts neural crest specification and migration, leading 

to apoptosis of this cell population (Flentke et al., 2011).

An alternate mechanism implicates oxidative stress and depletion of intracellular metabolites 

as the primary cause of ethanol-induced neural crest apoptosis (Chen and Sulik, 1996; Chen 

et al., 2013; Davis et al., 1990). Alcohol is known to induce oxidative stress by generating 

excess ROS, which neural crest cells are particularly sensitive to due to their low levels 

of endogenous antioxidants (Davis et al., 1990). The mechanism through which ethanol 

metabolism generates ROS in neural crest cells remains unknown. Despite this, several 

antioxidants, including astaxanthin, vitamin C, vitamin E, and beta-carotene have effectively 

prevented FASD in animal models (Zhang et al., 2018). Interestingly, neural crest cells 

increase expression of NRF2, a transcription factor and master regulator of the antioxidant 

response after ethanol exposure, likely to compensate for the elevated oxidative stress (Chen 

et al., 2013). While this modest increase in NRF2 transcription is not sufficient to reduce 

apoptosis, Chen and colleagues observed that overexpression of NRF2 or treatment with its 

chemical agonists increased the expression of antioxidant factors such as SOD1, catalase, 

GPX3, and NQO; and decreased ROS generation and cell death in the neural crest (Chen 

et al., 2013). Ethanol additionally impacts cellular metabolism by decreasing the availability 

of cholesterol esters and depleting polyamines (Poodeh et al., 2014; Li et al., 2007). The 

former results in suppression of the Sonic Hedgehog Signaling pathway and has severe 

consequences on neurogenesis and possibly neural crest development (Li et al., 2007). 

Reduced availability of polyamines such as putrescine and spermidine negatively affect 

DNA replication, which may inhibit the proliferation of pre-migratory neural crest cells, 

resulting in apoptosis (Poodeh et al., 2014).

Prenatal alcohol exposure can also directly impact the migration of neural crest cells. 

Apart from increased apoptosis, the profound migratory defects described above result from 

improper EMT of cranial neural crest cells and defects in filopodia formation and substrate 

adhesion (Hassler and Moran, 1986; Oyedele and Kramer, 2013; Rovasio and Battiato, 

2002). Intriguingly, these phenotypes mirror those observed upon inhibition of aerobic 

glycolysis during the migration of cranial neural crest cells. As discussed above, aerobic 

glycolysis necessitates increased uptake of glucose by delaminating neural crest cells 

(Bhattacharya et al., 2020). However, a well-characterized feature of FASD is significantly 
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decreased fetal blood glucose level and reduced glucose uptake by the embryo. This could 

prevent aerobic glycolysis in the neural crest due to the unavailability of glucose, which may 

be an additional mechanism by which prenatal alcohol exposure disrupts delamination and 

migration of this cell type. Future studies aimed at understanding how ethanol challenge 

impacts central glucose metabolism could verify this possibility and provide insights on 

mechanisms by which ethanol impacts OXPHOS to promote ROS production.

Treacher Collins Syndrome

Neurocristopathies can also be caused by an inadequate or insufficient response to metabolic 

stress. An example of this is Treacher Collins syndrome (TCS), characterized by jawbone 

and cheekbone hypoplasia, external ear anomalies, cleft palate, and periorbital abnormalities 

(Aljerian and Gilardino, 2019). Of the four causative genes, autosomal dominant mutations 

in TCOF1 is the most common and is observed in 90% of TCS patients (Group, 1996). TCS-

associated mutations in TCOF1 result in reduced expression of the nucleolar protein Treacle, 

which causes impaired ribosome biogenesis (Valdez et al., 2004), increased nucleolar 

stress (Rubbi and Milner, 2003), and apoptosis of neural crest cells (Jones et al., 2008). 

Historically, defects in ribosome function were considered to be the primary cause of neural 

crest apoptosis in TCS patients. However, recent reports indicate that haploinsufficiency of 

TCOF1 dampens the oxidative stress response in neuroepithelium, resulting in cell apoptosis 

in a p53-dependent manner (de Peralta et al., 2016; Sakai et al., 2016).

A study by Sakai and colleagues demonstrated that a key function of Treacle is to interact 

with the DNA damage sensor MRNM complex (Mre11-Rad51-NBS1-MDC1) and localize 

at the sites of oxidative stress-induced DNA strand breaks (Sakai et al., 2016). At these 

damaged loci, Treacle recruits the DNA repair protein BRCA1 to fix the strand breaks and 

restore cell cycle progression following oxidative stress. The authors further demonstrated 

that in early embryos, the neuroepithelium exists in a highly oxidative state with elevated 

ROS levels, which explains why TCOF1 loss of function has a severe effect on neural 

crest development. Importantly, by injecting the antioxidant N-acetyl cysteine into TCOF1 
+/− pregnant mice, the authors could rescue the craniofacial deformations associated with 

TCS. This suggests that antioxidant treatments can potentially alleviate and even prevent 

pathogenesis in TCOF1 +/−embryos (Sakai et al., 2016).

A recent study utilizing a zebrafish model of TCS also confirmed the utility of antioxidants 

in reducing craniofacial abnormalities in TCS embryos and identified an additional 

mechanism by which Treacle protects cells from oxidative stress (de Peralta et al., 2016). 

In this study, Peralta and colleagues showed that Treacle stabilizes ROS protective CNBP 

protein (Cellular nucleic acid-binding protein), which is crucial for craniofacial development 

(de Peralta et al., 2016). Though the mechanism by which CNBP promotes antioxidant 

response is not understood, the authors showed that overexpression of this protein was 

sufficient to reduce elevated ROS levels and rescue the craniofacial phenotypes of TCS 

embryos (de Peralta et al., 2016). Altogether, the above studies aimed at delineating the 

etiology of TCS reiterate the importance of antioxidant response in neural crest development 

and inform upon therapeutic strategies for managing birth defects arising from the disruption 

of this protective pathway.
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Mitochondrial Diseases

The congenital diseases described above are classical neurocristopathies resulting from 

defective neural crest metabolism. Intriguingly, mutations in crucial metabolic enzymes 

also result in birth defects with phenotypes very similar to those observed in FASD and 

diabetic embryopathy. In this regard, diseases caused by mutations in mitochondrial proteins 

are particularly relevant as they are often associated with gross craniofacial deformities 

(Berio, 2011). For example, patients with Leigh syndrome, a life-threatening birth defect 

caused by mutations in OXPHOS genes, often display craniofacial dysmorphisms, such as 

maxillary hypoplasia, upturned nose, micrognathia, and smooth philtrum (Berio and Piazzi, 

2007). Other OXPHOS-related diseases, such as Kearns-Sayre syndrome and congenital 

pyruvate dehydrogenase deficiency, are also associated with similar facial abnormalities, 

albeit with varying severity (Berio, 2011; Finsterer et al., 2020). While these diseases are 

not traditionally categorized as neurocristopathies, likely due to severe comorbidities in 

other organs, their phenotypes strongly suggest that neural crest development is particularly 

vulnerable to mitochondrial dysfunction. The molecular basis of this vulnerability, and 

indeed the role of OXPHOS in neural crest development, remains uncharacterized. However, 

this is increasingly becoming a relevant area of research in neural crest and developmental 

biology.

Conclusions

In the last decades, we have learned much about the connections between metabolism and 

cellular processes, such as signal transduction and gene regulation. Studies on metabolic 

diseases, such as diabetes, led to the idea that carbon metabolism has a pervasive role in 

cellular function (DeFronzo et al., 2015). Since then, this framework has become critical 

to our understanding of cancer, aging, and neurodegeneration (Hsu and Sabatini, 2008; 

Procaccini et al.,2016; Barzilai et al., 2012). Yet, we are only now gaining insight on 

how the metabolic state of embryonic cells contributes to their behavior and identity 

during embryonic development (Miyazawa and Aulehla, 2018). The reciprocal relationships 

between metabolism and cellular behaviors are evident in the development of the neural 

crest. A key conclusion emerging from the existing body of research is that the metabolic 

state of the neural crest is highly dynamic and involves drastic bioenergetic shifts that are 

consequential to its development.

At least two metabolic reprogramming events define neural crest development: (i) the 

transition of delaminating cells from basal to a glycolytic state, which is essential for 

EMT, and (ii) the transition of post migratory neural crest cells to a high OXPHOS state 

that is required for differentiation (Fig. 3). The importance of these metabolic transitions 

was initially determined through experiments in model organisms, and their relevance for 

human health is supported by studies on neurocristopathies linked to metabolic diseases. 

Notably, these conditions specifically affect either neural crest migration or differentiation 

and sometimes disrupt both processes. This indicates that these two steps in neural crest 

development are the most sensitive to metabolic disruptions. Additional studies on the 

molecular pathways that work in concert with carbon metabolism are required for the 

identification of specific mechanisms that are disrupted in metabolic neurocristopathies.
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Diseases caused by metabolite imbalance, such as maternal diabetes and FASD, primarily 

increase cellular ROS levels in delaminating neural crest cells, resulting in their apoptosis 

and failure to delaminate. We propose that the dysregulation of extracellular glucose levels 

inherent to these diseases prevents aerobic glycolysis, which can prematurely upregulate 

OXPHOS and elevate cellular ROS levels. In contrast, congenital diseases caused by 

mutations in mitochondrial genes disproportionately affect differentiation of neural crest 

cells, particularly mesenchymal lineages. This is likely because inhibition of mitochondrial 

respiration prevents the second transition of post migratory neural crest cells to a high 

OXPHOS state, which appears to be especially critical for craniofacial development.

The phenotypes associated with neurocristopathies also highlight the metabolic 

heterogeneity of different neural crest populations. As mentioned above, susceptibility of 

these progenitors to metabolic disruptions appears to be dependent on their location along 

the embryonic anterior-posterior axis. Neural crest cells derived from the cranial regions 

appear to be more vulnerable than their trunk counterparts. This observation indicates 

that the bioenergetic profile and the characteristic metabolic modes of neural crest cells 

may vary depending on their axial level. As evidenced by recent studies on the metabolic 

regulation of neuro-mesodermal progenitors, the differentiation of embryonic cells to more 

mesodermal lineages tend to be significantly reliant on cellular metabolism (Oginuma et al., 

2017). This raises the intriguing possibility that the developmental potential of neural crest 

subpopulations is connected with their bioenergetic state.

Lastly, the above discussion also engenders several outstanding questions, especially 

regarding the mechanisms controlling the bioenergetic shifts throughout neural crest 

formation. Our understanding of how metabolic reprogramming is mediated in other 

developmental contexts could provide essential clues in this regard. In particular, the 

regulation of aerobic glycolysis in ESCs likely has direct parallels with how this metabolic 

adaptation is implemented in migratory neural crest cells. Indeed, key transcription factors 

like HIF1a and c-MYC, which are master regulators of WE in ESCs (Kim et al., 2015; 

Varum et al., 2011), are also highly expressed in pre-migratory and migratory neural crest 

cells in a tissue-specific manner in multiple vertebrate models (Barriga et al., 2013; Kerosuo 

and Bronner, 2016). The depletion of these factors in delaminating neural crest recapitulate 

the phenotypes observed upon inhibition of WE, suggesting that these regulators may have a 

conserved role in pluripotent ESCs and multipotent neural crest cells during embryogenesis 

(Barriga et al., 2013). Similarly, mechanisms that inhibit WE during ESC differentiation 

may also be active in post-migratory neural crest cells to mediate their transition from 

a glycolytic to a high OXPHOS state prior to cell fate commitment. Identifying the key 

players would provide further clues on how the crosstalk between the neural crest GRN and 

metabolic pathways guide the formation of this cell type.
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Box 1.

Other metabolic pathways and metabolites important for neural crest 
formation

Apart from carbohydrate metabolism, several other accessory metabolic pathways 

have essential roles in neural crest development. One such process is the folic 

acid synthesis pathway, which has been extensively studied in the context of early 

vertebrate embryogenesis. Folate deficiency during embryogenesis severely affects 

craniofacial development and causes many of the same phenotypes associated with 

the neurocristopathies described below. However, only recently have we been able to 

determine the molecular basis of these conditions. At least three distinct mechanisms 

have been proposed by which folic acid regulates orofacial development. Firstly, 

decreased folic acid disrupts methionine metabolism and causes cellular accumulation 

of the metabolite homocysteine (Boot et al., 2003; Melo et al., 2017). In avian and rat 

neural tube explants, excess homocysteine promotes neural crest migration but prevents 

differentiation, particularly into mesenchymal lineages (Boot et al., 2003; Melo et al., 

2017). This defect can be fully rescued by adding folic acid to culture media, indicating 

that the regulation of homocysteine levels is an important function of folate in neural 

crest cells (Boot et al., 2003).

Secondly, during differentiation, folate metabolism is required for the survival of the 

neural crest-derived mesenchymal cells. A study by Wahl et al. showed that inhibition 

of the dihydrofolate reductase enzyme (DHFR) required for folate synthesis, caused 

increased apoptosis and decreased proliferation of cells in the facial prominences and 

the developing jaw of the Xenopus embryo (Wahl et al., 2015). The authors further 

uncovered a novel collaboration between folate and the Retinoic Acid (RA) signaling 

pathway in neural crest cells, wherein folic acid can rescue the craniofacial defects 

observed upon RA deficiency in embryos, and the inhibition of DHFR exacerbates 

the phenotype of RA signaling disruption (Wahl et al., 2015). Whether the folate and 

RA pathways directly regulate each other or function in parallel remains unresolved. 

However, this study provides a clinically relevant example of the synergistic interactions 

between different metabolites that control organ development.

Lastly, being a precursor of S-adenosylmethionine (SAM), folate can control the 

epigenetic landscape of neural crest cells by impacting histone and DNA methylation. 

A recent report by Jimenez et al. showed that loss of the neural crest-specific folate 

transporters, FOLR1 and RFC1, confers a neuronal fate to dorsal neural tube progenitor 

cells in avian embryos (Jimenez et al., 2018). This is in part due to reduced methylation 

and de-repression of the neuronal SOX2 gene locus in the neural crest territory, which 

causes the expansion of the neural plate fate to the dorsal extremities (Jimenez et al., 

2018). Taken together, these mechanisms reveal the requirement of folate at every step of 

neural crest development: from specification to differentiation, and provide clues to how 

this metabolic pathway is adapted to perform cell specific functions.

Another metabolite that is crucial to neural crest formation is cholesterol. Cholesterol is 

the precursor of all steroid hormones and also plays a critical role during embryogenesis 
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by moderating the Sonic Hedgehog Signaling (Shh) pathway (Lewis et al., 2001; 

Riobo, 2012). In humans, mutations in enzymes associated with cholesterol transport 

and biosynthesis cause embryonic defects in neural tube and limb formation and affect 

neural crest-derived structures such as the facial mesenchyme and cardiac outflow tract 

(Porter and Herman, 2011). These defects have been primarily attributed to disrupted Shh 

signaling, which is indispensable for the development of these affected tissues. In the 

neural crest, Shh signaling is specifically required for the differentiation of progenitor 

cells into skeletal and non-skeletal mesenchymal cells that form facial structures and the 

branchial arches (Quintana et al., 2017). Interestingly, despite its important function in 

neural tube development, Shh primarily promotes mesenchymal fate in neural crest cells 

and is not necessary for neuronal differentiation. Additionally, Shh signaling functions 

to pattern the neural crest-derived cardiac outflow tract and is generally required for the 

survival and proliferation of cranial and cardiac neural crest cells. Indeed, disruption of 

cholesterol metabolism does not have overt effects on derivates of trunk neural crest cells, 

suggesting that the relevance of this pathway maybe axial-specific.

Given the ubiquity of cholesterol metabolism, it is important to consider how the tissue/

axial-specific function of this pathway is brought about in neural crest cells. A study by 

Iwata et al. implicates the cranial specific TGF-β signaling system in control of lipid 

metabolism in neural crest-derived mesenchyme (Iwata et al., 2014). Murine mutants of 

TGF-β receptors display facial dysmorphisms similar to that observed upon inhibition 

of cholesterol biosynthesis. By further characterizing palatal mesenchyme cells obtained 

from these mutants, the authors uncovered that inhibition of TGF-β signaling prevents 

lipolysis and subsequent lipid turnover in these cells. This, in turn compromises Shh 

signaling, resulting in decreased cell proliferation and apoptosis. However, these cellular 

defects can be rescued by administration of Shh protein, confirming that this signaling 

pathway is epistatic to TGF-β in neural crest-derived facial mesenchyme (Iwata et al., 

2014). Together with the studies discussed above, these findings provide an important 

clue to the function of lipid/cholesterol metabolism as a pivotal node that links distinct 

signaling pathways to mediate tissue-specific functions in neural crest cells.
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Figure 1. Neural crest development and the genesis of metabolic neurocristopathies.
(A) The neural crest is migratory stem cell population that delaminates from the dorsal 

neural tube and migrates extensively throughout the embryo. Neural crest development 

requires drastic changes in cellular metabolism for the proper migration and differentiation 

of these cells. (B) Environmental or genetic factors may disrupt the metabolic transitions 

observed in neural crest cells, resulting in congenital disorders known as metabolic 

neurocristopathies. FASD: Fetal alcohol spectrum disorder, ROS: Reactive oxygen species.
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Figure 2. Glucose metabolism in differentiated versus tumor and stem cells.
(A) Oxidative Phosphorylation (OXPHOS) is the default cellular respiration mechanism for 

somatic cells under aerobic conditions. It results in 38 molecules of ATP per molecule 

of glucose. In the absence of oxygen, these cells engage in glycolysis to produce only 4 

molecules of ATP. (B) Cancer and stem cell populations like the neural crest are highly 

glycolytic, even in the presence of oxygen. These cells display a metabolic adaptation 

known as the Warburg Effect and produce approximately 4 molecules of ATP per molecule 

of glucose.
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Figure 3. Control of neural crest delamination and migration by the Warburg effect.
High glycolytic flux in the pre-migratory neural crest promotes the interaction of YAP and 

TEAD, leading to the activation of genes that promote epithelial to mesenchymal transition 

(EMT). TAP/TEAD directly interact with tissue-specific enhancers to promote the EMT 

regulatory program (Adapted from Bhattacharya et al., 2020).
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Figure 4. Metabolic transitions during neural crest development.
(A) Early pre-migratory neural crest cells initially exhibit low levels of glycolysis and 

oxidative phosphorylation. As the cells become primed for epithelial to mesenchymal 

transition, they transition to a highly glycolytic state and undergo delamination 

and migration. After migration, neural crest cells differentiate and engage in 

oxidative phosphorylation (OXPHOS). (B) Estimated levels of glycolysis and oxidative 

phosphorylation during neural crest development. Neural crest cells undergo two main 

developmental transitions, when they transition from quiescent to glycolytic (1), and when 

they differentiate and display high levels of mitochondrial respiration (2). OXPHOS: 

Oxidative phosphorylation.
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