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The neural plate border (NPB) of vertebrate embryos segregates from the neural and epidermal regions, and it is comprised of an intermingled group of multipotent progenitor cells. Folate is the precursor of S-adenosylmethionine, the main methyl donor for DNA methylation, and it is critical for embryonic development, including the specification of progenitors which reside in the NPB. Despite the fact that several intersecting signals involved in the specification and territorial restriction of NPB cells are known, the role of epigenetics, particularly DNA methylation, has been a matter of debate. Here, we examined the temporal and spatial distribution of the methyl source and analyzed the abundance of 5mC/5 hmC and their epigenetic writers throughout the segregation of the neural and NPB territories. Reduced representation bisulfite sequencing (RRBS) on Reduced Folate Carrier 1 (RFC1)-deficient embryos leads to the identification of differentially methylated regions (DMRs). In the RFC1-deficient embryos, we identified several DMRs in the Notch1 locus, and the spatiotemporal expression of Notch1 and its downstream target gene Bmp4 were expanded in the NPB. Cell fate analysis on folate deficient embryos revealed a significant increase in the number of cells coexpressing both neural (SOX2) and NPB (PAX7) markers, which may represent an enhancing effect in the cellular potential of those progenitors. Taken together, our findings propose a model where the RFC1 deficiency drives methylation changes in specific genomic regions that are correlated with a dysregulation of pathways involved in early development such as Notch1 and BMP4 signaling. These changes affect the potency of the progenitors residing in the juncture of the neural plate and NPB territories, thus driving them to a primed state.
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INTRODUCTION
During gastrulation in amniote embryos, the bilaminar embryo forms three germ layers, with noningressing superficial epiblast cells forming the ectoderm. Then, the ectoderm undergoes a refined sequential territorial segregation to generate precursors for three major regions. The definitive neural plate (NP), which will form the central nervous system, is specified in the anteromedial territory (Fernández-Garre et al., 2002; Rex et al., 1997; Sanchez-Arrones et al., 2012; Streit et al., 1997; Uchikawa et al., 2003). Lateral to the NP, the neural plate border (NPB), which will become the neural crest and sensory placodes, is defined (Streit, 2007; Patthey and Gunhaga, 2011; Groves and LaBonne, 2014; Saint-Jeannet and Moody, 2014; Moody and LaMantia, 2015). The nonneural ectoderm (NNE) is found lateral to the NPB and will become the epidermis. The success of vertebrate evolution is highly dependent on the acquisition of the two cell fates residing in the NPB: the neural crest and placode cells. Both of these cells contribute to many of the synapomorphic characteristics of vertebrates, including a well-defined head with sensory organs and peripheral ganglia. Particularly, the neural crest cells differentiate into sensory and autonomic ganglia, pigment cells, and elements of the craniofacial skeleton, whereas ectodermal placodes give rise to the ear, nose, lens, and sensory ganglia of the head.
NBP induction involves an intersection between Bone Morphogenetic Protein (BMP), Fibroblast Growth Factor (FGF), and Wingless/Integrated (WNT) signaling. Together with those signaling molecules that are secreted from the future epidermis, the neural plate and mesoderm activate the expression of downstream transcription factors that are broadly conserved in vertebrates (Basch et al., 2000; Murdoch et al., 2010; Murdoch et al., 2012; Milet et al., 2013). Although there is an apparent heterogeneity in the progenitors residing in the NPB, these cells retain much of the pluripotent factors throughout gastrula and early neurulation stages, endowing them with the stem cell-like properties (Buitrago-Delgado et al., 2015; Hintze et al., 2017; Lignell et al., 2017; Roellig et al., 2017; Trevers et al., 2017; Buitrago-Delgado et al., 2018; Williams et al., 2019). This potential is evidenced by the simultaneous expression of neural, neural crest, and epithelial markers (SOX2/PAX7/SIX1) at the NPB domain (Roellig et al., 2017). Based on this shared expression, the fate of this group of cells remains undefined until the late stage of specification. Importantly, any perturbation during the specification period could change the cell fate and collectively contribute to a range of birth defects that may affect the brain, skull, face, and sensory organs (for review see (Thawani and Groves, 2020)). As NPB specification proceeds, the “molecular” separation with the neighboring territories may require DNA methylation/demethylation of the selected genomic regions as well as transcriptional changes. At present, little is known about how DNA methylation/demethylation of NP and NPB is regulated to render some regions of the genome accessible in each lineage, while simultaneously placing the other regions permanently closed.
Folate is an essential vitamin for vertebrates which is taken up by cells through the reduced folate carrier (RFC1, also known as SLC19A1) and the folate receptor alpha FOLR1 (Ratnam et al., 1989; Kur et al., 2014). Both folate deficiency and mutations in genes involved in the folate pathway cause several developmental defects including neural tube and neural crest-related defects in the vertebrate models and humans (Burgoon et al., 2002; Tang et al., 2005; Wilcox et al., 2007; Wehby and Murray, 2010; Li et al., 2011; Lee et al., 2012; Kao et al., 2013; Momb et al., 2013). Inside the cell, folate is required for one-carbon metabolism to transmit methyl groups for the production of S-adenosylmethionine (SAM). It is also required for the methylation of several targets including DNA by DNA methyltransferases (DNMTs). DNA methylation of promoters, enhancers, and transcription start sites is usually linked with gene repression. However, when it is located within gene bodies, it may stimulate elongation of the corresponding transcripts (Buck-Koehntop and Defossez, 2013; Spruijt and Vermeulen, 2014). In contrast, active DNA demethylation involves enzymatic oxidation of 5 mC followed by replacement of its oxidative derivatives with unmodified cytosine. TET (ten–eleven translocation) enzymes (TET1/2/3) oxidize 5 mC to 5-hydroxymethylcytosine (5 hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). The last two can then be replaced by the components of base excision repair (BER) machinery to the unmodified cytosine (He et al., 2011; Ito et al., 2011; Maiti and Drohat, 2011; Zhang et al., 2012). Importantly, 5 hm C/5fC/5caC cannot be maintained by the maintenance methylation machinery, so will be passively diluted in dividing cells. It is well-known that DNA methylation plays a major role during early development, and changes in the genomic distribution of cytosine methylation enables the progenitor cells to acquire specific cell fates (Chen et al., 2013; Hore et al., 2016; Hore, 2017; Yu et al., 2018). The role of folate, or the synthetic folic acid, in DNA methylation has been extensively studied in humans, but contradictory roles have been described (Fryer et al., 2009; Ba et al., 2011; Chang et al., 2011; Hoyo et al., 2011). Although some studies suggest that folate/folic acid in the maternal diet may change fetal DNA methylation, no clear association between folate availability and DNA methylation has yet been identified. Thus, studies in the vertebrate models with nonmaternal associated development may shed light on the role of folate deficiency and related changes in DNA methylation during early development.
Here, we use chick embryos to explore the hypothesis that folate is linked to DNA methylation/demethylation during NP and NPB segregation. To test our hypothesis, we characterized the spatiotemporal expression of folate transporters and methylation and hydroxymethylation writers during early development. We used immunohistochemistry to characterize the abundance and distribution of 5mC and 5 hmC at the NP and NPB territories, respectively. Next, we identified the differential methylated regions (DMRs) on RFC1-deficient embryos using reduced representation bisulfite sequencing (RRBS) at a single-base resolution. Finally, to evaluate if RFC1 deficiency affects NPB specification/differentiation, we analyzed the expression of neural and neural plate border markers.
RESULTS
5mC and 5 hmC Abundance and Writers’ Distribution During Early Neural Plate Border Specification
To determine the expression patterns of 5mC de novo writers (Dnmt3a and Dnmt3b), 5 hmC writers (Tet1, Tet2, and Tet3) and folate transporters (Rfc1 and FolR1) during NPB specification, we first analyzed their transcript distribution by in situ hybridization during the early chick embryo development (Figure 1). The results showed that Dnmt3a, Dnmt3b, Tet1-2, and Rfc1 genes are expressed at the NP territory during NPB induction (Hamburger and Hamilton stage [HH] 4). However, the expression of FolR1 was weak and Tet3 was undetectable. At HH6, when NPB segregation is occurring, both Dnmt3a and Dnmt3b showed consistent expression in the NP, and in particular, Dnmt3a showed a higher expression in the NPB. During this stage, although Tet3 expression was not detected, we observed a differential distribution of Tet1 and Tet2. Specifically, while Tet2 is weakly expressed in the NPB, Tet1 expression is stronger in the posterior NPB. Importantly, the folate transporter Rfc1 was strongly detected in the NP and moderately in the NPB, while FolR1 had weaker expression, mostly detected at the location of the future first somite.
[image: Figure 1]FIGURE 1 | Spatio-temporal expression of 5mC and 5 hm C writers and folate transporters. A rough schematic of a HH4 and HH6 embryos showing the respective positions of the neural plate (NP) and neural plate border (NPB). Whole mount in situ hybridization of Dnmt3a, Dnmt3b, Tet1, Tet2, Tet3, FolR1, and Rfc1 during gastrulation (HH4) and early neurulation (HH6).
In order to evaluate if the changes in expression are accompanied by variations in abundance of methylation marks in the NP and NPB, we performed immunohistochemistry against 5mC and 5 hmC on embryos at HH6 (Figures 2A,B; Supplementary Figure S2). To evaluate their abundance, their normalized fluorescence intensity was analyzed according to Roelling et al. (2017) (Figure 2C). The expression of SOX2 was used to define NPB territorial extension as it is highly expressed in the NP, but its intensity is lower at the NPB, and is undetectable in the non-neural ectoderm (Non-NE). Similar to the expression of the folate transporters and the methyl-writers and -erasers in Figure 1, the intensity of 5mC was higher in the NP and lower during the transition from the NPB to the Non-NE. In contrast, 5 hmC was detected in the NP with a higher intensity in the NPB. These results correlate with the high expression level of Dnmt3a and Tet1 in this region. Analysis of the relative 5mC and 5 hmC fluorescence in individual cells located at the NP and NPB regions indicated that the intensity of 5mC is higher in the NP (0.3047 ± 0.0606) than the NPB (0.2366 ± 0.0705) (p = 0.0431) (Figure 2D). However, there were no significant differences in 5 hmC intensity when comparing the cells located at the NP (0.3194 ± 0.0782) and NPB (0.3475 ± 0,902). This lack of differences could be a result of the variability observed in the individual cells located in the NPB. In conclusion, we observed differential expression of methyl-source, methyl-writers, methyl-erasers, and the relative abundance of 5mC/5 hmC. These results suggest that there could be active turnover of DNA methylation at the NPB, which could be involved in gene regulation in this region.
[image: Figure 2]FIGURE 2 | Abundance of 5mC and 5 hm C at the NP and NPB. (A) Schematic diagrams of chicken embryo at HH6 showing the respective positions of the neural plate (NP) and neural plate border (NPB). Dashed line in the whole mount indicates level of section. Dashed box in section indicate the area displayed in (B) Transverse sections of embryos at HH6 were coimmunostaining for 5mC (red), 5 hmC (green), and SOX2 (magenta). Dashed lines indicate the NP, NPB, and Non-NE regions. See Supplementary Figure S1 for magnification of the NP/NPB boundary. (C) Intensity profiles for 5mC (red), 5 hmC (green) and SOX2 (magenta) across the NP, NPB, and Non-NE from medial to lateral. (D) Quantification of 5mC and 5 hmC normalized intensity at the nucleus of each cell along the NP and NPB at HH6 (2-5 section/embryo. n = 4). Asterisk indicates significance as calculated using Student’s t-test. See Supplementary Figure S1 for the negative control of 5mC and 5 hmC immunostaining omitting the primary antibodies.
Folate Carrier Deficiency Generates Hypomethylated DMRs in the Notch1 Locus and Affects Its Expression
Since our results identified the dynamic expression of DNA methylases and demethylases, we evaluated how perturbing the methyl-source would alter the DNA methylation status during NPB restriction and fate specification. To address this, we disrupted the folate intake into the cells by affecting the expression of Rfc1 during NPB specification using a previously validated morpholino (RFC1-MO) (Alata Jimenez et al., 2018). To this end, embryos were unilaterally electroporated with a control morpholino on one side and the RFC1-MO on the alternate side. At HH7, the embryos were bisected and differential methylation was analyzed using the RRBS-seq (Figure 3A). We did not observe significant differences in global DNA methylation between the control sides and those lacking RFC1 in major gene-associated regions (upstream 2kb, exons, introns, and downstream 2 kb) at the three possible methylation sites (CG, CHG, and CHH) (Figures 3B–D). Consistent with this notion, immunostaining for 5mC and 5 hmC shows no significant difference in the normalized intensity for 5mC and 5 hmC analyzed at the NP and NPB in the RFC1-MO and control-MO injected embryos (Supplementary Figure S3). However, 3,541 differentially methylated regions (DMRs), of which 2,374 were associated to genes, were identified. Specifically, 1,211 hypermethylated and 2,330 hypomethylated regions were identified in the RFC1-MO treated tissues compared to the control (Figures 4A,B. Supplementary Table S1). Most of these DMRs were located in the gene body (60%, 2,145 DMRs) and to a lesser extent in the promoter region (16%, 590 DMRs) (Figure 4C).
[image: Figure 3]FIGURE 3 | Global analysis of cytosine methylation by reduced representation bisulfate sequencing (RRBS) on folate carrier deficient embryos. (A) Schematic representation of loss-of-function experiments performed to generate a folate carrier deficient model. Embryos were bilaterally electroporated with Rfc1 (RFC1-MO) or control (Control) morfolinos, grown until HH7 and genomic DNA was isolated from each side for RRBS sequencing. (B) Pie chart analysis of overall cytosine methylation at the three genomic contexts (CG, CHG, and CHH) in control and RFC1-MO treated embryos. (C) Comparative analysis of methylation levels in distinct genomic functional elements displayed for CG, CHG, and CHH in control and RFC1-MO treated embryos. Motif occurrence for CG, CHG, and CHH context are shown on the insets for each graph. (D) Averages for methylation levels in functional regions for CG, CHG, and CHH in control and RFC1-MO treated embryos. Nonsignificant differences were found in all the global methylation analysis (B,C,D) between treatments. upstream2k: 2 Kb upstream of the transcription start site; downstream2k: 2 Kb downstream of the transcription end site.
[image: Figure 4]FIGURE 4 | Identification of differentially methylated regions (DMRs) on folate carrier deficient embryos. (A) Heatmap of DMRs showing significant differences in CG methylation between the folate deficient (RFC1-MO) and control (Control) embryos. Each raw in the heat map correspond to data point from single region, whereas column correspond to treatments. The branching dendogram correspond to the relationship among data point as determined by clustering using 3,541 DMRs. Hyper- and hypomethylated regions are shown on a continuum from red to blue, respectively. See also Supplementary Table S1. (B) Violin boxplot comparing hyper- (1,121) and hypo- (2,330) DMRs between the control and RFC1-MO embryos. (C) Genomic distribution of the DMRs. From the 3,541 DMRs, 2,145 were at the gene body, 590 upstream2k, 493 downstream2k, 1,348 in introns, and 712 in promoters. (D) Bar plot showing enriched Gene Ontology (GO) terms from genes associated with the DMRs. Numbers inside each bar indicates the total of GO-related genes. The horizontal axis indicates the significance of the test (adjP). See also Supplementary Table S2. (E) Scatter plot showing enriched KEGG pathways from genes associated with the DMRs. The vertical axis represents the pathway and the horizontal axis represent the fold change. The size of the dots indicates the number of affected genes in the pathway and the color corresponds to a different p-value range. See also Supplementary Table S3. DMRs analysis was performed by using metilene software using a double statistical test (MWU-test and 2D KS-test) followed by multiple test correction (adj.p-value). GO enrichment and KEGG enrichment significance was evaluated by rawP (Hypergeometric test p-value) followed by correct p-value (adjP).
Gene Ontology (GO) analysis of DMRs showed an enrichment in genes involved in biological processes including DNA-binding transcription factors (37 genes), RNA pol II proximal promoter sequence-specific DNA binding (24 genes), RNA pol II transcription factor complex (eight genes), embryonic pattern specification (five genes), factors related with neuron development (five genes), negative regulation of neuron differentiation (six genes), and embryonic pattern specification (five genes), among others (Figure 4D. Supplementary Table S2). Additionally, WNT, Hedgehog, MAPK, and NOTCH signaling pathways were enriched and had associated DMRs (Figure 4E. Supplementary Table S3).
DMRs associated with genes involved in transcription and embryo patterning is consistent with a role of DNA methylation during early territorial restriction. Particularly, we identified that Notch1 locus contained four DMRs in the gene body (dmr_1419, 172, 1420, and 1208) and three upstream (dmr_3487, 2706, and 519) (Figure 5A). Interestingly, we observed that several of these DMRs were located in the genomic regions that are affiliated with variable chromatin accessibility (ATAC-seq data), contain the enhancer mark H3K27ac, and/or are targets of the pioneer factor TFAP2A (data obtained from Rothstein & Simoes-Costa (Rothstein and Simoes-Costa, 2020)). Particularly, out of the seven regions that have DMRs near the Notch1 gene, dmr_2706 is flanked by two open chromatin regions (shaded in blue in Figure 5A) that experience significant changes in their accessibility as development proceeds from HH6 to HH9 (p-value: 1.62E-08, FDR: 3.57E-05; p-value: 4.64E-08, FDR: 6.62E-05). In our samples, the dmr_2,706 remains hypomethylated, thus suggesting that this chromatin region may be open in our RFC1-deficient embryos. Interestingly, the binding of the pioneer transcription factor TFAP2A, which has been implicated in epigenomic remodeling during the neural crest specification (Chang et al., 2011) presented significant increase (p value: 0.00755, FDR: 0.105) in the binding at HH9 to a region located close to dmr_519 upstream to the Notch1 gene (shaded in orange on Figure 5A). Moreover, differential changes in H3K27ac abundance are observed in two regions (p value: 1.62E-08, FDR: 3.57E-05; p-value: 4.64E-08, FDR: 6.62E-05) found in the proximity of dmr_1208 located in an intron of the Notch1 gene (shaded in red on Figure 5A).
[image: Figure 5]FIGURE 5 | Folate carrier deficiency generated DMRs at the Notch1 locus and affect its expression. (A) IGV visualization of the Notch1 locus and its vicinity, RRBS read coverage (Control in turquoise and RFC1-MO in orange), hyper (green) and hypo (red) methylated DMRs at HH7 embryos. ATAC-seq, H3K27ac, and TFAP2A CUT&RUN profiles at HH6 and HH9 (data obtained from Rothstein et al. (2020)). Three DMRs are found upstream of the Notch1 gene, whereas four are located in the gene body. Differentially accessible elements (shaded in blue), H3K27ac abundance (shaded in red), or Tfap2A binding (shaded in orange) comparing HH6 and HH9 were determined by DiffBind using a negative binomial distribution model (FDR <0.1). Whole-mount in situ hybridization of Notch1 (B) and Bmp4 (C) in the bilaterally electroporated embryos injected with control or RFC1 morpholinos. Black arrowhead pointed out increased and ectopic expression in the treated side. Bar graphs represent the quantitation of embryos following RFC1-MO presenting increased and ectopic expression for Notch1 or Bmp4 (affected) and comparing with the control-MO treated embryos. Numbers in the graph represent the number of analyzed embryos. Statistical analysis were performed by the contingency table followed by Fisher’s exact test (***: p = 0.0001).
The NOTCH1 pathway has been described as a key factor in the NP/NPB segregation in vertebrates. Specifically, the NOTCH1 interaction with DELTA1 regulates BMP4 expression in the epidermis, and is thus indirectly required for NPB induction between the non-NE-NP boundary (Endo et al., 2002; Glavic et al., 2004; Nagatomo and Hashimoto, 2007). Based on this precedent, we evaluated the effect of RFC1 deficiency on Notch1 and Bmp4 expression. Our results revealed that loss of Rfc1 increased and expanded the expression of both Notch1 and Bmp4 compared to the contralateral uninjected side or injected with Control-MO (Figures 5B,C).
Taking together, these results indicate a correlation between DNA methylation at the specific genomic regions and the expression and regulation of Notch1 gene during development. However, further studies are needed to confirm a mechanistic causal relationship.
Folate Deficiency Enhances the Bipotentiality of Neural Plate Border Cells
Folate deficiency alters neural crest specification, migration, and even differentiation (Burgoon et al., 2002; Tang et al., 2005; Li et al., 2011; Momb et al., 2013; Wahl et al., 2015; Alata Jimenez et al., 2018). However, the role of folate and DNA methylation during NP and NPB segregation is unclear. Considering that the proteins driving DNA methylation (Dnmts, Tets, and Rfc1) are expressed early in development, and due to the presence of DMRs in the Notch1 gene in Rfc1-deficient embryos, we evaluated the role of folate on NPB specification. As the loss of Rfc1 increased Notch1 and Bmp4 expression, we evaluated how its loss impacted the fate of the progenitors residing in the NPB. To this end, whole-mount immunohistochemistry against SOX2 (NP marker) and PAX7 (NPB marker) revealed that the loss of Rfc1 also expanded the NPB region compared to the control side (Figure 6A). We observed that 80% of the embryos exhibited an expansion of the NPB (p-value = 0.001. Figure 6B), which was expanded by 1.35 fold compared to the control side (p-value<0.001. Figures 6C,D).
[image: Figure 6]FIGURE 6 | Folate carrier deficiency enhances the potentiality of the NPB cells. (A) Whole mount immunohistochemistry of PAX7 (neural plate border marker) and SOX2 (neural marker) in the RFC1-MO and control-MO treated embryos. White arrowhead pointed out ectopic expansion of PAX7+ cells. (B) Quantitation of embryos electroporated with RFC1-MO (n = 10) presenting ectopic expression of PAX7+ cells and comparing with control-MO (n = 10) treated embryos. (C) Quantification of the relative size of PAX7+ cells domain observed in (D) (D) Transversal sections of the treated embryos followed by IHC against SOX2 and PAX7 markers. Orientation of control sides has been flipped for comparison. (E) Scatterplot of quantification of cells that exclusively expressing PAX7+, SOX2+, or coexpressing both PAX7+/SOX2+ on RFC1-MO and control embryos. Statistical analysis in B chart was performed by the contingency table followed by Fisher’s exact test (***: p = 0.0001). For (E), Ordinary one-way ANOVA followed by Tukey’s multiple comparison test (**: p = 0.003, ****: p < 0.0001). (F) Schematic proposed model: Low levels of folate during the early stages of NPB development affect DNA methylation and expression of Notch1, that leads to an increased and expanded Bmp4 expression. As consequence, a higher number of progenitors in a “primed” state are maintained due to the coexpression of both the neural and neural plate border markers at their territorial boundaries.
Previous work identified an overlap in the expression of transcription factors associated with diverse lineages in the single NPB cells (Roellig et al., 2017). Based on this prior work, we analyzed the level of PAX7 and SOX2 coexpression in Rfc1-deficient embryos (Figure 6E). We observed a significant reduction in the number of cells that exclusively expressed PAX7 compared to the control side (p value = 0.003). However, no differences were observed in the SOX2+ cells (p value = 0.134). Interestingly, a significant increase in the PAX7+/SOX2+ double positive cells (p value<0.0001) was observed when compared to the control side. As the increase in the double positive cells (PAX7+/SOX2+) was greater than the reduction in the PAX7+ only cells, thus an overall increase in the size of PAX7 domain is observed (Figure 6E). These data suggest that folate deficiency expanded the NPB territory by enhancing the cellular potential of those progenitor cells. Of note, although the loss of RCF1 expanded Bmp4 expression and increased the amount of PAX7+/SOX2+ cells, none of these genes had DMRs enriched for the open chromatin/H3K27ac/TFAP2A in their vicinities (Supplementary Figure S4), suggesting an indirect effect possibly mediated by the dysregulation of the Notch1 gene.
Taking together our findings, we suggest a hypothetical model where the lack of RCF1 affects DNA methylation at specific regions which correlated with the dysregulation of pathways involved in early development such as Notch1-Bmp4 signaling. These changes may affect the potential of the progenitor residing in the juncture of the NP/NPB territories, thus maintaining them in a more primed state (Figure 6F).
DISCUSSION
Territorial specification and fate restriction from a stem cell into a specialized cell type often involves several epigenetic changes, where DNA methylation/demethylation plays a critical role. During early development, the progenitors residing in the NPB segregate from the NP and non-NE and maintain the potency to differentiate into neural, neural crest, placodal, and epidermal cells (Roellig et al., 2017). These intermingled lineage states, achieved by the expression of mixed-lineage transcriptional programs (known as “priming”), have also been described during stem cell fate determination in the hematopoietic system (Hu et al., 1997; Laslo et al., 2006; Olsson et al., 2016). In mammals, de novo methylation leads to a global gain of 5mC in vivo during the transition toward the primed pluripotent state (Seisenberger et al., 2012; Smith et al., 2012; Auclair et al., 2014; Wang et al., 2014). A similar event occurs during the transition from naïve to primed states in the embryonic stem cells (ESCs) in vitro (Ficz et al., 2013; Habibi et al., 2013; Leitch et al., 2013; Takashima et al., 2015; von Meyenn et al., 2016). Here, we demonstrated that DNA methylation turnover, exerted by DNMT3s and TETs activities, are differentially required during NP and NPB specification when the embryo goes from gastrulation to neurulation. The folate transporter RFC1 appears to be the major source of SAM playing a crucial role modulating 5mC/5 hmC abundance in specific genomic regions during NPB specification. It is interesting to note that high abundance and variation of the 5 hmC mark at the NPB may be linked to an increased and/or retained potentiality (Blaschke et al., 2013; Chen et al., 2013; Yu et al., 2018), as well as reprograming of the epigenetic memory (Monfort and Wutz, 2013; Hore et al., 2016; Hore, 2017). Moreover, the level of 5mC/5 hmC at the NPB may suggest a dynamic system, with a constant turnover of cytosine modifications that could lead to heterogeneous epigenetic states that might affect gene expression and cell fates. In agreement with this notion, a recent study demonstrated that DNA methylation heterogeneity arises during the transition from naïve-to-primed pluripotency (Rulands et al., 2018), indicating that dynamic changes in DNA methylation might influence early cell fate decisions during the early embryo development.
As a methyl donor, the lack of folate may alter the global abundance of DNA methylation. However, we did not detect changes in global methylation at the canonical (CpG) or noncanonical methylation (CHG and CHH) by RRBS analysis on embryos where the expression of RFC1was reduced. Among the noncanonical methylations, CA methylation was the most abundant mark detected in our study. Importantly, CA methylation is mostly located at the promoters (Geng et al., 2018), and has a negative correlation with gene expression (Guo et al., 2014; Price et al., 2019). Although CA methylation is affected by folate deficiency (Geng et al., 2018) and has been described to play a critical role in other cellular contexts (Ziller et al., 2011; Guo et al., 2014; Price et al., 2019), further experiments will be required to define its specific participation in the NPB development.
The role of folate/folic acid in DNA methylation has been extensively studied in human, but contradictory effects have been described (Fryer et al., 2009; Ba et al., 2011; Chang et al., 2011; Hoyo et al., 2011). Past studies have demonstrated that folate deficiency/supplementation does not always alter global DNA methylation (Steegers-Theunissen et al., 2009; Chang et al., 2011; Crider et al., 2011; Hoyo et al., 2011; Amarasekera et al., 2014; Tobi et al., 2014; Mahajan et al., 2019), but it certainly affects DNA methylation in certain tissues (Chang et al., 2011; Mahajan et al., 2019), population of cells (Crider et al., 2011), or specific genes (Steegers-Theunissen et al., 2009; Hoyo et al., 2011; Amarasekera et al., 2014; Irwin et al., 2019). In this sense, we observed that RFC1 deficiency generates DMRs throughout the genome, mostly located at the body of specific genes. Interestingly, although a higher number of hypomethylated DMRs were detected, we also evidenced several hypermethylated DMRs throughout the genomes. This sort of feature has also been observed in several maternal studies (Tobi et al., 2014; Joubert et al., 2016; Irwin et al., 2019; Madrid et al., 2020), suggesting that folate deficiency/supplementation affects methylation status in a heterogeneous way.
Folate deficiency is associated with defects in the neural development due to the dysregulation of key genes implicated in their differentiation (Joubert et al., 2016; Geng et al., 2018). Here, we observed DMRs in several genes associated with the neuronal development and embryonic patterning as well as epigenetic processes like chromatin binding. In this sense, the folate, as the main source for methylation, could have a pivotal role on the regulation of well-characterized genes implicated in DNA and histone methylation during NPB specification and neural crest development (Strobl-Mazzulla et al., 2010; Hu et al., 2012; Hu et al., 2014; Rogers and Nie, 2018; Rothstein and Simoes-Costa, 2020).
The specification of the NPB requires interaction of BMPs, FGFs, and WNTs (Basch et al., 2000; Murdoch et al., 2010; Murdoch et al., 2012; Milet et al., 2013), allowing the molecular segregation of the NP and non-NE tissues. In addition, Notch1 participates in the induction of the NPB by regulating the levels of Bmp4 and establishing an adequate gradient during the formation of this territory (Endo et al., 2002; Glavic et al., 2004; Nagatomo and Hashimoto, 2007). In that sense, we observed that RFC1-deficiency generates seven DMRs in the Notch1 gene and its vicinity. Importantly, several of these DMRs are located in regions where chromatin accessibility changes, that are targeted by the pioneer factor TFAP2A or contain the active histone mark H3K27ac at the time of NPB specification (Rothstein and Simoes-Costa, 2020). This is consistent with our observation that folate deficiency expanded the Notch1 and Bmp4 expression. Additionally, it correlates with the well-described role of Notch1-Bmp4 pathway to induce the generation of neural crest cells in the ectopic regions (Liem et al., 1995; Endo et al., 2002; Patthey et al., 2009; Steventon et al., 2009; Piacentino and Bronner, 2018). It is important to mention that since RFC1 deficiency may alter SAM availability, other methylation defects (i.e., histone methylation) may also disrupt this pathway.
Our RFC1-deficient model showed that the NPB territory, evidenced by PAX7 expression, was expanded in the treated embryos. However, although this expansion was not due to an extension of the neural territory, a significant number of cells coexpress both SOX2 and PAX7 markers. NPB cells are a “multi-fated” cell population that is capable of coexpressing markers from different lineages (Lignell et al., 2017; Roellig et al., 2017; Williams et al., 2019). Small changes in the transcription factor levels can bias cells, thus allowing them to exit from a “primed” state toward a specific cell fate (Roellig et al., 2017). Our data suggested that RFC1 deficiency is able to maintain or expand the primed state of the progenitor cells residing at the boundaries of NP and NPB. Our results are in agreement with the observation that dynamic oscillations in DNA methylation generate epigenetic heterogeneity during development (Rulands et al., 2018). Our model proposes that these epigenetic changes may influence the cell fate decisions at the NP/NPB boundaries. Thus, NPB cells appear to be highly regulated cells that respond to epigenetic and transcriptional modifications. Single-cell methylation analysis and epigenetic manipulations will shed light on how methylation variability may play a central role in promoting transcriptional heterogeneity at the NPB cells with the attendant consequences for lineage fate decisions.
MATERIALS AND METHODS
Embryos
Fertile chicken eggs were purchased from commercial sources and incubated at 38°C until the embryos reached a desired stage. Chicken embryos were collected and staged according to the criteria of Hamburger and Hamilton (Hamburger and Hamilton, 1992). For in situ hybridization, the embryos were fixed overnight at 4°C in PBS–0.1% tween (PBS-t) (pH 7.4) containing 4% paraformaldehyde (PFA), dehydrated, and stored in methanol. For immunochemistry, the embryos were fixed for 20 min in 4% PFA in PBS-t and processed immediately.
Electroporation of Morpholino and Vectors
We used a previously tested Rfc1 antisense morpholino (RFC1-MO) (Alata Jimenez et al., 2018) at the boundary of exon–intron in order to block the splicing and to lead to a frameshift and premature stop. Injection of FITC-tagged morpholino (0.75 mM RFC1-MO and 0.75 mM Control-MO) plus 300ng/ul of plasmid DNA (used as carrier) were performed by air pressure using a glass micropipette and targeting the half side of neurula stage embryos. Electroporation was made with five 50 ms pulses of 5.2 V, with intervals of 100 ms between each pulse. The embryos were cultured in 0.75 ml of albumen in tissue culture dishes and incubated at 38°C until the desired stages were obtained. All the embryos were screened prior to further analysis. Those embryos with weak and/or patchy electroporation or with strong morphological abnormalities were discarded.
In Situ Hybridization (ISH)
Whole-mount ISH was carried out as described previously (Kee and Bronner-Fraser, 2001). Digoxigenin-labelled probes were synthesized from linearized vectors containing partial full-length cDNAs of FolR1, Rfc1, Dnmt3a, Dnmt3b, Tet1, Tet2, Tet3, Bmp4m and Notch1. Hybridized probes were detected using an alkaline phosphatase-conjugated antidigoxigenin antibody (Roche, 1:200) in the presence of NBT/BCIP substrate (Roche). Embryos were photographed as a whole-mount using a ZEISS SteREO Discovery V20 Stereomicroscope (Axiocam 512 color) and Carl ZEISS ZEN2 (blue edition) software.
Cryosectioning
For the histological analysis, embryos were incubated in 5% sucrose (in PBS) for 2 h at room temperature and subsequently transferred to 15% sucrose and incubated overnight at 4°C. After that, the embryos were transferred and incubated in 7.5% gelatin in 15% sucrose for 4 h at 37°C. Then, they were frozen with liquid nitrogen and immediately stored at −80°C for cryosectioning. Transverse section of 10-15um were obtained and used for immunostaining.
Immunohistochemistry
Embryos were fixed in 4% PFA/Phosphate Buffer (PB) for 20 min at room temperature. The embryos or sections were washed in TBS with 0.5% Triton (TBS-T) and subsequently blocked with 5% FBS in TBS-T for 3 h at RT. The embryos or sections were incubated in primary antibody solution at 4°C fortwo days. The primary antibody used were mouse monoclonal anti-5mC (Abcam, ab10805, 1:500), rabbit polyclonal anti-5hmC (Active Motif, Cat Nº 39791, 1:500), goat polyclonal anti-hSOX2 (Santa Cruz Biotech; Y-17; 1:500, for Figure 2A), rabbit monoclonal anti-SOX2 (Abcam, ab92494, 1:1,000; for Figures 6C,F), and anti-PAX7 IgG1 (Developmental Studies Hybridoma Bank, 1:10). The secondary antibodies used were donkey anti-rabbit 594, donkey anti-mouse 488, donkey anti-goat 647, goat anti-rabbit 594, and goat anti-mouse IgG1 647 (all from Molecular Probes, 1:500). After several washes in TBS-T, the embryos and sections were mounted and imaged by using Carl ZEISS Axio observer 7 inverted microscope (Axio observer Colibri 7, Axiocam 305 color, Axiocam 503 mono) and Carl ZEISS ZEN2 (blue edition) software. The negative controls omitting the primary antibodies (anti-5mC and anti-5hmC) fails to detect any specific mark (see Supplementary Figure S1).
Quantification of 5 hmC and 5mC Intensities
Measurements of 5 hmC and 5mC were performed by using the ZEN 3.0 blue edition, briefly: Zeiss. czi files intensities for single cell analysis (Figure 2C) was measured by placing a fixed-sized oval (46.09 μm2) on cells throughout the NP and NPB. In order to avoid any artifact from the cytoplasm, DAPI staining was performed to locate the oval at the nucleus. Background intensities were measured and a reference area was defined by a fixed-sized oval (oval of 167.61 μm2 in a closed region to the primitive streak for 5mC and the middle part of the NPB for 5 hmC). Additionally, the intensity of the background and reference area was measured for each section. In Excel, background was subtracted from the marks and the reference area. For each marker, intensity was normalized to intensity reference area (experimental intensity/reference intensity). Values of all cells per embryo (2-5 sections/embryo, n = 4) were averaged and the significance were calculated using Student’s t-test in Prism 9 Graphpad.
RRBS-Seq
Genomic DNA from two independent replicates composed by ∼18 electropored embryos with Rfc1-MO and Control-MO each one was extracted by using PurelinkTM Genomic DNA Mini Kit (Invitrogen) following the manufacture’s instruction. The genomic DNA were sent to CD Genomics for library construction, sequencing, and bioinformatics analysis. Briefly, the DNA samples were digested with methylation-insensitive restriction enzyme MspI. DNA fragments were end-repaired adding A tail and ligated with the sequencing linker, where all cytosine are methylates. DNA fragments from 150–300 bp were selected and treated with bisulfite by using EZ DNA Methylation Gold Kit (Zymo Research). Finally, PCR amplification was performed to obtain the final DNA library and the sequencing was performed with Illumina HiSeq PE150. Bisulfite conversions were >99.5% for all the samples. Basic statistic of the quality of the raw reads were performed with FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/fastq). Then, sequencing adapters and low-quality data (sequence in which N’s content is greater than 5% of the total length of the sequence) were removed by using Trimmomatic software (V0.36) (Bolger et al., 2014). The obtained sequences were mapped to the galGal5 genome reference with BSMAP software (Xi and Li, 2009). The statistic information of the alignment is collected, only the unique mapped reads were kept for the following analysis and only the methylated cytosine with sequence depth coverage of at least 5 were used. The methylation levels of individual cytosines were calculated as the ratio of the sequenced depth of the ascertained methylated CpG cytosines to the total sequenced depth of the individual CpG cytosines. The software metilene (V0.2–7) was used to identify DMR (differentially methylated regions) by a binary segmentation algorithm combined with a two-dimensional statistical test (Jühling et al., 2016).
Gene Ontology (referred to as GO, http://www.geneontology.org/) enrichment analysis of the DMR-related genes was applied to uncover biological processes of interest, we chose to deem pathways with a Q value <0.05 as significantly enriched with the DMR-related genes. Based on the results of the DMR annotation and the database of Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2008), functional enrichment analysis was performed on genes whose gene body and its upstream and downstream regions (upstream 2 k, gene body, and downstream 2 k) overlap with DMR.
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 Fernández-Garre, P., Rodríguez-Gallardo, L., Gallego-Díaz, V., Alvarez, I. S., and Puelles, L. (2002). Fate Map of the Chicken Neural Plate at Stage 4. Development 129, 2807–2822. doi:10.1242/dev.129.12.2807
 Ficz, G., Hore, T. A., Santos, F., Lee, H. J., Dean, W., Arand, J., et al. (2013). FGF Signaling Inhibition in ESCs Drives Rapid Genome-wide Demethylation to the Epigenetic Ground State of Pluripotency. Cell Stem Cell 13, 351–359. doi:10.1016/j.stem.2013.06.004
 Fryer, A. A., Nafee, T. M., Ismail, K. M. K., Carroll, W. D., Emes, R. D., and Farrell, W. E. (2009). LINE-1 DNA Methylation Is Inversely Correlated with Cord Plasma Homocysteine in Man: A Preliminary Study. Epigenetics 4, 394–398. doi:10.4161/epi.4.6.9766
 Geng, Y., Gao, R., Liu, X., Chen, X., Liu, S., Ding, Y., et al. (2018). Folate Deficiency Inhibits the PCP Pathway and Alters Genomic Methylation Levels during Embryonic Development. J. Cell Physiol. 233, 7333–7342. doi:10.1002/jcp.26564
 Glavic, A., Silva, F., Aybar, M. J., Bastidas, F., and Mayor, R. (2004). Interplay between Notch Signaling and the homeoproteinXiro1is Required for Neural Crest Induction inXenopusembryos. Development 131, 347–359. doi:10.1242/dev.00945
 Groves, A. K., and LaBonne, C. (2014). Setting Appropriate Boundaries: Fate, Patterning and Competence at the Neural Plate Border. Dev. Biol. 389, 2–12. doi:10.1016/j.ydbio.2013.11.027
 Guo, J. U., Su, Y., Shin, J. H., Shin, J., Li, H., Xie, B., et al. (2014). Distribution, Recognition and Regulation of Non-CpG Methylation in the Adult Mammalian Brain. Nat. Neurosci. 17, 215–222. doi:10.1038/nn.3607
 Habibi, E., Brinkman, A. B., Arand, J., Kroeze, L. I., Kerstens, H. H. D., Matarese, F., et al. (2013). Whole-genome Bisulfite Sequencing of Two Distinct Interconvertible DNA Methylomes of Mouse Embryonic Stem Cells. Cell Stem Cell 13, 360–369. doi:10.1016/j.stem.2013.06.002
 Hamburger, V., and Hamilton, H. L. (1992). A Series of Normal Stages in the Development of the Chick Embryo. Dev. Dyn. 195, 231–272. doi:10.1002/aja.1001950404
 He, Y.-F., Li, B.-Z., Li, Z., Liu, P., Wang, Y., Tang, Q., et al. (2011). Tet-mediated Formation of 5-carboxylcytosine and its Excision by TDG in Mammalian DNA. Science 333, 1303–1307. doi:10.1126/science.1210944
 Hintze, M., Prajapati, R. S., Tambalo, M., Christophorou, N. A. D., Anwar, M., Grocott, T., et al. (2017). Cell Interactions, Signals and Transcriptional Hierarchy Governing Placode Progenitor Induction. Development 144, 2810–2823. doi:10.1242/dev.147942
 Hore, T. A. (2017). Modulating Epigenetic Memory through Vitamins and TET: Implications for Regenerative Medicine and Cancer Treatment. Epigenomics 9, 863–871. doi:10.2217/epi-2017-0021
 Hore, T. A., Von Meyenn, F., Ravichandran, M., Bachman, M., Ficz, G., Oxley, D., et al. (2016). Retinol and Ascorbate Drive Erasure of Epigenetic Memory and Enhance Reprogramming to Naïve Pluripotency by Complementary Mechanisms. Proc. Natl. Acad. Sci. U.S.A. 113, 12202–12207. doi:10.1073/pnas.1608679113
 Hoyo, C., Murtha, A. P., Schildkraut, J. M., Jirtle, R. L., Demark-Wahnefried, W., Forman, M. R., et al. (2011). Methylation Variation atIGF2differentially Methylated Regions and Maternal Folic Acid Use before and during Pregnancy. Epigenetics 6, 928–936. doi:10.4161/epi.6.7.16263
 Hu, M., Krause, D., Greaves, M., Sharkis, S., Dexter, M., Heyworth, C., et al. (1997). Multilineage Gene Expression Precedes Commitment in the Hemopoietic System. Genes Dev. 11, 774–785. doi:10.1101/gad.11.6.774
 Hu, N., Strobl-Mazzulla, P. H., and Bronner, M. E. (2014). Epigenetic Regulation in Neural Crest Development. Dev. Biol. 390, 159–168. doi:10.1016/j.ydbio.2014.09.034
 Hu, N., Strobl-Mazzulla, P., Sauka-Spengler, T., and Bronner, M. E. (2012). DNA methyltransferase3A as a Molecular Switch Mediating the Neural Tube-To-Neural Crest Fate Transition. Genes Dev. 26, 2380–2385. doi:10.1101/gad.198747.112
 Irwin, R. E., Thursby, S.-J., Ondičová, M., Pentieva, K., McNulty, H., Richmond, R. C., et al. (2019). A Randomized Controlled Trial of Folic Acid Intervention in Pregnancy Highlights a Putative Methylation-Regulated Control Element at ZFP57. Clin. Epigenet 11, 31. doi:10.1186/s13148-019-0618-0
 Ito, S., Shen, L., Dai, Q., Wu, S. C., Collins, L. B., Swenberg, J. A., et al. (2011). Tet Proteins Can Convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303. doi:10.1126/science.1210597
 Joubert, B. R., Den Dekker, H. T., Felix, J. F., Bohlin, J., Ligthart, S., Beckett, E., et al. (2016). Maternal Plasma Folate Impacts Differential DNA Methylation in an Epigenome-wide Meta-Analysis of Newborns. Nat. Commun. 7, 10577. doi:10.1038/ncomms10577
 Jühling, F., Kretzmer, H., Bernhart, S. H., Otto, C., Stadler, P. F., and Hoffmann, S. (2016). Metilene: Fast and Sensitive Calling of Differentially Methylated Regions from Bisulfite Sequencing Data. Genome Res. 26, 256–262. doi:10.1101/gr.196394.115
 Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., et al. (2008). KEGG for Linking Genomes to Life and the Environment. Nucleic Acids Res. 36, D480–D484. doi:10.1093/nar/gkm882
 Kao, T.-T., Lee, G.-H., Fu, C.-C., Chen, B.-H., Chen, L.-T., and Fu, T.-F. (2013). Methotrexate-Induced Decrease in Embryonic 5-Methyl-Tetrahydrofolate Is Irreversible with Leucovorin Supplementation. Zebrafish 10, 326–337. doi:10.1089/zeb.2013.0876
 Kee, Y., and Bronner-Fraser, M. (2001). Id4 Expression and its Relationship to Other Id Genes during Avian Embryonic Development. Mech. Dev. 109, 341–345. doi:10.1016/S0925-4773(01)00576-7
 Kur, E., Mecklenburg, N., Cabrera, R. M., Willnow, T. E., and Hammes, A. (2014). LRP2 Mediates Folate Uptake in the Developing Neural Tube. J. Cell Sci. 127, 2261–2268. doi:10.1242/jcs.140145
 Laslo, P., Spooner, C. J., Warmflash, A., Lancki, D. W., Lee, H.-J., Sciammas, R., et al. (2006). Multilineage Transcriptional Priming and Determination of Alternate Hematopoietic Cell Fates. Cell 126, 755–766. doi:10.1016/j.cell.2006.06.052
 Lee, M. S., Bonner, J. R., Bernard, D. J., Sanchez, E. L., Sause, E. T., Prentice, R. R., et al. (2012). Disruption of the Folate Pathway in Zebrafish Causes Developmental Defects. BMC Dev. Biol. 12, 12. doi:10.1186/1471-213X-12-12
 Leitch, H. G., Mcewen, K. R., Turp, A., Encheva, V., Carroll, T., Grabole, N., et al. (2013). Naive Pluripotency Is Associated with Global DNA Hypomethylation. Nat. Struct. Mol. Biol. 20, 311–316. doi:10.1038/nsmb.2510
 Li, J., Shi, Y., Sun, J., Zhang, Y., and Mao, B. (2011). Xenopus Reduced Folate Carrier Regulates Neural Crest Development Epigenetically. PLoS ONE 6, e27198. doi:10.1371/journal.pone.0027198
 Liem, K. F., Tremml, G., Roelink, H., and Jessell, T. M. (1995). Dorsal Differentiation of Neural Plate Cells Induced by BMP-Mediated Signals from Epidermal Ectoderm. Cell 82, 969–979. doi:10.1016/0092-8674(95)90276-7
 Lignell, A., Kerosuo, L., Streichan, S. J., Cai, L., and Bronner, M. E. (2017). Identification of a Neural Crest Stem Cell Niche by Spatial Genomic Analysis. Nat. Commun. 8, 1830. doi:10.1038/s41467-017-01561-w
 Madrid, A., Borth, L. E., Hogan, K. J., Hariharan, N., Papale, L. A., Alisch, R. S., et al. (2020). DNA Methylation and Hydroxymethylation Have Distinct Genome-wide Profiles Related to Axonal Regeneration. Epigenetics 16, 64–78. doi:10.1080/15592294.2020.1786320
 Mahajan, A., Sapehia, D., Thakur, S., Mohanraj, P. S., Bagga, R., and Kaur, J. (2019). Effect of Imbalance in Folate and Vitamin B12 in Maternal/parental Diet on Global Methylation and Regulatory miRNAs. Sci. Rep. 9, 17602. doi:10.1038/s41598-019-54070-9
 Maiti, A., and Drohat, A. C. (2011). Thymine DNA Glycosylase Can Rapidly Excise 5-Formylcytosine and 5-Carboxylcytosine. J. Biol. Chem. 286, 35334–35338. doi:10.1074/jbc.C111.284620
 Milet, C., MacZkowiak, F., Roche, D. D., and Monsoro-Burq, A. H. (2013). Pax3 and Zic1 Drive Induction and Differentiation of Multipotent, Migratory, and Functional Neural Crest in Xenopus Embryos. Proc. Natl. Acad. Sci. U.S.A. 110, 5528–5533. doi:10.1073/pnas.1219124110
 Momb, J., Lewandowski, J. P., Bryant, J. D., Fitch, R., Surman, D. R., Vokes, S. A., et al. (2013). Deletion of Mthfd1l Causes Embryonic Lethality and Neural Tube and Craniofacial Defects in Mice. Proc. Natl. Acad. Sci. U.S.A. 110, 549–554. doi:10.1073/pnas.1211199110
 Monfort, A., and Wutz, A. (2013). Breathing‐in Epigenetic Change with Vitamin C. EMBO Rep. 14, 337–346. doi:10.1038/embor.2013.29
 Moody, S. A., and LaMantia, A. S. (2015). Transcriptional Regulation of Cranial Sensory Placode Development. Curr. Top. Dev. Biol. 111, 301–350. doi:10.1016/bs.ctdb.2014.11.009
 Murdoch, B., DelConte, C., and García-Castro, M. I. (2010). Embryonic Pax7-Expressing Progenitors Contribute Multiple Cell Types to the Postnatal Olfactory Epithelium. J. Neurosci. 30, 9523–9532. doi:10.1523/JNEUROSCI.0867-10.2010
 Murdoch, B., DelConte, C., and García-Castro, M. I. (2012). Pax7 Lineage Contributions to the Mammalian Neural Crest. PLoS ONE 7, e41089. doi:10.1371/journal.pone.0041089
 Nagatomo, K.-I., and Hashimoto, C. (2007). Xenopus Hairy2 Functions in Neural Crest Formation by Maintaining Cells in a Mitotic and Undifferentiated State. Dev. Dyn. 236, 1475–1483. doi:10.1002/dvdy.21152
 Olsson, A., Venkatasubramanian, M., Chaudhri, V. K., Aronow, B. J., Salomonis, N., Singh, H., et al. (2016). Single-cell Analysis of Mixed-Lineage States Leading to a Binary Cell Fate Choice. Nature 537, 698–702. doi:10.1038/nature19348
 Patthey, C., and Gunhaga, L. (2011). Specification and Regionalisation of the Neural Plate Border. Eur. J. Neurosci. 34, 1516–1528. doi:10.1111/j.1460-9568.2011.07871.x
 Patthey, C., Edlund, T., and Gunhaga, L. (2009). Wnt-regulated Temporal Control of BMP Exposure Directs the Choice between Neural Plate Border and Epidermal Fate. Development 136, 73–83. doi:10.1242/dev.025890
 Piacentino, M. L., and Bronner, M. E. (2018). Intracellular Attenuation of BMP Signaling via CKIP-1/Smurf1 Is Essential during Neural Crest Induction. PLoS Biol. 16, e2004425. doi:10.1371/journal.pbio.2004425
 Price, A. J., Collado-Torres, L., Ivanov, N. A., Xia, W., Burke, E. E., Shin, J. H., et al. (2019). Divergent Neuronal DNA Methylation Patterns across Human Cortical Development Reveal Critical Periods and a Unique Role of CpH Methylation. Genome Biol. 20, 196. doi:10.1186/s13059-019-1805-1
 Ratnam, M., Marquardt, H., Duhring, J. L., and Freisheim, J. H. (1989). Homologous Membrane Folate Binding Proteins in Human Placenta: Cloning and Sequence of a cDNA. Biochemistry 28, 8249–8254. doi:10.1021/bi00446a042
 Rex, M., Orme, A., Uwanogho, D., Tointon, K., Wigmore, P. M., Sharpe, P. T., et al. (1997). Dynamic Expression of Chicken Sox2 and Sox3 Genes in Ectoderm Induced to Form Neural Tissue. Dev. Dyn. 209, 323–332. doi:10.1002/(SICI)1097-0177(199707)209:3<323::AID-AJA7>3.0.CO;2-K
 Roellig, D., Tan-Cabugao, J., Esaian, S., and Bronner, M. E. (2017). Dynamic Transcriptional Signature and Cell Fate Analysis Reveals Plasticity of Individual Neural Plate Border Cells. eLife 6, e21620. doi:10.7554/eLife.21620
 Rogers, C. D., and Nie, S. (2018). Specifying Neural Crest Cells: From Chromatin to Morphogens and Factors in between. Wiley Interdiscip. Rev. Dev. Biol. 7, e322. doi:10.1002/wdev.322
 Rothstein, M., and Simoes-Costa, M. (2020). Heterodimerization of TFAP2 Pioneer Factors Drives Epigenomic Remodeling during Neural Crest Specification. Genome Res. 30, 35–48. doi:10.1101/gr.249680.119
 Rulands, S., Lee, H. J., Clark, S. J., Angermueller, C., Smallwood, S. A., Krueger, F., et al. (2018). Genome-Scale Oscillations in DNA Methylation during Exit from Pluripotency. Cell Syst. 7, 63–76. doi:10.1016/j.cels.2018.06.012
 Saint-Jeannet, J.-P., and Moody, S. A. (2014). Establishing the Pre-placodal Region and Breaking it into Placodes with Distinct Identities. Dev. Biol. 389, 13–27. doi:10.1016/j.ydbio.2014.02.011
 Sanchez-Arrones, L., Stern, C. D., Bovolenta, P., and Puelles, L. (2012). Sharpening of the Anterior Neural Border in the Chick by Rostral Endoderm Signalling. Development 139, 1034–1044. doi:10.1242/dev.067934
 Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F., et al. (2012). The Dynamics of Genome-wide DNA Methylation Reprogramming in Mouse Primordial Germ Cells. Mol. Cell 48, 849–862. doi:10.1016/j.molcel.2012.11.001
 Smith, Z. D., Chan, M. M., Mikkelsen, T. S., Gu, H., Gnirke, A., Regev, A., et al. (2012). A Unique Regulatory Phase of DNA Methylation in the Early Mammalian Embryo. Nature 484, 339–344. doi:10.1038/nature10960
 Spruijt, C. G., and Vermeulen, M. (2014). DNA Methylation: Old Dog, New Tricks?Nat. Struct. Mol. Biol. 21, 949–954. doi:10.1038/nsmb.2910
 Steegers-Theunissen, R. P., Obermann-Borst, S. A., Kremer, D., Lindemans, J., Siebel, C., Steegers, E. A., et al. (2009). Periconceptional Maternal Folic Acid Use of 400 Μg Per Day Is Related to Increased Methylation of the IGF2 Gene in the Very Young Child. PLoS ONE 4, e7845. doi:10.1371/journal.pone.0007845
 Steventon, B., Araya, C., Linker, C., Kuriyama, S., and Mayor, R. (2009). Differential Requirements of BMP and Wnt Signalling during Gastrulation and Neurulation Define Two Steps in Neural Crest Induction. Development 136, 771–779. doi:10.1242/dev.029017
 Streit, A. (2007). The Preplacodal Region: An Ectodermal Domain with Multipotential Progenitors that Contribute to Sense Organs and Cranial Sensory Ganglia. Int. J. Dev. Biol. 51, 447–461. doi:10.1387/ijdb.072327as
 Streit, A., Sockanathan, S., Pérez, L., Rex, M., Scotting, P. J., Sharpe, P. T., et al. (1997). Preventing the Loss of Competence for Neural Induction: HGF/SF, L5 and Sox-2. Development 124, 1191–1202. doi:10.1242/dev.124.6.1191
 Strobl-Mazzulla, P. H., Sauka-Spengler, T., and Bronner-Fraser, M. (2010). Histone Demethylase JmjD2A Regulates Neural Crest Specification. Dev. Cell 19, 460–468. doi:10.1016/j.devcel.2010.08.009
 Takashima, Y., Guo, G., Loos, R., Nichols, J., Ficz, G., Krueger, F., et al. (2015). Resetting Transcription Factor Control Circuitry toward Ground-State Pluripotency in Human. Cell 162, 452–453. doi:10.1016/j.cell.2015.06.052
 Tang, L. S., Santillano, D. R., Wlodarczyk, B. J., Miranda, R. C., and Finnell, R. H. (2005). Role of Folbp1 in the Regional Regulation of Apoptosis and Cell Proliferation in the Developing Neural Tube and Craniofacies. Am. J. Med. Genet. - Seminars Med. Genet. 135C, 48–58. doi:10.1002/ajmg.c.30053
 Thawani, A., and Groves, A. K. (2020). Building the Border: Development of the Chordate Neural Plate Border Region and Its Derivatives. Front. Physiol. 11, 608880. doi:10.3389/fphys.2020.608880
 Tobi, E. W., Goeman, J. J., Monajemi, R., Gu, H., Putter, H., Zhang, Y., et al. (2014). DNA Methylation Signatures Link Prenatal Famine Exposure to Growth and Metabolism. Nat. Commun. 5, 5592. doi:10.1038/ncomms6592
 Trevers, K. E., Prajapati, R. S., Hintze, M., Stower, M. J., Strobl, A. C., Tambalo, M., et al. (2017). Neural Induction by the Node and Placode Induction by Head Mesoderm Share an Initial State Resembling Neural Plate Border and ES Cells. Proc. Natl. Acad. Sci. U.S.A. 115, 355–360. doi:10.1073/pnas.1719674115
 Uchikawa, M., Ishida, Y., Takemoto, T., Kamachi, Y., and Kondoh, H. (2003). Functional Analysis of Chicken Sox2 Enhancers Highlights an Array of Diverse Regulatory Elements that Are Conserved in Mammals. Dev. Cell 4, 509–519. doi:10.1016/S1534-5807(03)00088-1
 von Meyenn, F., Iurlaro, M., Habibi, E., Liu, N. Q., Salehzadeh-Yazdi, A., Santos, F., et al. (2016). Impairment of DNA Methylation Maintenance Is the Main Cause of Global Demethylation in Naive Embryonic Stem Cells. Mol. Cell 62, 848–861. doi:10.1016/j.molcel.2016.04.025
 Wahl, S. E., Kennedy, A. E., Wyatt, B. H., Moore, A. D., Pridgen, D. E., Cherry, A. M., et al. (2015). The Role of Folate Metabolism in Orofacial Development and Clefting. Dev. Biol. 405, 108–122. doi:10.1016/j.ydbio.2015.07.001
 Wang, L., Zhang, J., Duan, J., Gao, X., Zhu, W., Lu, X., et al. (2014). Programming and Inheritance of Parental DNA Methylomes in Mammals. Cell 157, 979–991. doi:10.1016/j.cell.2014.04.017
 Wehby, G. L., and Murray, J. C. (2010). Folic Acid and Orofacial Clefts: A Review of the Evidence. Oral Dis. 16, 11–19. doi:10.1111/j.1601-0825.2009.01587.x
 Wilcox, A. J., Lie, R. T., Solvoll, K., Taylor, J., McConnaughey, D. R., Åbyholm, F., et al. (2007). Folic Acid Supplements and Risk of Facial Clefts: National Population Based Case-Control Study. Bmj 334, 464. doi:10.1136/bmj.39079.618287.0B
 Williams, R. M., Candido-Ferreira, I., Repapi, E., Gavriouchkina, D., Senanayake, U., Ling, I. T. C., et al. (2019). Reconstruction of the Global Neural Crest Gene Regulatory Network In Vivo. Dev. Cell 51, 255–276. doi:10.1016/j.devcel.2019.10.003
 Xi, Y., and Li, W. (2009). BSMAP: Whole Genome Bisulfite Sequence MAPping Program. BMC Bioinforma. 10, 232. doi:10.1186/1471-2105-10-232
 Yu, X.-X., Liu, Y.-H., Liu, X.-M., Wang, P.-C., Liu, S., Miao, J.-K., et al. (2018). Ascorbic Acid Induces Global Epigenetic Reprogramming to Promote Meiotic Maturation and Developmental Competence of Porcine Oocytes. Sci. Rep. 8, 6132. doi:10.1038/s41598-018-24395-y
 Zhang, L., Lu, X., Lu, J., Liang, H., Dai, Q., Xu, G.-L., et al. (2012). Thymine DNA Glycosylase Specifically Recognizes 5-Carboxylcytosine-Modified DNA. Nat. Chem. Biol. 8, 328–330. doi:10.1038/nchembio.914
 Ziller, M. J., Müller, F., Liao, J., Zhang, Y., Gu, H., Bock, C., et al. (2011). Genomic Distribution and Inter-Sample Variation of Non-CpG Methylation across Human Cell Types. PLoS Genet. 7, e1002389. doi:10.1371/journal.pgen.1002389
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Alata Jimenez and Strobl-Mazzulla. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-834625-g005.gif





OPS/images/fcell-10-834625-g006.gif
Low folate levels

eraowesaoms  Normal folate levels

Notent






OPS/images/fcell-10-834625-g003.gif
o0
L1170 L1100

I

lAdAdiosda

0
WiCAG %

A: b B comn
/ .ms .
c
| Gonwo

\
o
s





OPS/images/fcell-10-834625-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Folate Carrier Deficiency Drives Differential Methylation and Enhanced Cellular Potency in the Neural Plate Border		Introduction

		Results		5mC and 5 hmC Abundance and Writers’ Distribution During Early Neural Plate Border Specification

		Folate Carrier Deficiency Generates Hypomethylated DMRs in the Notch1 Locus and Affects Its Expression

		Folate Deficiency Enhances the Bipotentiality of Neural Plate Border Cells





		Discussion

		Materials and Methods		Embryos

		Electroporation of Morpholino and Vectors

		In Situ Hybridization (ISH)

		Cryosectioning

		Immunohistochemistry

		Quantification of 5 hmC and 5mC Intensities

		RRBS-Seq





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-834625-g001.gif





OPS/images/fcell-10-834625-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





