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SUMMARY

We currently lack a comprehensive understanding of the mechanisms underlying neural tube 

formation and their contributions to neural tube defects (NTDs). Developing a model to study such 

a complex morphogenetic process is critical, especially one that models human-specific aspects. 

Three-dimensional, hESCs-derived neural rosettes (NRs) provide a powerful resource for in vitro 
modeling of human neural tube formation. Epigenomic maps reveal enhancer elements unique to 

NRs relative to 2D systems. A master regulatory network illustrates that key NR properties are 

related to their epigenomic landscapes. We found that folate-associated DNA methylation changes 

were enriched within NR regulatory elements near genes involved in neural tube formation and 

metabolism. Our comprehensive regulatory maps offer insights into the mechanisms by which 

folate may prevent NTDs. Lastly, our distal regulatory maps provide a better understanding of the 

potential role of neurological disorder-associated SNPs.

In Brief

*Correspondence: rdhawk@uw.edu.
#Lead Contact

ACCESSION NUMBERS
The SRA accession number for the data generated on neural rosettes is SRP094721.
All data generated on NRs as well as data for 2D NSCs used in this study can be visualized in a UCSC genome browser session from 
here: http://depts.washington.edu/hawklab/ucsc_sessions/public/Neural_Rosette/site/nr_page.html

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures and seven tables.

AUTHOR CONTRIBUTIONS
C.V. and R.D.H conceived the study, designed the experiments and computational analysis and wrote the manuscript. C.V performed 
the experiments and analyzed data. C.A. contributed to data analysis and writing of the manuscript. S.B. and R.L. contributed to DNA 
methylation data analysis. N.D.J. contributed to data analysis. R.J.L. provided assistance with cell culture. All authors read, 
commented on, and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2017 August 18.

Published in final edited form as:
Cell Rep. 2017 August 08; 20(6): 1448–1462. doi:10.1016/j.celrep.2017.07.036.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://depts.washington.edu/hawklab/ucsc_sessions/public/Neural_Rosette/site/nr_page.html


Neural rosettes offer a 3D model of neural tube development. Valensisi et al. show that these cells 

have distinct epigenomic landscapes compared to 2D neural stem cells. Cis-regulatory elements 

identified in NRs harbor folate-associated CpGs, which may be important during neural tube 

development, and neurodevelopmental disorder associated variants.

INTRODUCTION

Advances in 3D culture systems have opened the door to unprecedented opportunities for 

recapitulating the in vivo features of human CNS development (Kelava and Lancaster, 

2016). Neural rosettes (NRs) derived from human embryonic stem cells (hESCs) can 

recapitulate the molecular and morphogenetic sequence of events from gastrulation to neural 

tube (NT) formation (Deglincerti et al., 2016; Kelava and Lancaster, 2016; Zhang et al., 

2001). These 3D tubular structures emerge from embryoid bodies (EBs) with a 

differentiation timing comparable to that seen in vivo (Pankratz et al., 2007). NRs display 

apical-basal polarity typical of neuroepithelium and radial organization similar to that of 

radial glial cells, a primary neural progenitor cell population present during development 

and in the adult brain (Conti and Cattaneo, 2010). Previous studies have explored molecular 

markers and signaling pathways establishing the identity and differentiation potential of NRs 

and showed that NRs better recapitulate the in vivo properties of bona fide neural stem cells 

(NSCs) (Elkabetz et al., 2008; Koch et al., 2009). Recently, 3D culture systems were used to 

investigate molecular mechanisms and signaling pathways governing self-organization of 

NT formation and NT closure both in mouse and non-human primates (Meinhardt et al., 

2014; Zhu et al., 2015). These studies serve as proof of concept of the power of 3D culture 

systems for modeling NT formation and its disruption.

Disruption in NT formation and closure leads to neural tube defects (NTDs) (Copp and 

Greene, 2012), the second most common birth defects and a global public health burden 

(Zaganjor et al., 2015). An important player in NTD etiology is folate (Nazki et al., 2014), a 

critical component in the one-carbon metabolism pathway providing methyl groups for a 
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range of biochemical reactions, including methylation of DNA and histones. How folate 

affects NT formation is still poorly understood, especially for human-specific aspects 

(Wallingford et al., 2013), but major evidence points to changes in DNA methylation and 

gene expression (Copp and Greene, 2012).

Epigenomic remodeling plays a major role in development and cell fate determination and 

alterations to DNA methylation and histone modifications, here referred to as epigenetics, 

have been associated with disease (Romanoski et al., 2015). To date, we are still missing a 

comprehensive understanding of epigenetic mechanisms for neural tube formation and 

NTDs. Recently, epigenomic dynamics of neural differentiation from hESCs were 

investigated using monolayer culture systems, namely 2D NSCs, (Xie et al., 2013; Ziller et 

al., 2015). However, 2D culture systems lack the complexity to recapitulate morphogenetic 

properties of the neural tube, a key aspect to understand how its disruption leads to NTDs. 

Here, we leverage the 3D nature of hESC-derived NRs to explore the epigenomic regulation 

of NT formation and possible applications for studying NTDs and other neurological 

disorders connected with early development.

RESULTS

Distinct neural rosette transcriptional profiles compared to 2D neural stem cells

Neural rosettes (NRs) were generated from hESCs via formation of embryonic bodies (EBs) 

(Figure 1A, Supplemental Experimental Procedures). To gain insights into the role of 

epigenomic regulation in defining NR identity and neural tube formation, we generated 

comprehensive maps of gene expression by strand-specific RNA-sequencing (RNA-seq); 

histone H3 modifications via ChIP-seq that are commonly used to predict promoter and 

enhancer elements and their functional status - lysine 4 trimethylation (H3K4me3) and 

monomethylation (H3K4me1), lysine 27 acetylation (H3K27ac) and trimethylation 

(H3K27me3); and genome-wide DNA methylation by whole genome bisulfite sequencing 

(WGBS) (Figure 1B). To explore molecular features that set apart NRs from 2D NSCs, we 

compared the NR transcriptome and epigenome to publicly available data for three 2D NSCs 

that match the developmental window of NRs, namely neural progenitor cells (NPCs) (Xie 

et al., 2013), neuroepithelia (NE) and early radial glia (ERG) (Ziller et al., 2015).

We first focused on the NR transcriptome. Given that all cells will express key genes for 

neural stem cells and neurodevelopment, we used an entropy-based method (Schug et al., 

2005) to define cell-type specific gene expression from our global transcriptional analysis. 

We identified 415 protein-coding genes and 122 long noncoding RNAs (lncRNAs) with 

expression restricted to NRs (Figure 1C and Table S1A). To validate our findings, we also 

assessed differential expression in a pairwise comparison fashion using Rank Product 

(Figure S1A and Table S1B), and observed high concordance with the entropy-based 

analysis, with 96% NR-restricted genes recovered in the top 10% for Rank Product for NR 

vs all 2D NSCs (Figure S1B and Table S1C). Among NR-restricted protein-coding genes, 

we found several genes whose function during neurulation can potentially influence NT 

formation. One such gene was T-box 3 (TBX3), known for its role in maintaining 

pluripotency in mouse ESCs (Niwa et al., 2009). Interestingly, recent evidence showed that 

TBX3 knockdown in human ESCs decreases neural rosette formation (Esmailpour and 
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Huang, 2012), suggesting that it may also be important during neurulation. The expression 

of betaine-homocysteine methyltransferase (BHMT), a member of the one-carbon 

metabolism pathway, was also found to be restricted to NRs. Genetic variants in BHMT 
have been reported to influence the risk for spina bifida (Boyles et al., 2006; Morin et al., 

2003). Another such gene was ephrin receptor A5 (EPHA5), which is involved in regulation 

of cell adhesion during cranial development. EphA5−/− mice display anencephaly, likely due 

to the cranial neural folds failing to fuse in the dorsal midline (Holmberg et al., 2000). This 

collection of genes is a strong indication of a neural tube phenotype.

Epigenomic landscapes at neural rosette promoters

A large fraction of chromatin-enriched regions were unique to NRs with respect to the other 

cell populations (Figure S2A and Table S2), with the exception of H3K4me3. H3K4me3 

marked 13,880 transcription start sites (TSS; gene-level annotations), compared to nearly 

20,000 TSSs marked by H3K4me3 in 2D NSCs (Figure S2B). However, NR promoters were 

not devoid of chromatin dynamics. H3K27ac showed between 39% and 68% of peaks to be 

NR-unique in pairwise comparisons (Figure S2A and Table S2), of which 2,780 were found 

at promoters (Figure S2C). GO term analysis of these putative NR-specific active promoters 

suggested these genes are involved in general developmental functions (Figure S2D). 

H3K27me3 showed between 65% and 67% of peaks to be NR-unique (Figure S2A and 

Table S2). We identified 830 bivalent promoters (H3K4me3 and H3K27me3) in NRs (6% of 

all H3K4me3 marked regions), a signature that is a key process during lineage and cell type 

specification (Voigt et al., 2013), and observed that the NR bivalent signature was highly 

cell-type specific (Figure S2E). GO term analysis of NR bivalent genes showed enrichment 

for processes such as glycoprotein metabolism, metal ion binding, and voltage-gated channel 

activity (Figure S2F). The poised nature of the promoter chromatin state suggests a delayed 

developmental expression of these genes, potentially at a time when distinct neurons are 

specified. Next, we showed how different classes of H3K4me3-marked promoters, namely 

active (co-enriched for H3K27ac), bivalent (co-enriched for H3K27me3) and poised (no co-

enrichment for H3K27ac or H3K27me3) correlated with the expression level of the genes 

(Figure 2A).

DNA methylation remodeling is an essential component of epigenetic regulation during 

development (Smith and Meissner, 2013). Recent studies showed that unmethylated and 

low-methylated regions (UMR/LMRs) can be used to predict regulatory elements (Burger et 

al., 2013; Stadler et al., 2011). UMRs are defined as regions with average methylation lower 

than 10%, are mostly found at promoters, and have a high CG density such as CpG islands 

(CGIs). We identified 19,049 UMRs with an average size of 2kb (Figure S2G) and 

confirmed their expected genomic locations (Figure S2H). Consistent with their genomic 

location, a larger fraction of UMRs colocalized with H3K4me3-marked promoters and 

encompassed chromatin-marked promoters in different states (Figure 2B). Contrasting 

UMRs with the chromatin maps, we observed that almost all UMRs were located at 

chromatin-marker regulatory region (Figure 2C). As for the UMRs that overlapped 

H3K4me1-marked regions, those are predominantly promoter-proximal enhancers. 

Consistently with their chromatin signature, H3K4me3-marked promoters showed to be 

largely demethylated while their genes appeared to be expressed (Figure 2D). This was 
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consistent when we considered methylation at promoters genome-wide, where genes with 

demethylated promoters were expressed at a high level, while methylation in promoters (> 

75%) corresponded to genes being undetected or expressed at a low level (TPM <1) (Figure 

2E).

To compare NRs to 2D NSC methylomes, we defined differentially methylated regions 

(DMRs) for each pairwise comparison (Figure S2I). When considering regions that were 

differentially methylated in at least one of the three pairwise comparisons between NRs and 

2D NSCs, we found 28,102 DMRs, whereas only 15,769 DMRs were found in pairwise 

comparisons among 2D NSCs, suggesting that DNA methylation signature in NRs is more 

different with respect to any 2D NSCs than 2D NSCs are among each other. Furthermore, 

NRs tend to harbor hypomethylated DMRs when compared to any 2D NSC (Figure 2F and 

Figure S2L) - 25,195 hypomethylated DMRs out of 28,102 DMRs. Of the 1,143 NR-specific 

promoter DMRs, 459 were hypomethylated and their genes showed significantly lower 

expression than genes of hypermethylated promoters (Figure 2G).

NR regulatory enhancer networks and dynamics during nervous system development

Enhancers play a major role in cell-type specific transcriptional regulation (Shlyueva et al., 

2014). The H3K4me1 enhancer signature (Heintzman et al., 2009) was the most cell-type 

specific epigenomic modification when compared against all 2D NSC population, with 62% 

(38,181) peaks unique to NRs (Figure 3A). Co-enrichment of the activating H3K27ac 

modification with H3K4me1 reveals enhancers in an active state, while elements marked by 

H3K4me1 alone tend to be in a poised state (Creyghton et al., 2010; Hawkins et al., 2011; 

Rada-Iglesias et al., 2011). Using these criteria, we identified 22,475 active and 41,797 

poised enhancers in NRs. Collectively, these results show that NRs have a quite distinct 

transcriptional and epigenomic landscape compared to 2D neural stem cells, and highlight a 

role for distal regulatory elements in defining NR epigenomic signature.

To predict the regulatory network shaping the enhancer landscape in NRs, we performed 

transcription factor binding site (TFBS) motif enrichment analysis on both active and poised 

enhancer regions (Figure 3B, Figure S3A and Table S3A-B) and constructed in silico 
protein-protein interaction maps for TFs with detectable transcripts in NRs (Figure 3C and 

Figure S3B). Our analysis suggests that SOX2 plays a central role in TF networks anchored 

at either active or poised enhancers. SOX2 is expressed throughout development and is 

involved in maintaining pluripotency as well as differentiation of several lineages (Sarkar 

and Hochedlinger, 2013). In NSCs, SOX2 is critical for maintaining neural progenitor 

identity by inhibiting premature differentiation toward the neuronal lineage (Graham et al., 

2003; Lee et al., 2014). Another major hub in both networks is TCF3. TCF3 is a key player 

in controlling the balance between differentiation and maintenance of neural progenitors 

(Kuwahara et al., 2014) by antagonizing Wnt/β-Catenin signaling pathway (Atlasi et al., 

2013). TCF3 is also necessary for establishing the anterior-posterior axis (Merrill et al., 

2004). Among TF motifs uniquely enriched at active enhancers, we observed E2F4, a 

member of a family of TFs involved in regulating cell-cycle. E2f4−/− mice have brain 

malformations and abnormal fetal expression of key neural marker such as Pax6, Nkx2.1, 

and Dlx (Swiss and Casaccia, 2010). Among TF motifs uniquely enriched at poised 

Valensisi et al. Page 5

Cell Rep. Author manuscript; available in PMC 2017 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enhancers is the transcriptional repressor GLI3, a mediator of the Shh signaling pathway. 

Gli3 mediates the graded Shh signal (Stamataki et al., 2005) and is essential for establishing 

dorsal-ventral patterning in the neural tube (Persson et al., 2002). Given GLI3 is expressed 

in NRs, its enrichment at poised enhancers may shed light on the dynamic state of these 

elements

Next, we asked how the NR enhancer landscape might change during nervous system 

development. To address this question we obtained DNase I hypersensitivity sites (DHS) 

data for human fetal spinal cord (15 weeks of gestation) and brain (18 weeks of gestation) 

from the Roadmap Epigenome Project (Thurman et al., 2012). We found that approximately 

13% of both active and poised enhancers are hypersensitive at these later stages in 

neurodevelopment, suggesting they remain or become active (Figure 3D – Clusters 1). We 

assigned hypersensitive enhancers to the nearest neighboring genes (NNGs) (Table S3C-D) 

and performed functional annotation clustering analysis of associated GO terms (Figure 3E). 

For those active NR enhancers that are hypersensitive during brain and spinal cord 

development, top enriched clusters suggested these genes may play a role in more general 

neurodevelopmental processes, for instance transcription factor activity and neuron 

differentiation. Top GO term clusters for poised NR enhancers, that potentially become 

active as the brain and spinal cord form, were instead enriched for terms linked to synapse 

signaling and axonogenesis. These latter functions, associated with more mature neuronal 

activities, are consistent with the poised for activation state of the enhancers. To validate 

these findings, we also used an alternative method for assigning regulatory elements to 

putative gene targets, GREAT (McLean et al., 2010), and observed more than 72% 

concordance with NNGs (Figure S3C); GO term analysis of GREAT assigned putative 

targets showed high similarity as well (Figure S3D).

Broad distal regulatory domains reveal master regulators of neural tube formation

Recently a great deal of interest has emerged around broad distal regulatory domains – 

comprising sites stitched together, namely super-enhancers (Hnisz et al., 2013; Whyte et al., 

2013) or stretch enhancers – defined largely by broad acetylation peaks (Parker et al., 2013). 

Besides sharing all the properties of average sized enhancers (commonly considered less 

than 1kb), super-enhancers are often located in close proximity to known master regulators, 

e.g. pluripotent genes and oncogenes, and are deemed to act as switches to determine cell 

fate. To identify broad enhancers, and their putative target genes based on genomic 

proximity, we first defined broad H3K4me1 and H3K27ac domains as peaks longer than 3kb 

and identified 4,245 (7%) and 1,964 (6%) peaks, respectively (Figure S4A). While most 

broad H3K27ac peaks were co-enriched for H3K4me1, indicating enhancers in an active 

state, a large fraction of broad H3K4me1 domains appeared to exist in a poised state (Figure 

4A). Consistent with their functional state, active broad enhancers were largely found near 

highly expressed genes, while expression values of nearest genes to poised broad enhancers 

were significantly lower (Figure 4B). All expressed genes were compared as a control.

Among putative targets of active broad enhancers were SKI and HES5 (Figure 4C; see Table 

S4A-B for complete list). HES5 is a primary effector of the Notch signaling pathway and 

plays a critical role in neural tube development (Louvi and Artavanis-Tsakonas, 2006; Yoon 
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and Gaiano, 2005). In neural rosettes, HES5 prevents the switch from neural to neuronal 

identity (Abranches et al., 2009). Similarly, SKI functions as a repressor of TGF-beta 

signaling and may play a role in neurulation and patterning of the neural tube (Berk et al., 

1997). Overall, GO term analysis showed that putative targets are primarily involved in 

processes specific to neural tube formation, such as establishment of rostral-caudal axis and 

regionalization of the nervous system (Figure 4D). Using GREAT to assign broad enhancers 

to putative gene targets, we observed over 75% concordance with NNG method (Figure 

S4B).

Next, we explored which TFs were more likely to be found at broad enhancers than at 

standard enhancers. We performed TFBS motif enrichment analysis of both active and 

poised broad enhancers using standard peaks as background (Figure 4E and Table S4C-D). 

We found that LHX2 and HOXA9 motifs are enriched at both broad enhancer classes. Both 

factors are known to co-localized with Sox2 during early neurodevelopment in mice and are 

critical determinants of regional-specific Sox2 occupancy. For example, Lhx2 is more 

enriched in rostral regions (anterior fate) and HoxA9 is more enriched in caudal regions 

(posterior fate) (Hagey et al., 2016). While SOX2 and LHX2 genes are highly expressed in 

NRs, HOXA9 was not detected in NRs. The co-presence of motifs for both anterior and 

posterior factors, may contribute to a key feature of NRs, which is an anterior identity while 

possessing the capability of responding to posterior patterning cues (Conti et al., 2005; 

Elkabetz et al., 2008; Pankratz et al., 2007). Taken together, these results depict the use of 

broad enhancers near master regulators that underlie key properties of NRs, such as 

dependency on Notch signaling for maintaining neural stem cell identity and unrestricted 

differentiative potentials. At the same time, NRs, like the neural tube, may be primed to 

respond to imminent regionalization signaling by the likely accessibility of key TFs, such as 

HOXA9 at broad enhancers.

LMRs predict distal regulatory elements and their developmental dynamics

LMRs have an average methylation ranging from 10% to 50%, are low CG dense regions, 

tend to be enriched for H3K4me1, DHS as well as for p300/CBP, and are primarily located 

distal to promoters in intergenic or intronic regions (Burger et al., 2013; Stadler et al., 2011). 

We identified 56,558 LMRs (500bp average size) in the NR methylome (Figure S2G) and 

determined their genomic annotations (Figure S5A). We contrasted LMRs with the NR-

specific hypomethylated DMRs. We found that NR hypomethylated DMRs largely occur at 

LMRs (48% of 2,995 hypo-DMRs common across all three pairwise comparisons against 

2D NSCs; Figure S5B), whereas only a small fraction (6%) were found to be at UMRs. This 

was consistent with the observation that NR hypomethylated DMRs largely occur in 

intergenic and intronic regions (Figure S5C) and are enriched for H3K4me1 and to a lesser 

extent for H3K27ac, but not for H3K4me3 (Figure S5D). We then integrated all LMRs with 

our chromatin maps (Figure 5A–B), and as expected based on their genomic localization, 

LMRs were depleted of promoter mark H3K4me3, while they were enriched for the 

enhancer mark H3K4me1.

The larger fraction of LMRs was devoid of chromatin marks. It has been suggested that TF 

binding may be both necessary and sufficient to induce local demethylation and establish 
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LMRs (Stadler et al., 2011). We asked whether unmarked LMRs might represent distal 

regulatory regions that are poised to become active at a later stage in development, but have 

yet to acquire indicative chromatin marks. To explore this hypothesis, we first sought to 

explore whether these elements might be able to bind TFs relevant for neural differentiation. 

Thus, we performed TFBS motif enrichment analysis on the unmarked LMRs (Table S5A) 

and compared to active and poised enhancers (Table S3A-B). We found that unmarked 

LMRs were enriched for a similar set of motifs to those found at enhancers (Figure 5C and 

Table S5B), with 73% of motifs shared with enhancers (Figure S5E), suggesting that these 

regions have the ability to function as distal regulatory elements.

Among the top enriched motifs in unmarked LMRs, but not found in H3K4me1-marked 

enhancers, was the motif for the repressor REST, known for its role in maintaining neural 

stem cells and preventing premature neuronal differentiation (Huang et al., 2011) The 

presence of repressive TF motifs at LMRs may prevent these putative poised enhancers from 

activating, and also explain why some LMRs lack an enhancer chromatin signature.

Other motifs enriched only in unmarked LMRs were for EOMES/TBR2 and members of the 

ETS family. EOMES/TBR2 is well characterized for its role in controlling differentiation in 

radial glia towards neurons during early brain development (Arnold et al., 2008; Sessa et al., 

2008). Eomes/Tbr2 also mediates Pax6 control of the balance of NSC self-renewal and 

neurogenesis (Sansom et al., 2009). The ETS family of TFs are known for their role in 

regulating a spectrum of developmental processes. For example, Etv1 is involved in 

differentiation of dopaminergic neurons (Flames and Hobert, 2009) and cerebellum granule 

cells (Abe et al., 2011), while Ets1 plays a role in neural crest differentiation (Wang et al., 

2015).

Next, we assigned unmarked LMRs to NNGs (Table S5C). As validation, 85% of putative 

target genes identified by GREAT were also identified by NNG approach (Figure S5F). 

Putative targets of unmarked LMRs were highly involved in development of the nervous 

system (Figure 5D; Figure S5G). Interestingly, the GO terms associated with these genes 

(e.g. transmission of the nerve impulse and axonogenesis) are indicative of a function at a 

later stage of development relative to neural tube formation, such as when neurons are 

formed, which would be consistent with a poised regulatory element.

Furthermore, we contrasted unmarked LMRs with fetal brain and spinal cord DHS and 

found that over half (23,448 of 39,078) are hypersensitive at later stages in development 

(Figure 5E). To further supporting the poised for activation state of unmarked LMRs, we 

compared the expression of putative target genes of unmarked LMRs containing the REST 

motif between NRs and fetal spinal cord and found that the expression of these genes 

significantly increased at a later stage in development (Figure 5F). Upregulation of these 

genes suggest the elements switch to an active state.

Collectively, these results support our hypothesis that unmarked LMRs may predict distal 

regulatory elements prior to acquiring chromatin features more commonly used to identify 

enhancers. Given that NRs and other 2D NSCs express a large repertoire of neural TFs that 

are present throughout development (see above and Ziller et al., 2015), these factors may 
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establish poised enhancers (both H3K4me1-only and LMR-only elements), which activate 

upon localization of additional cell-specific factors.

Folate-associated CpGs overlap NR regulatory elements

High levels of folate during the periconceptional period are the most effective means to 

reduce the risk of neural tube defects (NTDs) (Zaganjor et al., 2015). Recently, a large study 

correlated a wide range of maternal folate levels during early stages of pregnancy with DNA 

methylation in cord blood at birth in 1,988 healthy mother-newborn pairs (Joubert et al., 

2016). Methylation levels at 443 individual CpGs were correlated with folate levels. We 

sought to explore how our model of NT formation could unravel the regulatory mechanism 

whereby folate-associated methylation influences neural tube formation. To do so, we 

assayed the genomic context for the 443 folate-associated CpGs and found that most were 

located in intergenic or intronic regions, where enhancers are more likely to be located 

(Figure S6A). About 40% of the folate-associated CpGs are at a regulatory element, with 3/4 

of those overlapping H3K4me1-marked enhancers (Figure 6A). By contrast, overlapping 

folate-associated CpGs with 2D NSC H3K4me1-marked enhancers showed little to no 

overlap (Figure 6B), supporting a potential functional relevance of these CpGs in neural tube 

formation. Analysis of the folate-associate CpGs at NR regulatory elements showed that 

about half of the folate-associate CpGs are indeed demethylated (methylation level < 50%) 

in the NR methylome (Figure 6C).

In line with these results, GO term analysis (Table S6A) of NNGs of the folate-associated 

CpGs at NR regulatory elements showed enrichment for neurodevelopment and metabolic 

processes (Figure 6D; Table S6B-C). 73% of NNGs were validated using GREAT and GO 

term analysis of GREAT putative targets showed high concordance (Figure S6B–C). We 

found that over half of the putative target genes for folate-associated CpGs at NR regulatory 

elements are expressed in NRs (TPM > 1; Figure S6D). Among putative target genes (Figure 

6E), we found TBX3, a gene with expression restricted to NRs. TBX3 is associated with 

several GO terms related to neural tube patterning and axis establishment. Another related 

gene was FOXA2, a transcriptional activator and effector of SHH signaling. Several genetic 

models showed that this pathway is important for proper neural tube closure and disruption 

of Shh signaling leads to NTDs (Murdoch and Copp, 2010). In mice, Foxa2 mediates Shh 

signaling in the floor plate, a critical organizing center for neural tube patterning (Cho et al., 

2014; Mansour et al., 2011). Given the poised state of putative FOXA2 enhancers and that 

the gene is not expressed in NRs (TPM < 1), it may be possible that this gene is activated at 

a later stage of NT development. Notably, the APC2 locus harbors nine individual folate-

associate CpGs, eight of which are within NR enhancers. APC2 is involved in the regulation 

of WNT signaling and is expressed in both the fetal and adult human brain. A study in mice 

showed an association between folate and DNA methylation in its homologous gene, APC 
(Sie et al., 2013).

It is worth noting that several NNGs of enhancers that contain folate-associate CpGs are 

implicated in signaling pathways that regulate neural tube axis establishment, that is dorsal-

ventral and rostral-caudal axes. This process likely plays an important role in NT closure 

and NTDs. NT closure is a continuous process along the tube and key signaling pathways, 
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such as SHH and Notch pathways, drive this process and play a role in regulating timing of 

closure along the NT (Greene and Copp, 2009). Interestingly, we observed enhancers that 

overlapped folate-associate CpGs are highly enriched for broad enhancers (28 out of 127; 

Fisher’s test p-value = 3.8e-32), over three times more than expected, given that 

approximately 6–7% of all NR enhancers are broad. Among the putative target genes of 

broad enhancers that contain a folate-associate CpG is HES3, a regulator of the Notch 

signaling pathway, required to maintain neural stem cell population by inhibiting premature 

differentiation into neurons (Imayoshi et al., 2010) (Figure 6E). Mouse studies showed that 

Hes3 mutants develop NTDs (Hirata et al., 2001), likely as results of premature neural 

differentiation before neural tube closure is complete (Copp and Greene, 2012).

These results reveal insights into mechanisms by which folate may influence 

neurodevelopment by altering methylation levels at distal regulatory elements such as 

enhancers. Furthermore, it demonstrates the functional relevance of our in vitro 3D model of 

human neural tube formation, which failed to be captured when analyzing regulatory maps 

in 2D NSCs (Figure 6B).

NR enhancers are enriched for genetic variants associated with neurological disorders

Recent studies have shown that non-coding single nucleotide polymorphisms (SNPs) 

associated with risk for disease may be enriched at enhancer elements (Corradin and 

Scacheri, 2014; Hawkins et al., 2010b; 2013). Given the limited genetic studies for NTDs 

that have resulted in very few candidates for this condition, a large collection of NTD-

associated SNPs is not available for analysis at NR enhancers. Nonetheless, we asked 

whether we could observe enrichment for other neurological disorders or conditions 

potentially founded in neurodevelopment. To do so, we collected SNPs associated with a 

variety of neurological traits and other conditions from public data (573 traits from the 

NHGRI-EGI GWAS Catalog: https://www.ebi.ac.uk/gwas/) and examined their overlap 

within NR enhancers (Table S7A-B). We screened both lead SNPs and SNPs in linkage 

disequilibrium (r2 ≥ 0.8) for localization at NR enhancers. Our analysis showed that for 

approximately 20% of these traits (123 out of 573) a significant enrichment (q-value < 0.05) 

of the associated SNPs was found at NR enhancers, of which 10 were neurological disorders 

and traits, including Schizophrenia and Autism (Figure 7A). For both these neurological 

disorders, an increasing body of evidence is emerging supporting a neurodevelopmental 

etiology (Donovan and Basson, 2016; Stachowiak et al., 2013).

From the 10 enriched neurological disorders and traits, we found their overlapping SNPs to 

reside in 120 NR enhancers (Figure 7B), 59 of which were active (Figure 7C) and 101 were 

in a poised state (Figure 7D). Next, we sought to identify the putative target genes for the 

120 NR enhancers. We leveraged a recent study that provides prediction of target genes for 

over 500,000 putative regulatory elements using correlations between DHS signal and gene 

expression levels across 72 human cell types (Sheffield et al., 2013). This allowed us to 

predict gene targets for 68 NR enhancers (Figure 7B). Among both active and poised 

enhancers, we observed that vast majority of putative target genes were expressed in NRs 

(Table S7B; Figure 7C–D). For example, among predicted gene targets expressed in NRs 

was autism susceptibility candidate 2 gene (AUTS2), a gene implicated in 
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neurodevelopment and neurological disorders, including autism spectrum disorders, 

intellectual disability, and developmental delay (Oksenberg and Ahituv, 2013). Notably, 

SNPs associated with subcortical brain region volumes are more abundant at poised 

enhancers and their target genes are largely off in NRs. Altered activation of these enhancers 

and target genes may provide insight into encephalopathies.

Overall, our results suggested that our model can be useful for evaluating the impact of 

genetic risk factors for neurological disorders associated with dysfunction of early 

development. For variants at active enhancers, our results likely reveal insights into the 

developmental origins of these disorders. Given that just over half (63%) of the enhancer 

SNPs are within poised enhancers, the impact of these variants is likely realized later in 

development.

DISCUSSION

We generated an initial set of transcriptomic and epigenomic maps in a 3D human NSC 

culture system to build a comprehensive regulatory framework of hESC-derived neural 

rosettes, which largely recapitulate neural tube development unlike 2D systems. A key 

feature of NRs is their unrestricted differentiative potential within the neural lineage 

(Elkabetz et al., 2008; Koch et al., 2009). Maintaining neural stemness and inhibiting 

premature progression toward neuronal fate is critical. Our results show that these key 

properties may be mediated by epigenomic features. Examination of in silico TF-TF 

interaction maps derived from putative enhancer binders revealed two important nodes, 

which were occupied by SOX2 and TCF3. Both of which are known to play a role in 

maintaining neural stem cell identity (Atlasi et al., 2013; Graham et al., 2003; Kuwahara et 

al., 2014). Similarly, repression of TGF-beta signaling and activation of Notch signaling 

(Louvi and Artavanis-Tsakonas, 2006; Yoon and Gaiano, 2005) are two fundamental events 

in early neurodevelopment and establishing NR identity. Our study suggests that a repressor 

of TGF-beta signaling, SKI, and an effector of Notch signaling, HES5, may be 

transcriptionally regulated via broad enhancers, which resemble super/stretch enhancers 

typically enriched near master regulators.

Another key feature of NRs is the anterior identity while possessing the capability of 

responding to patterning cues (Conti et al., 2005; Elkabetz et al., 2008; Pankratz et al., 

2007). This developmental potential and ability to respond to signaling cues may be 

mediated by the largely poised enhancer landscape. We found that broad enhancers, 

predominantly poised, were highly enriched in proximity to genes involved in neural tube 

regionalization. Furthermore, we identified motifs for TFs associated with the anterior and 

posterior phenotype at enhancers. The regulatory networks anchored in chromatin-marked 

regulatory elements provides a better understanding of the epigenetic mechanisms guiding 

gene regulation, whereby patterning of the neural tube is established and orchestrated.

Little is known about the molecular mechanisms that link maternal folate levels to 

mechanisms of neurodevelopment and malformations such as NTDs during the early stages 

of human embryogenesis (Nazki et al., 2014). Our study demonstrates the power of human 

in vitro modeling to fill this gap. This study highlights several major points. Our findings 

Valensisi et al. Page 11

Cell Rep. Author manuscript; available in PMC 2017 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clearly demonstrate that NRs are a more relevant model for studying epigenetic mechanisms 

of folate, as we found little to no overlap between folate-associated CpGs and 2D NSC 

enhancer maps. This provides a framework to explain how folate-associated effects on DNA 

methylation may in turn influence NT formation and NTD. Moreover, enhancers are likely a 

critical mediator of mechanisms that link folate to NT formation. Not only are the majority 

of reported folate-associated CpGs enriched outside of promoters and genic regions, but, 

more specifically, our findings show that three quarters of those overlapping NR regulatory 

map are at enhancers, as defined by histone modifications or a DNA methylation signature. 

This is in line with the ever-increasing understanding of the central role that enhancers play 

in development and predisposition to disease. Future studies that make using of genome-

wide DNA methylation maps are likely to reveal more extensive folate-associated CpGs, as 

currently studies have utilized array technologies with minimal CpG representation.

Our study also provides insights into other neurodevelopment related disorders and traits. 

Enhancer variants offer an unprecedented opportunity to unravel how genetic variants in the 

non-coding genome can influence risk for many diseases and traits. Cell-type specific 

contexts are key for assessment of the effects of enhancer variants. Representing an early 

stage of neurodevelopment, NRs provide a useful tool for investigating neurological 

disorders and traits that may have a developmental origin, like Schizophrenia and Autism. 

Furthermore, we were able to identify their putative target genes and found among them 

genes involved in autism spectrum disorders, intellectual disability, and developmental delay 

(Oksenberg and Ahituv, 2013). In conclusion, this study provides comprehensive 

epigenomic maps of regulatory elements in neural rosettes and supports the use of this 

neural stem cells population as 3D human model for studying neural tube formation and 

NTDs.

EXPERIMENTAL PROCEDURES

For detailed descriptions see Supplemental Experimental Procedures.

NR differentiation

hES cells (WA09, WiCell) were cultured on Matrigel in mTeRS1 (Stemcell Technologies). 

NRs were differentiated for 5 days in STEMdiff™ Neural Induction Medium according to 

the manufacturer’s guides and AggreWell™ 800 plates (Stemcell Technologies) and then 

transferred to poly-ornithine and laminin coated plates and cultured in STEMdiff™ Neural 

Induction Medium for 7 days. NR 3D tubular-structures were harvested at day 12 of 

differentiation.

Genome-wide assays, Library Construction and Sequencing

ChIP-seq was performed as previously described (Hawkins et al., 2010a) using 2 million 

cells per ChIP. RNA-seq was performed using ScriptSeq™ v2 RNA-Seq Library Preparation 

Kit (Epicentre). WGBS was performed as previously described (Lister et al., 2009) with 

minor modifications using 500 ng of genomic DNA per library. Libraries were sequenced on 

either NextSeq500 in single-end 75 cycles run or HiSeq2500 in paired-end 100 cycles runs. 

All experiments were performed in duplicates.
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Computational Analysis

Sequencing raw reads were trimmed for low quality (q score < 30) and adapters, mapped to 

human genome (hg19) using Bowtie2 (ChIP-seq), Kallisto (RNA-seq) and BBMap 

(WGBS). Duplicates were merged. Gene expression values were calculated as transcripts per 

million (TPM). Alternative pairwise differential expression analysis of RNA-seq was 

performed with RankProd R package. ChIP-seq peaks were called using MACS v1.4 using 

the --nomodel mode. Methylation was quantified using BS-Seeker2; DMRs were identified 

using DSS and UMRs and LMRs using MethylSeekR.

Publically available data used in this study

DHS data for human fetal brain (18 weeks gestation) and fetal spinal cord (15 week 

gestation) were obtained from the Roadmap Epigenome Project, accession number 

GSM595913 and GSM878661. Folate-associated CpGs coordinates were obtained from 

Joubert et al., 2016. SNPs for all available traits were downloaded from the NHGRI-EGI 

GWAS Catalog (https://www.ebi.ac.uk/gwas/). RNA-seq, ChIP-seq and WGBS raw data for 

NPCs was obtained from Xie et al., 2013; NE and ERG from Ziller et al., 2015.

STATISTICAL ANALYSIS

Statistical significance of differences in the distribution of expression values for active 

versus poised or bivalent genes as well as for promoters with hyper-versus hypo-DMRs were 

assessed using the T-test. Statistical significance of differences between expression of NNGs 

for broad H3K4me1 or H3K27ac domains and all genes expressed was performed using 

ANOVA. Significance of the overlap of folate-associated CpGs at broad enhancers was 

determined using a Fisher’s test. Statistically significant overlap of trait-associated SNPs 

with NR enhancers was assessed using a hypergeometric test with Bonferroni correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Neural rosettes have transcriptional and epigenomic landscapes distinct from 

2D NSCs

• Low methylated regions in NRs predict enhancers active later in 

neurodevelopment

• NR regulatory maps provide insights into mechanisms of neural tube defects
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Figure 1. Distinct neural rosette transcriptional profiles compared to 2D neural stem cells
(A) Top: schematic of the neural rosette differentiation protocol. Bottom: Immunostaining 

for neural markers in NRs at day 11 of differentiation. (B) UCSC Genome Browser snapshot 

of PAX6 locus (chr11:31,800,000–31,850,000) showing normalized signals of DNA 

methylation level (mCG/CG), RNA-seq (read count expressed as TPM), and ChIP-seq reads 

(RPKM, input normalized). ChIP-seq peak calls are shown as bars above each track. (C) 

Heatmap representation of expression levels (TPM) of entropy-based cell-type specific 

protein-coding (left) and lncRNA (right) genes. See related Supplemental Experimental 

Procedures, Figure S1 and Table S1.
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Figure 2. Epigenomic landscapes at neural rosette promoters
(A) Violin plot of distribution of the expression values (log2(TPM)) of genes for active 

(H3K4me3/H3K27ac), poised (H3K4me3 only) and bivalent (H3K4me3/H3K27me3) 

promoters. *** T-test p-value < 0.0001. * T-test p-value ≤ 0.01. (B) Pie chart showing 

overlap of UMRs with chromatin-marked promoters and enhancers. (C) Heatmap 

representation of ChIP-seq signal intensity (RPKM, input normalized) for H3K4me1, 

H3K4me3, H3K27me3 and H3K27ac over 2kb windows centered at UMRs. (D) Heatmap 

representation of ChIP-seq signal intensity (RPKM, input normalized) for H3K4me3 and 

H3K27ac over 1kb windows centered at TSS, DNA methylation levels over 2kb windows 

centered at TSS, and gene expression (TMP) for H3K4me3-marked promoters. (E) Density 

plot showing gene expression (log2(TPM)) and DNA methylation levels for all promoters 

(defined as +/− 1kb around TSS; Gencode 19). (F) Heatmap and clustering visualization of 
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aggregate mC levels (mCG/CG) in DMRs (delta-mC > 0.2) from all comparisons for 

positions with > 5X coverage in all cell types. 31,395 DMRs are shown in the heatmap. (G) 

Violin plot of distribution of the expression values (log2(TPM)) of genes which promoters 

harbour a DMR. ** T-test p-value < 0.001. See related Figure S2 and Table S2.
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Figure 3. NR regulatory enhancer networks and dynamics during nervous system development
(A) Venn diagram shows the overlap for all H3K4me1 peaks among NR, NPC, NE and 

ERG. Fraction of the cell-type unique peaks is also given as percentage of the total number 

of peaks. (B) Heatmap representation of number (expressed as percentage of the total) of 

enhancer regions were a motif was significantly enriched (q-value < 0.001). Only motifs 

whose TF was expressed (TPM>1) in NR are shown. See Table S3A for complete list. (C) In 
silico protein-protein interaction maps for TFs whose motifs are enriched at active (left) and 

poised (right) enhancers. Size of node is proportional to the number of interactions; color 

represents expression value (TPM) of the gene as measured by RNA-seq. (D) Distribution of 

the average enrichment of DHS signals (RPKM) over 6kb windows centered at active (top) 

and poised (bottom) enhancers. K-mean clustering (K=2) was used to identify enhancers 
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enriched for DHS (cluster 1, in blue). Cluster 2, in green, represents enhancers lacking 

enrichment for DHS. (E) Bar plots show the most significantly enriched clusters of GO 

terms associated with NNGs in Cluster 1 of D. See Table S3C-D for NNGs of active and 

poised enhancers, respectively. See related Figure S3 and Table S3.
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Figure 4. Broad distal regulatory domains reveal master regulators of neural tube formation
(A) Heatmap representation of the ChIP-seq signal intensity (RPKM, input normalized) over 

a 10kb window centered at H3K4me1 and H3K27ac peaks across broad H3K27ac peaks 

(top) and broad H3K4me1 peaks (bottom). (B) Violin plot of distribution of the expression 

values (log2(TPM)) of the NNGs for broad H3K4me1 (blue) and H3K27ac (orange) peaks. 

Expression of all genes detected by RNA-seq in NRs is shown as a control. *** ANOVA p-

value < 0.0001. (C) UCSC Genome Browser snapshots of SKI and HES5 loci. ChIP-seq 

signals (RPKM, input normalized) for H3K4me1 (blue) and H3K27ac (orange) are 

displayed. Solid bars indicate peaks called by MACSv1.4. (D) Bar plot shows the most 

significantly enriched GO terms associated with NNGs of broad enhancers. (E) Bar plot of 

TFBS motifs significantly enriched (q-value < 0.001) at broad enhancers versus standard 

enhancers. Enrichment at broad H3K4me1 (blue) and H3K27ac (orange) regions is 

expressed as ratio between fraction of broad regions and fraction of standard regions 

enriched for the given TFBS motif. See related Figure S4 and Table S4.
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Figure 5. LMR predictions of distal regulatory domains and their developmental dynamics
(A) Pie chart showing the overlap of LMRs with chromatin-marked promoters and 

enhancers. (B) Heatmap representation of the ChIP-seq signal intensity (RPKM, input 

normalized) for H3K4me1, H3K4me3, H3K27me3 and H3K27ac over 2kb windows 

centered at LMRs. (C) Heatmap representation of negative log10(p-value) for significantly 

(q-value < 0.01) enriched TF binding site motifs at active enhancers, poised enhancers and 

unmarked LMRs. Only motifs whose TF was expressed (TPM>1) in NR are shown. See 

Table S5B. (D) Bar plot of the most significantly enriched GO terms associated with NNGs 

of unmarked LMRs. See also Table S5C. (E) Heatmap representation of the DHS signal 

(RPKM) for human fetal brain and spinal cord (18 and 15 weeks of gestation, respectively) 
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over 2kb windows centered at unmarked LMRs. (F) Violin plot of expression (log2(TPM)) 

of NNGs in NRs and fetal spinal cord (15 weeks of gestation) for unmarked LMRs where 

REST binding site motif was found to be significantly enriched. *** T-test p-value < 0.0001. 

See related Figure S5 and Table S5.
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Figure 6. Folate-associated CpGs overlap NR regulatory elements
(A) Pie chart showing overlap of 174 folate-associated CpGs from Joubert et al., 2016 and 

NR regulatory elements. Fisher’s exact test log10 p-value < -5 for all overlaps shown. (B) 

Percentages of the 443 folateassociated CpGs identified by Joubert et al., 2014 overlapping 

enhancers from NRs and 2D NSCs. Statistical significance of the overlap was calculated 

using Fisher’s exact test. (C) Heatmap representation of methylation level at the 174 folate-

associated CpGs that overlap NR regulatory elements. (D) Bar plot of the most significantly 

enriched GO terms associated with NNGs of regulatory elements that overlap folate-

associated CpGs. (E) UCSC genome browser snapshots of ChIP-seq signals (RPKM, input 

normalized) for H3K4me1, H3K4me3, H3K27me3 and H3K27ac at some loci that contain 

folate-associated CpGs. Peaks calls are shown as bars above each track. See related Figure 

S6 and Table S6.
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Figure 7. NR enhancers are enriched for genetic variants associated with neurological disorders
(A) Bubble chart showing traits and conditions from public data (https://www.ebi.ac.uk/

gwas/) for which both lead SNPs and SNPs in linkage disequilibrium (r2 ≥ 0.8) were found 

inside NR enhancers. Circle size represents the number of SNPs overlapped by enhancers 

for each trait. Colored circles represent traits associated with neurological disorders. Grey 

circles represent traits not associated with neurological disorders. Green dashed line 

indicates p-value = 0.05 (hypergeometric test with Bonferroni correction). (B) Bar chart 

shows number of enhancers overlapping neural related SNPs and DHS (with associated 

target genes) as represented by bar height. Overlapping conditions are shown by linked dots 

below bar. (C and D) Alluvial plots showing the number of active (C) and poised (D) 

enhancers overlapped by neural condition SNPs, overlapping DHS with gene targets and the 
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count of target genes. Colored boxes show the number of target genes expressed (on = TPM 

> 1) or off.

Valensisi et al. Page 29

Cell Rep. Author manuscript; available in PMC 2017 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	In Brief
	INTRODUCTION
	RESULTS
	Distinct neural rosette transcriptional profiles compared to 2D neural stem cells
	Epigenomic landscapes at neural rosette promoters
	NR regulatory enhancer networks and dynamics during nervous system development
	Broad distal regulatory domains reveal master regulators of neural tube formation
	LMRs predict distal regulatory elements and their developmental dynamics
	Folate-associated CpGs overlap NR regulatory elements
	NR enhancers are enriched for genetic variants associated with neurological disorders

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	NR differentiation
	Genome-wide assays, Library Construction and Sequencing
	Computational Analysis
	Publically available data used in this study
	STATISTICAL ANALYSIS

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

