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The Polycomb Repressive Complex 2 (PRC2) plays important roles in the epigenetic regulation of cellular development and differentiation through H3K27me3-dependent transcriptional repression. Aberrant PRC2 activity has been associated with cancer and neurodevelopmental disorders, particularly with respect to the malfunction of sits catalytic subunit EZH2. Here, we investigated the role of the EZH2-mediated H3K27me3 apposition in neuronal differentiation. We made use of a transgenic mouse model harboring Ezh2 conditional KO alleles to derive embryonic stem cells and differentiate them into glutamatergic neurons. Time course transcriptomics and epigenomic analyses of H3K27me3 in absence of EZH2 revealed a significant dysregulation of molecular networks affecting the glutamatergic differentiation trajectory that resulted in: (i) the deregulation of transcriptional circuitries related to neuronal differentiation and synaptic plasticity, in particular LTD, as a direct effect of EZH2 loss and (ii) the appearance of a GABAergic gene expression signature during glutamatergic neuron differentiation. These results expand the knowledge about the molecular pathways targeted by Polycomb during glutamatergic neuron differentiation.
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INTRODUCTION

The cell-autonomous programs of neuronal differentiation are quintessentially regulated by epigenetic mechanisms determining the ability of a common progenitor to switch fate over time. Indeed, glutamatergic neuron specification in the cerebral cortex is a fine-tuned process that requires accurate timing and spatial organization synchronized by multiple epigenetic players, primarily Polycomb Group Proteins (PcGs) (Yoon et al., 2018). PcGs were first discovered in drosophila as pivotal in regulating the transcription of Hox genes, whose altered expression leads to impaired body segmentation (Kyba and Brock, 1998). Polycomb is constituted by two main repressive complexes involved in cell differentiation during development, PRC1 and PRC2. The PRC2 complex is constituted by four main factors (EED, SUZ12, EZH1/2, and RBAP46/48) and additional proteins not required for enzymatic activity, but necessary to guarantee the optimal efficiency (Margueron and Reinberg, 2011). Its main catalytic subunit, Enhancer of Zeste 2 (EZH2), is responsible for the methylation of lysine 27 on histone H3 (H3K27me1/2/3), a well-known marker associated to transcriptional repression (Cao et al., 2002). EZH2 has been extensively studied during the reprogramming of mouse embryonic fibroblasts into induced pluripotent stem cells (iPSCs), where, despite its inactivation, H3K27me3 is deposited on a selected group of PRC2 targets enriched in developmental regulators that mediate the expression of lineage specific genes (Fragola et al., 2013). Indeed, several groups demonstrated that while PRC2 is dispensable for embryonic stem cells (ESCs) maintenance, it is instead essential to maintain their plasticity during embryonic development by repressing developmental regulators (O’Carroll et al., 2001; Pasini et al., 2007; Chamberlain et al., 2008). Importantly, deletion of Ezh2 in ESCs results in loss of neurogenic capacity (Pasini et al., 2007).

At the beginning of cortical neurogenesis, neural progenitors called radial glial stem cells undergo asymmetric divisions generating neurons, either directly or through the production of basal progenitors that leave the apical surface of the ventricular zone and move into the subventricular zone (SVZ). The six layers of the cortex are then generated in an inside-out pattern with deep layers produced first and upper layers produced later (Kriegstein and Alvarez-Buylla, 2009; Martynoga et al., 2012). It is known that different sets of genes are differentially regulated by Polycomb during neurodevelopment, resulting in the fine-tuned control of the timing of neural maturation. In particular, only a subset of PRC2 targets are specified in ESCs and, upon cell fate commitment, novel lineage specific genes become transiently H3K27 trimethylated in progenitor cells, including genes that are important for subsequent steps of neuronal maturation (Mohn et al., 2008). The active repression of non-neuronal genes mediated by PRC2 in adult neurons is needed for bivalent genes (marked by both H3K27me3 and H3K4me3) and this repression may change due to intrinsic or extrinsic cell stressors (Burgold et al., 2012; Corley and Kroll, 2015). During cortical neuron differentiation, EZH2 down-regulation and EZH1 up-regulation occur in a time-regulated fashion, directing not only the timing of neuronal maturation but also the neurogenic to astrogenic switch (Testa, 2011).

The evidence that EZH2 acts as a molecular switch during cortical development is corroborated by different studies that addressed part of the EZH2-mediated regulation by abolishing its function in different phases of corticogenesis. Ezh2 knockdown (KD) in the neural tube of chicken embryos induces defects in the apico-basal polarity of neuroblasts causing impaired neural tube organization, which is mediated by the cell cycle regulator p21Waf1/Cip1 (Akizu et al., 2016). Instead, loss of function of Ezh2 in mouse cortical progenitor cells before the onset of neurogenesis changes the balance between differentiation and self-renewal toward differentiation (Pereira et al., 2010). Indeed, despite a broadly conserved temporal order of differentiation, the neurogenic period was found to be shorter in absence of EZH2, with a reduced neuronal output and unbalanced representation of deep and upper layer neurons toward the former. Conversely, ablation of Ezh2 at the neurogenic to astrogenic switch period leads to the late onset of astrogenesis due to a prolonged neurogenic phase, in turn caused by the increase of Ngn1 mRNA levels, a direct PRC2 target (Hirabayashi et al., 2009).

In addition to the molecular evidence that EZH2 is pivotal for regulating corticogenesis in mice, haploinsufficiency of EZH2 in humans causes intellectual disability in the context of Weaver Syndrome (WS), a rare disease characterized by overgrowth, facial dysmorphism, and intellectual disability (Weaver et al., 1974). In 2011, WS was found to be caused by de novo mutations in PRC2 members EZH2 and EED (Tatton-Brown et al., 2011; Gibson et al., 2012; Cohen et al., 2015). The EZH2 mutations identified in WS patients occur heterozygously, mostly in conserved residues of the catalytic SET domain, resulting in EZH2 haploinsufficiency due to loss of function of the mutated allele (Lui et al., 2018).

Even though the role of EZH2 during corticogenesis has started to be elucidated, our knowledge is limited to a few targets and to a general understanding of the PRC2 function in the regulation of the timing of neuronal differentiation, though without a deep comprehension of the dysregulation propagated in neurons during their fate specification. In this work, we investigate the role of EZH2 in regulating gene transcription during glutamatergic neuronal differentiation, with a focus on mature post-mitotic neurons. By combining ChIP-seq and RNA-seq experiments we report that Ezh2 ablation leads to aberrant up-regulation of genes related to neuronal maturation, and particularly to synaptic plasticity, as well as novel epigenetic mechanisms possibly linking EZH2 to the regulation of the neuronal fate specification.



RESULTS


Establishment of an Ezh2 Conditional Deletion Model to Study Its Role During Terminal Neuronal Differentiation

In order to study the specific effect of disabling EZH2 enzymatic activity in post-mitotic neurons, we set to derive murine embryonic stem cell lines (mESC) harboring the following alleles: (i) the floxed Ezh2 SET domain in homozygosis, (ii) the inducible Cre-recombinase in the ROSA26 locus in heterozygosis, and (iii) the eYFP, as a control of Cre activation in the ROSA26 locus in heterozygosis. To this end, we crossed homozygous mice for the floxed SET domain of Ezh2 (Su et al., 2003) with mice harboring a 4-hydroxytamoxifen (4-OHT) inducible Cre-recombinase (CreERT2) into the ROSA26 locus (Seibler et al., 2003) (hereafter Ezh2flox/flox/CreERT2/+). We crossed animals from this newly generated line with others carrying eYFP into the ROSA26 locus, of which expression was possible after removal of a floxed STOP cassette (hereafter Ezh2flox/flox/CreERT2/+/eYFP/+). The final genomic organization of the engineered loci is depicted in Figure 1A. The presence of both the Ezh2 and ROSA26 loci on chromosome 6 generated the possibility of intra-chromosomic recombination, because of the presence of two, although very distant, floxed cassettes. We excluded this possibility by performing copy number assay for Cnbp, a gene located between the two cassettes (Supplementary Figure 1A). This particular chromosomal configuration impinged on the derivation of different genotypes, amongst which the Ezh2WT/WT/CreERT2/+/eYFP/+ one. However, we were able to derive blastocysts from Ezh2flox/flox/CreERT2/+/eYFP/+ transgenic mice and to established two embryonic stem cell (ESCs) lines referred to as M3 and M6. We validated the Cre-mediated recombination by Western blot analysis (Supplementary Figure 1B).
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FIGURE 1. Establishment of an Ezh2 conditional deletion model to study its role during terminal neuronal differentiation. (A) Schematic of transgenic mouse strain Ezh2flox/flox rosa26 (CreERT2)/rosa26-eYFP used for the conditional deletion of Ezh2. (B) Graphical representation of the neuronal differentiation protocol used to derive mature post-mitotic glutamatergic neurons. Western blots for neuronal markers GLUR1 and Synaptophysin at 72h, 7D, 10D and 15D after neuronal progenitors plating using β-actin as loading control. (C) Representative western blot for EZH2 and densitometric analysis expressed as fold change of 4OHT samples compared to controls for every time point. The analysis was performed on 2 independent biological replicates from independent cell lines carrying the Ezh2flox/flox allele (M3 and M6) (mean ± SD, one sample t-test). (D) Representative western blot for H3K27me3 and densitometric analysis relative to histone H3 total signal. The analysis was performed on 2 independent biological replicates from independent ESC lines carrying the Ezh2flox/flox allele (M3 and M6) (mean ± SD, one sample t-test).


Given our interest in studying the consequences of EZH2 impairment in the cortex, we differentiated the Ezh2flox/flox/CreERT2/+/eYFP/+ mESCs lines following the protocol outlined in Figure 1B that, upon neuronal progenitors differentiation in embryoid bodies and their subsequent plating in 2D, yields a 95% pure population of glutamatergic neurons in 15 days (Bibel et al., 2004). We treated neural progenitors with 4-OHT at a concentration of 300 nM in four pulses at 2h, 24h, 48h and 5d after plating of neuronal progenitors. We then confirmed the quality of neural differentiation achieved by the appearance of neuronal markers such as Synaptophysin and GLUR1 (Figure 1B) and the decrease of the apical progenitors’ marker PAX6 and of the proliferation marker Ki67 after 72 h (Supplementary Figure 1D). The full-length Ezh2 mRNA levels were markedly reduced at 72 h (Supplementary Figure 1C). The protein, which showed a high stability in this cellular type, was drastically reduced after 7-10 days (7D-10D) and even further at 15 days (15D), as confirmed by densitometric analysis (Figure 1C). This model allowed us to study specific effects of EZH2 loss of function on executing the neuronal differentiation program starting from neuronal progenitors.



EZH2 Impairment Causes Global Loss of the H3K27me3 Mark in Differentiating Neurons

We focused our attention at 72 h, when EZH2 protein levels in treated and untreated cells were still similar, and at 10D and 15D after plating of neuronal progenitors, when the levels of EZH2 in treated cells were strongly reduced. Western blot and densitometric analysis for H3K27me3 revealed a reduction of this mark upon EZH2 deletion (Figure 1D).

To investigate the dysregulation caused by Ezh2 deletion during neural differentiation, we interrogated the genome-wide distribution of H3K27me3 using ChIP-seq. We analyzed the time points of 72 h and 10D after plating of neuronal progenitors. In this temporal window, the establishment of the EZH2 KO happened starting from a condition of similarity between controls (CTR) and treated (4-OHT) samples at 72 h to a condition of marked reduction EZH2 in 4-OHT samples at the 10D time-point (Figure 1C). Direct comparison of the H3K27me3 targets across all the samples highlighted an impairment of the acquisition of H3K27me3 in 4-OHT10D, with 6,265 peaks around promoters (± 2.5kb around the TSS), corresponding to 3,456 genes (Supplementary Table 1), that specifically acquired this histone mark in presence of EZH2, but not upon its KO (Figure 2A). Unsupervised cluster analysis of H3K27me3 profiles across CTR and 4-OHT samples showed that CTR10D clustered apart from CTR72h and 4-OHT samples (Figure 2B), confirming that 4-OHT10D neurons largely failed the acquisition of H3K27me3 at promoters. We then looked at the overlap of H3K27me3 enriched peaks between 4-OHT and CTR samples at 72 h and 10D (Figure 2C). Canonical pathways analysis on each set of genes found in Figure 2C unveiled enrichment for pathways involved in neuronal development and maturation (Figure 2D). A complete list of the enriched categories is depicted in Supplementary Figure 2. Importantly, synaptic long-term depression (LTD) was selectively enriched in CTR10D (Figure 2D), suggesting that genes involved in this pathway were repressed in CTR, while erroneously upregulated upon EZH2 impairment. We confirmed this hypothesis by qRT-PCR on 2 independent cell lines for both genes involved in LTD (Trim66, Clstn3, Cntnp4 and Neurl1a) and members of the NMDA receptor (Grin1, Grin2a, Grin2d), known to play an important role in synaptic plasticity (Gaiarsa et al., 2002; Figure 2E).
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FIGURE 2. EZH2 impairment causes global loss of the H3K27me3 mark in differentiating neurons. (A) Heat map of normalized tag densities, representing the CTR10D-specific H3K27me3 marked peaks around promoters. Each row represents a 5-kb window centered on the gene TSS and extending 2.5 kb upstream and 2.5 kb downstream. The signal has been generated by merging the bam files of the biological replicates. (B) Correlation matrix plot and hierarchical clustering of the 4-OHT and CTR samples based on H3K27me3 distribution around the TSS. (C) Venn diagram showing the overlap of H3K27me3 enriched peaks around promoters (± 2.5kb TSS) between 4-OHT and CTR samples at 72 h and 10D. (D) Heat map showing the top 10 significantly enriched canonical pathways (p-value < 0.001) related to neuronal function. P-values were computed using IPA software. (E) qRT-PCR validation of selected genes involved in the LTD and NMDA receptor pathways. The experiment was performed on 2 independent neuronal differentiations from 2 independent ESC lines (M3 and M6) (mean ± SEM, unpaired t-test) (*: p value < 0.05).


Our data showed loss of H3K27me3 upon EZH2 impairment at a subset of promoters and revealed that the expression of genes involved in synaptic plasticity, and particularly to LTD, was dysregulated in 4-OHT differentiating neurons.



EZH2-Dependent Transcriptional Modulation Converges With PRDM13 Regulatory Network

In order to correlate the EZH2-dependent H3K27me3 loss with the transcriptional modulation during neural differentiation, we performed RNA-seq of CTR and 4-OHT samples at 72 h, 10D, and 15D after neuronal progenitors plating. Principal component analysis (PCA) based on transcriptomics profiles followed by k-means clustering identified three clusters: (i) the first was constituted by CTR and 4-OHT samples at 72 h; (ii) the second by CTR samples at 10D and 15D; and (iii) the third by 4-OHT samples at 10D and 15D (Figure 3A). These results corroborated the levels of EZH2 and H3K27me3 observed by Western blot at the same time points (Figures 1C,D). We found that one of the three replicates of the CTR10D clustered with the group of the 4-OHT samples, however unsupervised hierarchical clustering of 4-OHT and CTR samples showed that the CTR10D outlier seen by PCA clustered with the other control samples when analyzing the top variant genes (Supplementary Figure 3).
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FIGURE 3. EZH2-dependent transcriptional modulation converges with PRDM13 regulatory network. (A) Principal component analysis of 4-OHT and CTR samples at 72h, 10D and 15D after plating of neuronal progenitors based on gene expression. (B) Scatter plots showing differentially upregulated (red dots) and downregulated (blue dots) genes with fold change > 2 and FDR < 0.05 in 4-OHT samples at 72h, 10D and 15D after plating of neuronal progenitors; axes values correspond to log2cpm (counts per million reads) in CTR samples (x) and 4-OHTsamples (y). (C) PRDM13 regulatory network computed integrating 10D differential expression data with a co-expression network analysis performed using the GeneMania database (Warde-Farley et al., 2010). Red squares indicate genes with a concordant direction of expression as compared to Prdm13 whereas blue squares indicate genes with a discordant direction of expression as compared to Prdm13 (D) Gene card annotation and status in the differential expression analysis in 4-OHT10D samples of 6 relevant genes of the PRDM13 regulatory network depicted in Figure 3C.


Differential expression analysis between CTR and 4-OHT samples at each time point revealed, as expected, small differences at 72 h with only 30 differentially expressed genes (DEGs) with FDR < 0.05 and FC > 2 (Supplementary Table 2). The same analysis at advanced time points showed significant changes in transcriptional programs. Interestingly, with the same threshold of FDR and FC we found 296 DEGs comparing 4-OHT and CTR samples at 10D of which, surprisingly, only 4% (n = 11) were up-regulated (Figure 3B and Supplementary Table 2).

Given the loss of repressive activity on gene expression exerted by EZH2, we hypothesized an alternative mechanism where the up-regulation of a transcriptional repressor could promote the down-regulation of most of the DEGs, partially explaining our results. Among the top up-regulated genes in the 4-OHT10D samples we found Prdm13, a transcriptional repressor well known for its role in mediating the balance between inhibitory and excitatory neurons, and in defining neuronal identity (Mona et al., 2017).

We then investigated the transcriptional programs related to PRDM13 expression by reconstructing a PRDM13 regulatory network through the integration of our context-specific differential expression data with a co-expression network analysis performed using the GeneMania database (Warde-Farley et al., 2010; Figure 3C). In particular, we used the GeneMania networks to identify genes reported to be co-regulated with PRDM13. Interestingly, among Prdm13 co-expressed genes we found genes involved in the regulation of cell cycle (e.g., Ccne2, Cdkn2a) (Masui et al., 2008; Lacomme et al., 2012; Price et al., 2014), genes involved in neuronal differentiation (e.g., Mbd5, Fgf10) (Sahara and O’Leary, 2009; Walz and Young, 2014) and genes involved in GABAergic neurons specification and migration (e.g., Lhx6, Cspg5) (Liodis et al., 2007; Jüttner et al., 2013; Figures 3C,D).



Dissection of the Transcriptional Impact of Ezh2 Impairment in the Regulation of Neuronal Gene Expression Programs

We assessed the transcriptional impact of the Ezh2 deletion on the H3K23me3 targets at 10D by integrating ChIP-seq and RNA-seq results. GSEA showed that the transcriptional reprogramming mediated by Ezh2 deletion significantly affected the H3K27me3 targets in CTR samples. In particular, we found a clear bipartition of H3K27me3 targets that became either up- or down- regulated upon Ezh2 impairment, with a significant enrichment in the downregulated genes (p-value = 0.001, Figure 4A).
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FIGURE 4. Dissection of the transcriptional impact of Ezh2 deletion unveiled direct and indirect regulation of neuronal gene expression programs. (A) Enrichment plot showing the distribution of H3K27me3 targets in the ranked gene expression signature between treated and control samples at 10D. The blue curve represents the enrichment score, the bar in the middle represents the ranked gene expression signature between treated and control samples at 10D. Red and blue indicate up-regulation and down-regulation in the 4-OHT samples, respectively. The P-value (0.001) and normalized enrichment score (NES, –1.53) were computed using the fgsea algorithm (Litwin, 1976). (B) Canonical pathway analysis performed on the upregulated DEGs (FDR < 0.05) at 10D and 15D (left and right, respectively) found to be H3K27me3 targets in CTR10D. The top 15 pathways are shown. B-H multiple testing corrected p-values were computed using IPA software. (C) qRT-PCR validation of Prdm13 expression levels in 10D neurons. The experiment was performed on 2 independent biological replicates from 2 independent ESC lines carrying the Ezh2flox/flox allele (M3 and M6) (mean ± SEM, unpaired t-test) (*: p value < 0.05). (D) H3K27me3 ChIP-seq tracks for the Prdm13 gene. Black rectangle highlights the peak on the TSS. (E) Gene set enrichment analysis showing the enrichment for GABAergic genes in the 4-OHT samples at 10D and 15D. (F) qRT-PCR validation of selected genes involved in the GABAergic and Glutamatergic pathways. The experiment was performed on 2 independent biological replicates from 2 independent ESC lines carrying the Ezh2flox/flox allele (M3 and M6) (mean ± SEM, unpaired t-test) (*: p value < 0.05). (G) Canonical pathway analysis performed on upregulated DEGs (FDR < 0.05) at 10D and 15D (left and right, respectively). The top 15 pathways are shown. B-H multiple testing corrected p-values were computed using IPA software.


We then performed an enrichment analysis for canonical pathways on the genes that specifically preserved H3K27me3 in CTR10D as compared to 4-OHT10D samples and that became upregulated at 10D or 15D upon Ezh2 deletion (375 and 614 genes, respectively, FDR < 0.05 without threshold on FC). These analyses uncovered that genes involved in synaptogenesis, axonal maturation, and in general neuronal functions are direct EZH2 targets and that its impairment causes their aberrant up-regulation (Figure 4B and Supplementary Tables 3, 4). Interestingly, glutamate receptor signaling and LTD were significantly enriched in this analysis as a further confirmation of an EZH2-dependent dysregulation of these pathways in 4-OHT samples (Figure 4B and Supplementary Tables 3, 4). The same analyses on downregulated EZH2 targets did not show enrichment neuronal-related categories (Supplementary Figures 5A,B and Supplementary Tables 5, 6).

The observation that the Prdm13 regulatory network might indirectly explain the strong down-regulation observed in RNA-seq led us to the validation of Prmd13 mRNA levels by qRT-PCR (Figure 4C). As it turns out, we found Prdm13 up-regulated in two independent cell lines. To prove the relation between EZH2 impairment and Prmd13 up-regulation, we looked at the H3K27me3 peak at Prmd13 TSS in our ChIP-seq data, confirming the loss of this histone mark in 4-OHT10D samples (Figure 4D).

Given the demonstrated role of PRDM13 in maintaining the balance of glutamatergic and GABAergic neurons in the cortex, we hypothesized the impairment of this mechanism upon Ezh2 deletion in our differentiation paradigm, which was reported to produce a 95% pure population of glutamatergic neurons (Bibel et al., 2007). Using gene set enrichment analysis (GSEA) probing known genetic markers for both glutamatergic and GABAergic neurons (Sugino et al., 2006), we found enrichment toward the GABAergic lineage signature at 15D (Figure 4E), and a non-significant enrichment in the glutamatergic lineage signature after 10D and 15D of Ezh2 deletion (Supplementary Figure 4). We then measured the expression levels of two key GABAergic markers, Slc32a (salute carrier family 32, a the vesicular transporter of GABA) and Gad1 (encoding the glutamate acid decarboxylase enzyme), and several glutamatergic markers Grim1, Slc1a6, Grim8, and Homer2 by qRT-PCR at 10D, the time point in which we observed strong up-regulation of Prdm13, finding up-regulation of all of them in two independent differentiations from two different ESC lines (Figure 4F).

Finally, canonical pathway analysis of the upregulated DEGs in 4-OHT samples at 10D and 15D showed enrichment for categories related to neuronal function and differentiation, suggesting an hypothesis of accelerated maturation of EZH2-deficient neurons (Figure 4G and Supplementary Tables 7, 8). Also in this case, canonical pathway analysis for the downregulated DEGs in 4-OHT samples did not show enrichment for neuronal-related categories (Supplementary Figures 5C,D and Supplementary Tables 9, 10).

Together, the integration of H3K27me3 ChIP-seq data and RNA-seq profiles supported that the effect of Ezh2 deletion during differentiation of glutamatergic neurons unfolds in: i) the dysregulation of genes involved in neuronal differentiation and function, synaptic long term depression, and glutamatergic receptor signaling, with key H3K27me3 targets involved in these pathways up-regulated; and ii) the up-regulation of a GABAergic transcriptional footprint, possibly linked to the up-regulation of Prdm13 upon EZH2 loss.




DISCUSSION

By means of conditional inactivation, we were able to study the EZH2-dependent transcriptional programs specific to mESC-derived cortical glutamatergic neurons. We showed that EZH2 is essential for maintaining H3K27me3 in post-mitotic neurons and that the loss of this histone mark, and prevention of its later acquisition, causes a cascade of transcriptional dysregulation. As a result, the expression of multiple genes was affected, including genes related to neuronal maturation and plasticity as well as to cell fate.

The presence of both Ezh2 and ROSA26 loci on chromosome 6 made the derivation of conditional Ezh2 mESCs lines particularly challenging because of the possibility of intra-chromosomic recombination between the two floxed cassettes. Despite extensive rounds of breeding, we obtained low frequency of all desired genotypes, including the Ezh2WT/WT/CreERT2/+/eYFP/+ control that would have been particularly useful to discern Cre-specific effects from the EZH2-dependent ones. The Cre/loxP system has been shown to particularly affect proliferating cells, where it causes genome toxicity (Loonstra et al., 2001; Bohin et al., 2018), and Cre-mediated toxicity in the brain was linked to deleterious effects in neuronal progenitors leading to severe microcephaly (Forni et al., 2006). Moreover, tamoxifen administration alone during early cortical development was reported to affect neuronal progenitors differentiation, in turn leading to several neuronal deficits (Lee et al., 2020). While we obtained only one such control line, which proved however not proficient in differentiation and could thus not be integrated in our design, we ensured that our experimental setup intrinsically averted the issues potentially arising from CreERT2 expression and 4-OHT administration in neuronal progenitors, since 4-OHT treatment started only with the induction of neuronal progenitors’ terminal differentiation. Indeed, 24h after plating of neuronal progenitors, which coincided with the 24 h time point of Cre expression, we observed reduction of progenitors’ markers in both CTR and 4-OHT samples (Supplementary Figure 1D). Importantly, other studies demonstrated that the expression of Cre in adult mice neurons did not cause any toxic effect (Ahmed et al., 2004).

Moreover, the loss of H3K27me3 detected upon EZH2 KO is an indication of specificity of the effects observed. Indeed, after 72 h from neuronal progenitor plating, following 3 pulses of 4-OHT, H3K27me3 levels resembled the EZH2 protein ones (Figures 1C,D), with low reduction of this histone mark and no reduction of EZH2 levels. Only when EZH2 protein was drastically reduced we started to detect bigger H3K27me3 reduction, which persisted till the end of differentiation. This is further corroborated by our RNA-seq results, where 10D and 15D samples clustered according to the presence of EZH2 KO, while 72 h samples clustered apart from the rest and were not separated by treatment, despite 72 h of 4-OHT exposure (Supplementary Figure 3). In addition, differential expression analysis between CTR and 4-OHT at the three stages showed strong dysregulation in 4-OHT samples at 10D and 15D, while the number of DEGs was extremely low at 72 h. Together, these data indicate that the phenotypes reported are specific for EZH2 KO regardless of 4-OHT exposure or CreERT2 expression.

We used H3K27me3 ChIP-seq data as a readout of the effects of EZH2 KO. Although spike-ins should be used for quantitative claims using ChIP-seq data (Orlando et al., 2014), we exploited H3K27me3 ChIP-seq tracks in combination with RNA-seq profiles, linking the observed loss of H3K27me3 in EZH2 KO samples to the actual variation in gene expression. When we examined the 3,456 targets of Polycomb that failed to acquire the tri-methylation of H3K27 after Ezh2 deletion, we found a significant enrichment for genes involved in LTD by canonical pathway analysis. This form of synaptic plasticity is an action-dependent adaptation in which neurons become “de-sensitized” to excessive stimuli, such as high levels of (extracellular) Ca2+ (Zucker, 1999). One way that neurons can adapt synapse functionality is by changing the subunit composition of ion channel receptors like the NMDA receptor (Yashiro and Philpot, 2008). NMDA receptors are comprised of two obligatory (NR1) and two regulatory (NR2) subunits (Cull-Candy and Leszkiewicz, 2004), have many critical roles in neural plasticity (Ishii et al., 1993), and their malfunctions have been implicated in many neurological disorders (Tarabeux et al., 2011; Lakhan et al., 2013; Lee et al., 2015). In our experiment, we found an up-regulation in the expression of three critical NMDA receptor subunits, Grin1 (NR1), Grin2A, and Grin2D (NR2) (Figure 2E). Interestingly, mutations in Grin2A have been associated with a spectrum of intellectual disorders (Strehlow et al., 2019). The early appearance of NMDA receptor subunits in 4-OHT samples was rather intriguing as it suggested an accelerated neuronal differentiation and misregulation of synaptic plasticity; functional NMDA receptors appear later in neuronal development and are usually potentiated upon stimuli (Monyer et al., 1994; Malenka and Bear, 2004). Importantly, studies performed in an animal model for schizophrenia demonstrated that H3K27me3 deposition controls NMDA receptor expression during postnatal development. In particular, H3K27me3 levels have been found to be increased at Grin2a and Grin2b promoters, supporting our findings that EZH2 controls NMDAR subunits expression (Gulchina et al., 2017). Our results converge with multiple lines of evidence suggesting a critical role of H3K27me3 in synaptic plasticity. Indeed, conditional KO of the H3K27me3 demethylase UTX causes impairment in long term potentiation (LTP) (Tang et al., 2017). PRC2 is also responsible for the activation of activity-dependent genes upon neuronal stimulation (Palomer et al., 2016), which regulate the late phases of LTP and LTD (Gandolfi et al., 2017). This is particularly true for the neurotrophic growth factor Bdnf, which contains several promoters that present a partially repressed status controlled by PRC2 (Palomer et al., 2016). We demonstrated that an LTD distinctive gene signature loses H3K27me3 at promoters upon Ezh2 conditional KO in differentiating glutamatergic neurons, a result in line with the reduced amount of this histone mark at Bdnf promoters upon NMDA-mediated induction of LTD (Palomer et al., 2016). Moreover, other studies demonstrated that EZH2 is pivotal for spatial learning, spatial working and recognition memories, and memory reconsolidation through repression of PTEN for controlling the activation of the AKT-mTORC1 (Zhang et al., 2014, 2019; Jarome et al., 2018). Together, our analyses support the increasing body of evidence that EZH2 is essential for the epigenetic control underlying synaptic plasticity and, in particular, LTD, although further experiments are needed to link the transcriptional dysregulation we uncovered to functional alterations.

The differentiation protocol utilized in this work produces a 95% pure population of glutamatergic neurons with less than 1% positive for GABA (Bibel et al., 2007). While deletion of Ezh2 was shown to accelerate stem cell differentiation to functional neurons (Yu et al., 2011), the final identity and genetic pathways involved are not well studied. Our data suggest that homologous deletion of Ezh2 at the onset of neuronal progenitor differentiation causes the upregulation of a GABAergic transcriptional signature, which may represent a mechanism through which Ezh2 regulates neuronal fate in physiological development, although further experiments are needed to confirm this hypothesis.

A possible explanation for this transcriptional phenotype comes from the ChIP-seq analysis, where we found that Prdm13 lost H3K27me3 and was upregulated upon deletion of Ezh2. Our transcriptomics data show, that upon Ezh2 KO, after 10D of neuronal progenitor differentiation 296 genes were upregulated with FDR < 0.05 and FC > 2, however only 4% of them were strongly up-regulated. This finding resulted a counterintuitive finding considering the transcriptional repressive role of PRC2. Interestingly, among the strongly up-regulated genes with FC > 2, Prdm13 resulted of particular interest in light of its reported repressive activity during many developmental processes, including neuronal differentiation (Chang et al., 2013; Mona et al., 2017). PRDM13 belongs to the Prdm gene family, characterized by the presence of a conserved PR domain, structurally and functionally related to the SET methyltransferase domain, at the N-terminus of the protein followed by an array of zinc fingers (Buyse et al., 1995; Fumasoni et al., 2007; Kinameri et al., 2008; Sun et al., 2008; Fog et al., 2012; Hohenauer and Moore, 2012). Despite the presence of the PR domain, only a subset of Prdm proteins have intrinsic catalytic activity (Buyse et al., 1995; Derunes et al., 2005; Hayashi et al., 2005; Eom et al., 2009), and, indeed, their function is not limited to the histone methyltransferase activity, but can also occur through the recruitment of different chromatin modifiers and transcriptional repressors at gene promoters in a context-dependent fashion (Fog et al., 2012; Hohenauer and Moore, 2012). PRDM13 function is debated in literature and, although researchers have reported methyltransferase activity with unknown roles in vivo (Chang et al., 2013), its PR domain is quite divergent from the classical SET domains (Chang et al., 2013). Conversely, other groups have demonstrated that the PR domain is dispensable for PRDM13 activity, highlighting the pivotal role of the zinc finger array for its function, thus providing evidence for a tethering role of PRDM13 in the recruitment of chromatin remodelers mediating transcriptional repression (Chang et al., 2013).

Here, we demonstrated that the H3K27 trimethylation at Prdm13 promoter is severely reduced when EZH2 function is impaired in differentiating glutamatergic neurons (Figure 4D). PRDM13 was reported to play a critical role in the specification of neuronal identity by keeping ventral cell-type genes silenced in the dorsal neural tube (Mona et al., 2017). PRDM13 prevents neural bHLH factors from activating transcription by binding the same chromosomic regions. The bHLH transcriptional activator PTF1A is responsible for the activation of Prdm13 transcription (Nakada et al., 2004; Yu et al., 2011), which in turns inhibits Ptf1a transcription in a negative feedback loop, thereby ensuring its expression in a precise temporal window (Nakada et al., 2004). Moreover, PRDM13 is predicted to be recruited by NEUROG1, NEUROG2, and ASCL1 (Chang et al., 2013; Mona et al., 2017), and, indeed, its loss of function results in ectopic expression of multiple bHLH regulated genes in the dorsal neural tube (Mona et al., 2017).

In the mouse spinal cord, PTF1A and ASCL1 act upstream of homeodomain factors such as PAX2 and TLX1/TLX3, important for GABAergic and glutamatergic neuron specification, respectively (Nakada et al., 2004; Cheng et al., 2005; Bröhl et al., 2008; Chang et al., 2013; Borromeo et al., 2014). Interestingly, both Ascl1 and Ptf1a are expressed in GABAergic neuron progenitors (Beres et al., 2006; Masui et al., 2008) and the molecular mechanism through which the glutamatergic fate is repressed was attributed to PRDM13, being sufficient to promote the GABAergic fate by directly repressing Tlx1 and Tlx3, thus indirectly leading to Pax2 up-regulation (Cheng et al., 2005; Chang et al., 2013). These results are corroborated by experiments in chick neural tubes, where Prmd13 overexpression induces the GABAergic fate (Chang et al., 2013). Importantly, EZH2 has already been linked to GABAergic interneuron differentiation in the cerebellum through direct control of Ptf1a and Pax2 expression (Feng et al., 2016). Our results show that the up-regulation of Prdm13 mediated by Ezh2 loss of function may be responsible for the appearance of a mixed GABAergic and glutamatergic transcriptional signature (Figures 4C-F) when pushing embryonic stem cells toward the glutamatergic fate. Although further experiments are needed to dissect this transcriptional phenotype, we explored the Prdm13 regulatory network by computational inference, given the difficulties in performing PRDM13 ChIP-seq due to the unavailability of a commercial antibody (Mona et al., 2017). We did so by integrating our context-specific gene expression data and a co-expression network analysis performed using the GeneMANIA database (Warde-Farley et al., 2010). We found that the Prdm13-centered regulatory network includes genes involved in neuronal differentiation and genes responsible for cell cycle control (Figures 3C,D). Indeed, Mbd5, up-regulated in our datasets, is responsible for the correct neurite outgrowth and its deletion causes intellectual disability (Walz and Young, 2014). Regulation of Fgf10 expression, found down-regulated in our experiments, is instead crucial for early neural progenitor expansion and onset of neurogenesis (Sahara and O’Leary, 2009). Our analyses also suggest that PRDM13 may mediate cell cycle regulation through Ccne2 and Cdkn2a, two genes we found down-regulated upon Ezh2 deletion and important for neuronal differentiation (Lacomme et al., 2012; Price et al., 2014; Feng et al., 2016). Importantly, in line with our results suggesting that Prdm13 overexpression may be responsible for a GABAergic/glutamatergic differentiation imbalance, we also show that PRDM13 regulatory network includes two genes up-regulated upon Ezh2 KO: i) Lhx6, involved in GABAergic neurons specification and migration (Liodis et al., 2007), and ii) Cspg5, that if deleted causes impairment in GABAergic synapses maturation (Jüttner et al., 2013).

Interestingly, the experimental setting used for this study reproduced in vitro what Pereira and colleagues (Pereira et al., 2010) performed in vivo, namely the Ezh2 KO at the time of neurogenesis onset. Their work demonstrated that Ezh2 loss of function at the onset of neurogenesis causes accelerated differentiation. The data we report show that the glutamatergic signature is overall not significantly over-represented in Ezh2 KO neurons (Supplementary Figure 4), but some of the genes that constitute it are up-regulated (Figure 4F), suggesting a possible temporal acceleration of the glutamatergic differentiation not reflected in an up-regulation of the overall glutamatergic signature. As a further evidence of this, canonical pathway analysis of direct EZH2 targets that we found up-regulated upon its impairment at 10D and 15D, as well as of the overall up-regulated DEGs in 4-OHT samples at the same time points, showed an enrichment for categories related to neuronal function and maturation, corroborating the hypothesis of faster neuronal differentiation in absence of functional EZH2 (Figures 4B,G).

Taken together, our findings point at precise dysregulations in neuronal homeostasis upon EZH2 loss that may represent an entry point for the study of the intellectual disability characterizing Weaver Syndrome. As a matter of fact, EZH2 haploinsufficiency is the main cause of this disease (Lui et al., 2018), therefore the understanding of the EZH2 loss of function effects in differentiating neurons adds valuable knowledge to its already established roles during cortical development and paves the way for more translational studies.



MATERIALS AND METHODS


Murine Strains

Experiments involving animals have been performed in accordance with the Italian Laws (D.L.vo 116/92 and following additions), which enforced EU 86/609 Directive (Council Directive 86/609/EEC of 24 November 1986 on the approximation of laws, regulations and administrative provisions of the Member States regarding the protection of animals used for experimental and other scientific purposes). Mice have been housed accordingly to the guidelines set out in Commission Recommendation 2007/526/EC - June 18, 2007 on guidelines for the accommodation and care of animals used for experimental and other scientific purposes. The Italian legislation, at the time of approval of these experiments, did not require a specific ethical review process for all the experiments involving animals. A central (Government) review was required only for particular species (e.g., dogs, cats, and non-human primates) or for experiments done without anesthesia or that will or may cause severe pain. In all other cases, only a notification of the experiments to the Ministry of Health was required. Accordingly, the experiments involving animals included in this paper have been notified to the Italian Ministry of Health in 2009, before ARRIVE guidelines implementation.

Ezh2fl mice, rosa26 (CreERT2) mice and rosa26-eYFP have been previously described (Srinivas et al., 2001; Seibler et al., 2003; Su et al., 2003). The triple mutants were generated by intercrossing these three individual strains. Primers used for genotyping are listed in Supplementary Table 11.



Derivation, Culture and Differentiation of ES Cells

To derive embryonic stem cells, plugged female mice where sacrificed at 2.5 days post coitus and the embryos were collected by oviduct flushing. The isolation of ES cells was performed in the presence of two inhibitors (2i): PD0325901 (1μM) and CHIR99021 (3μM). 2i was always used during experiments at the ES cell stage. Neural differentiation was performed according to already published protocols with minor changes (Bibel et al., 2004, 2007). ES cells derived in 2i medium (N2B27 medium plus 2i and LIF) were adapted for some passage in standard ES medium (DMEM, 15% ES screened FBS, 2mM L-glutamine 0.1 mM non-essential amino acids, 0.1mM 2-mercaptoethanol and LIF) always plus 2i. The neural differentiation was then performed as previously described (Bibel et al., 2004) and 2i was removed from media at the moment of cells suspension for cellular aggregate formation. Cells were collected for analysis at 72h, 10D, and 15D after neural precursor plating. To activate Cre recombinase, 4-hydroxytamoxifen treatment was administrated in four pulses at 300nM concentration at the following time-points: 2h after neural precursors plating, and again 24 h, 48 h, and 5 days after plating.

In this way, we established and proficiently differentiated into glutamatergic neurons two Ezh2flox/flox/CreERT2/+/eYFP/+ mESCs lines, referred to as M3 and M6. We also obtained one Ezh2WT/WT/CreERT2/+/eYFP/+mESCs line, for which, however, we did not achieve proper neuronal differentiation.



qPCR

RNA was extracted using Qiagen RNeasy® Plus Mini kit according to manufacturer instructions. cDNA was synthesized using SuperScript® VILO™ cDNA synthesis kit according to manufacturer instructions. qRT-PCR was performed on 7900HT Fast Real-Time PCR system (Applied Biosystem). qPCR primers are listed in Supplementary Table 11. qPCR data were analyzed as previously described (Livak and Schmittgen, 2001) and data are expressed as fold change compared to the first time point of the time course (CTR 72h and 4-OHT 72h).



Protein Extraction and Immunoblotting

Cell lysate was obtained using RIPA buffer (10mM Tris-Cl pH 8.0, 1% Triton, 0,1% SDS, 0,1% Deoxycholate, 140mM NaCl, 1mM EDTA). Western Blot was performed according to standard procedure using NuPage 4-12% bis-tris gel precast (Invitrogen). If reprobing of the same membrane was performed, stripping was carried out by incubation with stripping buffer (0.1M glycine, 20 mM magnesium acetate, 50 mM KCl, ph 2.2) for 10’, 2 washes with stripping buffer, 3 washes with TBST buffer and re-blocking. Western blot was performed with the following antibodies: mouse anti-EZH2 1:100 (in-house made), anti-H3K27me3 1:1000 (#9733 Cell Signalling), anti-GluR1:1000 (#04-855 Milllipore), anti-synaptophysin 1:500 (SAB4502906 Sigma), anti-β-actin 1:1000 (A4700 Sigma), anti-H3 1:2500 (#06-755 Millipore). After signal detection, X-ray films were scanned and images were processed only by cropping. Densitometric analysis was performed using ImageJ.



Statistical Analyses

Densitometric data from Western blot signal were normalized against housekeeper genes (β-actin or vinculin for EZH2 and H3 total for H3K27me3). The fold change of 4OHT and CTR samples was calculated for each time point. One sample t-test was applied for every time point setting at 1 the value of controls. Unpaired t-test was applied to qPCR data expressed as fold change compared to the first time point of the time course (CTR72h and 4-OHT 72h).



RNA-seq and ChIP-seq

RNA was extracted using Qiagen RNeasy® Plus Mini kit according to manufacturer instructions. cDNA library preparation was performed according with Illumina protocol using poly-A enrichment. Sequencing was performed on Illumina HiSeq 2K using 100bp paired end reads. For ChIP-seq cells were cross-linked in 1% formaldehyde for 10 min and the cross-liking was stopped by incubating in 0.125 M glycine for 5 min. After washing cells were harvested in SDS buffer (0.5% SDS, 50mM Tris-Cl pH 8.1, 100mM NaCl, 5mM EDTA pH 8, 0.02% NaN3). Prior to sonication, the lysate was diluted 2:1 with dilution buffer (5% Triton X-100, 100mM Tris-Cl pH 8.6, 100mM NaCl, 5mM EDTA pH 8.5, 0.02% NaN3). Sonication was performed with Covaris sonicator generating DNA fragments with a bulk size around 250bp. Chromatin was quantified with Lowry method. After sonication, 600μg of chromatin and 12μg of anti-H3K27me3 (#9733BF Cell Signalling) were used for immunoprecipitation overnight at 4°C and recovered the following day using Dynabeads Protein G (Life Technologies). 1% of chromatin prior to immunoprecipitation was used as input. Immunoprecipitate was washed three times in low salt and one time in high salt wash buffer (1% Triton-X, 150mM or 500mM NaCl, 20mM Tris-Cl pH 8.0, 0.1% SDS, 2mM EDTA pH 8.0). One additional wash was performed in TE. Elution and crosslink reverse was performed under standard condition. DNA was then purified using PCR purification kit (QIAGEN). Samples for ChIP-seq were prepared according to Illumina ChIP-seq sample preparation kit and DNA was sequenced on Illumina HiSeq 2000 platform.



Bioinformatic Analysis

Statistical analysis was performed using R 3.1.2 statistical software1.

Correlation matrix plot has been generated using ‘corrplot’ package2.

Heat maps were generated using ‘‘pheatmap’’ package3.

Enrichment analyses for canonical pathways were performed using IPA software (IPA, QIAGEN Redwood City4.

Gene set enrichment analysis was performed using GSEA software (Mootha et al., 2003; Subramanian et al., 2005) from http://www.broadinstitute.org/gsea/index.jsp

Matrix for ChIP-seq heat map was generated using HOMER (Heinz et al., 2010). Clustering and visualization was performed with Cluster 3.0 (de Hoon et al., 2004) and Java Treeview (Saldanha, 2004) respectively.

PRDM13 regulatory network was generated using GeneMania (Warde-Farley et al., 2010) https://genemania.org/.



RNA-seq Analysis

Reads were aligned to mouse reference genome (mm9) using TopHat1.4 (Trapnell et al., 2012). Quantification was performed at gene level using featureCount (Liao et al., 2014). Raw counts were used as input for Edger, which has been used to produce normalized gene expression values (count per million or ‘cpm’) and to perform differential expression analysis.



ChIP-seq Analysis

Reads were aligned to the genome (mm9) using Bowtie v.0.12.9 allowing up to two mismatches per read. Enriched regions for H3K27me3 were identified using MACS2 version 2.1 (Zhang et al., 2008) for broad peak calling with parameters q-value 0.1, broad-cut-off 0.1 and –nomodel. H3K27me3 target genes were identified as genes with an enriched region in the span of ± 2.5kb around their transcription start site.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-11363/ and https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-11387/.



ETHICS STATEMENT

Ethical review and approval were not required for the study on human participants in accordance with the local legislation and institutional requirements. The Italian legislation, at the time of approval of these experiments, did not require a specific ethical review process for all the experiments involving animals. A central (Government) review was required only for particular species (e.g., dogs, cats, and non-human primates) or for experiments done without anesthesia or that will or may cause severe pain. In all other cases, only a notification of the experiments to the Ministry of Health was required. Accordingly, the experiments involving animals included in this paper have been notified to the Italian Ministry of Health in 2009, before ARRIVE guidelines implementation. Experiments involving animals have been performed in accordance with the Italian Laws (D.L.vo. 116/92 and following additions), which enforced EU 86/609 Directive (Council Directive 86/609/EEC of 24 November 1986 on the approximation of laws, regulations, and administrative provisions of the Member States regarding the protection of animals used for experimental and other scientific purposes). Mice have been housed accordingly to the guidelines set out in Commission Recommendation 2007/526/EC - June 18, 2007 on guidelines for the accommodation and care of animals used for experimental and other scientific purposes.



AUTHOR CONTRIBUTIONS

SB performed the mice work, ESC isolation and lines establishment, neuronal differentiations, samples collection, stainings, western blots, RNAseq and ChIP-seq experiments and library preparations. CR shared her expertise about the neuronal differentiation system used in this work. SB, JH, and ST performed the qPCR analyses. PL, VD, and ST performed the bioinformatic analyses. JH helped with data analysis and interpretation. ST, JH, PL, and SB wrote the manuscript and prepared the figures with contributions from all authors. GT conceived, designed, and supervised the study.



FUNDING

This work was supported by the Italian Ministry of Health (Ricerca Corrente to GT and Bando Giovani Ricercatori to GT), Regione Lombardia (RICIND-12-TESTA to GT), and Fondazione Telethon (GEP13105 to GT).



ACKNOWLEDGMENTS

We thank Carlo Emanuele Villa for his help with the NGS data upload on ArrayExpress. ST performed this work as a student within the European School of Molecular Medicine (SEMM). We are grateful to the IEO genomic unit team.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.814144/full#supplementary-material


FOOTNOTES

1https://www.r-project.org/

2https://cran.r-project.org/web/packages/corrplot/index.html

3https://cran.r-project.org/web/packages/pheatmap/index.html

4http://www.qiagen.com/ingenuity


REFERENCES

Ahmed, B. Y., Chakravarthy, S., Eggers, R., Hermens, W. T., Zhang, J. Y., Niclou, S. P., et al. (2004). Efficient delivery of Cre-recombinase to neurons in vivo and stable transduction of neurons using adeno-associated and lentiviral vectors. BMC Neurosci. 5:4. doi: 10.1186/1471-2202-5-4

Akizu, N., García, M. A., Estarás, C., Fueyo, R., Badosa, C., de la Cruz, X., et al. (2016). EZH2 regulates neuroepithelium structure and neuroblast proliferation by repressing p21. Open Biol. 6:150227. doi: 10.1098/rsob.150227

Beres, T. M., Masui, T., Swift, G. H., Shi, L., Henke, R. M., and MacDonald, R. J. (2006). PTF1 is an organ-specific and Notch-independent basic helix-loop-helix complex containing the mammalian Suppressor of Hairless (RBP-J) or its paralogue, RBP-L. Mol. Cell. Biol. 26, 117–130. doi: 10.1128/MCB.26.1.117-130.2006

Bibel, M., Richter, J., Lacroix, E., and Barde, Y.-A. (2007). Generation of a defined and uniform population of CNS progenitors and neurons from mouse embryonic stem cells. Nat. Protoc. 2, 1034–1043. doi: 10.1038/nprot.2007.147

Bibel, M., Richter, J., Schrenk, K., Tucker, K. L., Staiger, V., Korte, M., et al. (2004). Differentiation of mouse embryonic stem cells into a defined neuronal lineage. Nat. Neurosci. 7, 1003–1009. doi: 10.1038/nn1301

Bohin, N., Carlson, E. A., and Samuelson, L. C. (2018). Genome toxicity and impaired stem cell function after conditional activation of CreERT2 in the intestine. Stem Cell Rep. 11, 1337–1346. doi: 10.1016/j.stemcr.2018.10.014

Borromeo, M. D., Meredith, D. M., Castro, D. S., Chang, J. C., Tung, K.-C., Guillemot, F., et al. (2014). A transcription factor network specifying inhibitory versus excitatory neurons in the dorsal spinal cord. Development 141, 2803–2812. doi: 10.1242/dev.105866

Bröhl, D., Strehle, M., Wende, H., Hori, K., Bormuth, I., Nave, K.-A., et al. (2008). A transcriptional network coordinately determines transmitter and peptidergic fate in the dorsal spinal cord. Dev. Biol. 322, 381–393. doi: 10.1016/j.ydbio.2008.08.002

Burgold, T., Voituron, N., Caganova, M., Tripathi, P. P., Menuet, C., Tusi, B. K., et al. (2012). The H3K27 demethylase JMJD3 is required for maintenance of the embryonic respiratory neuronal network, neonatal breathing, and survival. Cell Rep. 2, 1244–1258. doi: 10.1016/j.celrep.2012.09.013

Buyse, I. M., Shao, G., and Huang, S. (1995). The retinoblastoma protein binds to RIZ, a zinc-finger protein that shares an epitope with the adenovirus E1A protein. Proc. Natl. Acad. Sci. U. S. A. 92, 4467–4471. doi: 10.1073/pnas.92.10.4467

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., et al. (2002). Role of histone H3 lysine 27 methylation in Polycomb-group silencing. Science 298, 1039–1043. doi: 10.1126/science.1076997

Chamberlain, S. J., Yee, D., and Magnuson, T. (2008). Polycomb repressive complex 2 is dispensable for maintenance of embryonic stem cell pluripotency. Stem Cells 26, 1496–1505. doi: 10.1634/stemcells.2008-0102

Chang, J. C., Meredith, D. M., Mayer, P. R., Borromeo, M. D., Lai, H. C., Ou, Y.-H., et al. (2013). Prdm13 mediates the balance of inhibitory and excitatory neurons in somatosensory circuits. Dev. Cell 25, 182–195. doi: 10.1016/j.devcel.2013.02.015

Cheng, L., Samad, O. A., Xu, Y., Mizuguchi, R., Luo, P., Shirasawa, S., et al. (2005). Lbx1 and Tlx3 are opposing switches in determining GABAergic versus glutamatergic transmitter phenotypes. Nat. Neurosci. 8, 1510–1515. doi: 10.1038/nn1569

Cohen, A. S., Tuysuz, B., Shen, Y., Bhalla, S. K., Jones, S. J., and Gibson, W. T. (2015). A novel mutation in EED associated with overgrowth. J. Hum. Genet. 60, 339–342. doi: 10.1038/jhg.2015.26

Corley, M., and Kroll, K. L. (2015). The roles and regulation of Polycomb complexes in neural development. Cell Tissue Res. 359, 65–85. doi: 10.1007/s00441-014-2011-9

Cull-Candy, S. G., and Leszkiewicz, D. N. (2004). Role of distinct NMDA receptor subtypes at central synapses. Sci. STKE 2004:re16. doi: 10.1126/stke.2552004re16

de Hoon, M. J. L., Imoto, S., Nolan, J., and Miyano, S. (2004). Open source clustering software. Bioinformatics 20, 1453–1454. doi: 10.1093/bioinformatics/bth078

Derunes, C., Briknarová, K., Geng, L., Li, S., Gessner, C. R., Hewitt, K., et al. (2005). Characterization of the PR domain of RIZ1 histone methyltransferase. Biochem. Biophys. Res. Commun. 333, 925–934. doi: 10.1016/j.bbrc.2005.05.190

Eom, G. H., Kim, K., Kim, S.-M., Kee, H. J., Kim, J.-Y., Jin, H. M., et al. (2009). Histone methyltransferase PRDM8 regulates mouse testis steroidogenesis. Biochem. Biophys. Res. Commun. 388, 131–136. doi: 10.1016/j.bbrc.2009.07.134

Feng, X., Juan, A. H., Wang, H. A., Ko, K. D., Zare, H., and Sartorelli, V. (2016). Polycomb Ezh2 controls the fate of GABAergic neurons in the embryonic cerebellum. Development 143, 1971–1980. doi: 10.1242/dev.132902

Fog, C. K., Galli, G. G., and Lund, A. H. (2012). PRDM proteins: important players in differentiation and disease. Bioessays 34, 50–60. doi: 10.1002/bies.201100107

Forni, P. E., Scuoppo, C., Imayoshi, I., Taulli, R., Dastrù, W., Sala, V., et al. (2006). High levels of Cre expression in neuronal progenitors cause defects in brain development leading to microencephaly and hydrocephaly. J. Neurosci. 26, 9593–9602. doi: 10.1523/JNEUROSCI.2815-06.2006

Fragola, G., Germain, P.-L., Laise, P., Cuomo, A., Blasimme, A., Gross, F., et al. (2013). Cell reprogramming requires silencing of a core subset of polycomb targets. PLoS Genet. 9:e1003292. doi: 10.1371/journal.pgen.1003292

Fumasoni, I., Meani, N., Rambaldi, D., Scafetta, G., Alcalay, M., and Ciccarelli, F. D. (2007). Family expansion and gene rearrangements contributed to the functional specialization of PRDM genes in vertebrates. BMC Evol. Biol. 7:187. doi: 10.1186/1471-2148-7-187

Gaiarsa, J.-L., Caillard, O., and Ben-Ari, Y. (2002). Long-term plasticity at GABAergic and glycinergic synapses: mechanisms and functional significance. Trends Neurosci. 25, 564–570. doi: 10.1016/s0166-2236(02)02269-5

Gandolfi, D., Cerri, S., Mapelli, J., Polimeni, M., Tritto, S., Fuzzati-Armentero, M.-T., et al. (2017). Activation of the CREB/c-Fos pathway during long-term synaptic plasticity in the cerebellum granular layer. Front. Cell Neurosci. 11:184. doi: 10.3389/fncel.2017.00184

Gibson, W. T., Hood, R. L., Zhan, S. H., Bulman, D. E., Fejes, A. P., Moore, R., et al. (2012). Mutations in EZH2 cause weaver syndrome. Am. J. Hum. Genet. 90, 110–118. doi: 10.1016/j.ajhg.2011.11.018

Gulchina, Y., Xu, S.-J., Snyder, M. A., Elefant, F., and Gao, W.-J. (2017). Epigenetic mechanisms underlying NMDA receptor hypofunction in the prefrontal cortex of juvenile animals in the MAM model for schizophrenia. J. Neurochem. 143, 320–333. doi: 10.1111/jnc.14101

Hayashi, K., Yoshida, K., and Matsui, Y. (2005). A histone H3 methyltransferase controls epigenetic events required for meiotic prophase. Nature 438, 374–378. doi: 10.1038/nature04112

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., et al. (2010). Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol. Cell 38, 576–589. doi: 10.1016/j.molcel.2010.05.004

Hirabayashi, Y., Suzki, N., Tsuboi, M., Endo, T. A., Toyoda, T., Shinga, J., et al. (2009). Polycomb limits the neurogenic competence of neural precursor cells to promote astrogenic fate transition. Neuron 63, 600–613. doi: 10.1016/j.neuron.2009.08.021

Hohenauer, T., and Moore, A. W. (2012). The Prdm family: expanding roles in stem cells and development. Development 139, 2267–2282. doi: 10.1242/dev.070110

Ishii, T., Moriyoshi, K., Sugihara, H., Sakurada, K., Kadotani, H., Yokoi, M., et al. (1993). Molecular characterization of the family of the N-methyl-D-aspartate receptor subunits. J. Biol. Chem. 268, 2836–2843.

Jarome, T. J., Perez, G. A., Hauser, R. M., Hatch, K. M., and Lubin, F. D. (2018). EZH2 methyltransferase activity controls Pten expression and mTOR signaling during fear memory reconsolidation. J. Neurosci. 38, 7635–7648. doi: 10.1523/JNEUROSCI.0538-18.2018

Jüttner, R., Montag, D., Craveiro, R. B., Babich, A., Vetter, P., and Rathjen, F. G. (2013). Impaired presynaptic function and elimination of synapses at premature stages during postnatal development of the cerebellum in the absence of CALEB (CSPG5/neuroglycan C). Eur. J. Neurosci. 38, 3270–3280. doi: 10.1111/ejn.12313

Kinameri, E., Inoue, T., Aruga, J., Imayoshi, I., Kageyama, R., Shimogori, T., et al. (2008). Prdm proto-oncogene transcription factor family expression and interaction with the Notch-Hes pathway in mouse neurogenesis. PLoS One 3:e3859. doi: 10.1371/journal.pone.0003859

Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic and adult neural stem cells. Annu. Rev. Neurosci. 32, 149–184. doi: 10.1146/annurev.neuro.051508.135600

Kyba, M., and Brock, H. W. (1998). The Drosophila polycomb group protein Psc contacts ph and Pc through specific conserved domains. Mol. Cell. Biol. 18, 2712–2720. doi: 10.1128/mcb.18.5.2712

Lacomme, M., Liaubet, L., Pituello, F., and Bel-Vialar, S. (2012). NEUROG2 drives cell cycle exit of neuronal precursors by specifically repressing a subset of cyclins acting at the G1 and S phases of the cell cycle. Mol. Cell. Biol. 32, 2596–2607. doi: 10.1128/MCB.06745-11

Lakhan, S. E., Caro, M., and Hadzimichalis, N. (2013). NMDA receptor activity in neuropsychiatric disorders. Front. Psychiatry 4:52. doi: 10.3389/fpsyt.2013.00052

Lee, C.-M., Zhou, L., Liu, J., Shi, J., Geng, Y., Liu, M., et al. (2021). Single-cell RNA-seq analysis revealed long-lasting adverse effects of tamoxifen on neurogenesis in prenatal and adult brains. Proc. Natl. Acad. Sci. U. S. A. 117, 19578–19589. doi: 10.1073/pnas.1918883117

Lee, E.-J., Choi, S. Y., and Kim, E. (2015). NMDA receptor dysfunction in autism spectrum disorders. Curr. Opin. Pharmacol. 20, 8–13. doi: 10.1016/j.coph.2014.10.007

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Liodis, P., Denaxa, M., Grigoriou, M., Akufo-Addo, C., Yanagawa, Y., and Pachnis, V. (2007). Lhx6 activity is required for the normal migration and specification of cortical interneuron subtypes. J. Neurosci. 27, 3078–3089. doi: 10.1523/JNEUROSCI.3055-06.2007

Litwin, J. A. (1976). Diaminobenzidine reactions of mitochondria stabilized with sodium chloride, sucrose and polyvinyl pyrrolidone. Ann. Med. Sect. Pol. Acad. Sci. 21, 77–78.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Loonstra, A., Vooijs, M., Beverloo, H. B., Allak, B. A., van Drunen, E., Kanaar, R., et al. (2001). Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells. Proc. Natl. Acad. Sci. U. S. A. 98, 9209–9214. doi: 10.1073/pnas.161269798

Lui, J. C., Barnes, K. M., Dong, L., Yue, S., Graber, E., Rapaport, R., et al. (2018). Ezh2 mutations found in the weaver overgrowth syndrome cause a partial loss of H3K27 histone methyltransferase activity. J. Clin. Endocrinol. Metab. 103, 1470–1478. doi: 10.1210/jc.2017-01948

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of riches. Neuron 44, 5–21. doi: 10.1016/j.neuron.2004.09.012

Margueron, R., and Reinberg, D. (2011). The Polycomb complex PRC2 and its mark in life. Nature 469, 343–349. doi: 10.1038/nature09784

Martynoga, B., Drechsel, D., and Guillemot, F. (2012). Molecular control of neurogenesis: a view from the mammalian cerebral cortex. Cold Spring Harb. Perspect. Biol. 4:a008359. doi: 10.1101/cshperspect.a008359

Masui, T., Swift, G. H., Hale, M. A., Meredith, D. M., Johnson, J. E., and Macdonald, R. J. (2008). Transcriptional autoregulation controls pancreatic Ptf1a expression during development and adulthood. Mol. Cell. Biol. 28, 5458–5468. doi: 10.1128/MCB.00549-08

Mohn, F., Weber, M., Rebhan, M., Roloff, T. C., Richter, J., Stadler, M. B., et al. (2008). Lineage-specific polycomb targets and de novo DNA methylation define restriction and potential of neuronal progenitors. Mol. Cell 30, 755–766. doi: 10.1016/j.molcel.2008.05.007

Mona, B., Uruena, A., Kollipara, R. K., Ma, Z., Borromeo, M. D., Chang, J. C., et al. (2017). Repression by PRDM13 is critical for generating precision in neuronal identity. Elife 6:e25787. doi: 10.7554/eLife.25787

Monyer, H., Burnashev, N., Laurie, D. J., Sakmann, B., and Seeburg, P. H. (1994). Developmental and regional expression in the rat brain and functional properties of four NMDA receptors. Neuron 12, 529–540. doi: 10.1016/0896-6273(94)90210-0

Mootha, V. K., Lindgren, C. M., Eriksson, K.-F., Subramanian, A., Sihag, S., Lehar, J., et al. (2003). PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes. Nat. Genet. 34, 267–273. doi: 10.1038/ng1180

Nakada, Y., Hunsaker, T. L., Henke, R. M., and Johnson, J. E. (2004). Distinct domains within Mash1 and Math1 are required for function in neuronal differentiation versus neuronal cell-type specification. Development 131, 1319–1330. doi: 10.1242/dev.01008

O’Carroll, D., Erhardt, S., Pagani, M., Barton, S. C., Surani, M. A., and Jenuwein, T. (2001). The polycomb-group gene Ezh2 is required for early mouse development. Mol. Cell. Biol. 21, 4330–4336. doi: 10.1128/MCB.21.13.4330-4336.2001

Orlando, D. A., Chen, M. W., Brown, V. E., Solanki, S., Choi, Y. J., Olson, E. R., et al. (2014). Quantitative ChIP-Seq normalization reveals global modulation of the epigenome. Cell Rep. 9, 1163–1170. doi: 10.1016/j.celrep.2014.10.018

Palomer, E., Carretero, J., Benvegnù, S., Dotti, C. G., and Martin, M. G. (2016). Neuronal activity controls Bdnf expression via Polycomb de-repression and CREB/CBP/JMJD3 activation in mature neurons. Nat. Commun. 7:11081. doi: 10.1038/ncomms11081

Pasini, D., Bracken, A. P., Hansen, J. B., Capillo, M., and Helin, K. (2007). The polycomb group protein Suz12 is required for embryonic stem cell differentiation. Mol. Cell. Biol. 27, 3769–3779. doi: 10.1128/MCB.01432-06

Pereira, J. D., Sansom, S. N., Smith, J., Dobenecker, M.-W., Tarakhovsky, A., and Livesey, F. J. (2010). Ezh2, the histone methyltransferase of PRC2, regulates the balance between self-renewal and differentiation in the cerebral cortex. Proc. Natl. Acad. Sci. U. S. A. 107, 15957–15962. doi: 10.1073/pnas.1002530107

Price, J. D., Park, K.-Y., Chen, J., Salinas, R. D., Cho, M. J., Kriegstein, A. R., et al. (2014). The Ink4a/Arf locus is a barrier to direct neuronal transdifferentiation. J. Neurosci. 34, 12560–12567. doi: 10.1523/JNEUROSCI.3159-13.2014

Sahara, S., and O’Leary, D. D. (2009). Fgf10 regulates transition period of cortical stem cell differentiation to radial glia controlling generation of neurons and basal progenitors. Neuron 63, 48–62. doi: 10.1016/j.neuron.2009.06.006

Saldanha, A. J. (2004). Java Treeview–extensible visualization of microarray data. Bioinformatics 20, 3246–3248. doi: 10.1093/bioinformatics/bth349

Seibler, J., Zevnik, B., Küter-Luks, B., Andreas, S., Kern, H., Hennek, T., et al. (2003). Rapid generation of inducible mouse mutants. Nucleic Acids Res. 31:e12. doi: 10.1093/nar/gng012

Srinivas, S., Watanabe, T., Lin, C. S., William, C. M., Tanabe, Y., Jessell, T. M., et al. (2001). Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Dev. Biol. 1:4. doi: 10.1186/1471-213x-1-4

Strehlow, V., Heyne, H. O., Vlaskamp, D. R. M., Marwick, K. F. M., Rudolf, G., de Bellescize, J., et al. (2019). GRIN2A-related disorders: genotype and functional consequence predict phenotype. Brain 142, 80–92. doi: 10.1093/brain/awy304

Su, I.-H., Basavaraj, A., Krutchinsky, A. N., Hobert, O., Ullrich, A., Chait, B. T., et al. (2003). Ezh2 controls B cell development through histone H3 methylation and Igh rearrangement. Nat. Immunol. 4, 124–131. doi: 10.1038/ni876

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102, 15545–15550. doi: 10.1073/pnas.0506580102

Sugino, K., Hempel, C. M., Miller, M. N., Hattox, A. M., Shapiro, P., Wu, C., et al. (2006). Molecular taxonomy of major neuronal classes in the adult mouse forebrain. Nat. Neurosci. 9, 99–107. doi: 10.1038/nn1618

Sun, X.-J., Xu, P.-F., Zhou, T., Hu, M., Fu, C.-T., Zhang, Y., et al. (2008). Genome-wide survey and developmental expression mapping of zebrafish SET domain-containing genes. PLoS One 3:e1499. doi: 10.1371/journal.pone.0001499

Tang, G.-B., Zeng, Y.-Q., Liu, P.-P., Mi, T.-W., Zhang, S.-F., Dai, S.-K., et al. (2017). The histone H3K27 demethylase UTX regulates synaptic plasticity and cognitive behaviors in mice. Front. Mol. Neurosci. 10:267. doi: 10.3389/fnmol.2017.00267

Tarabeux, J., Kebir, O., Gauthier, J., Hamdan, F. F., Xiong, L., Piton, A., et al. (2011). Rare mutations in N-methyl-D-aspartate glutamate receptors in autism spectrum disorders and schizophrenia. Transl. Psychiatry 1:e55. doi: 10.1038/tp.2011.52

Tatton-Brown, K., Hanks, S., Ruark, E., Zachariou, A., Duarte, S. D. V., Ramsay, E., et al. (2011). Germline mutations in the oncogene EZH2 cause Weaver syndrome and increased human height. Oncotarget 2, 1127–1133. doi: 10.18632/oncotarget.385

Testa, G. (2011). The time of timing: how Polycomb proteins regulate neurogenesis. Bioessays 33, 519–528. doi: 10.1002/bies.201100021

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.2012.016

Walz, K., and Young, J. I. (2014). The methyl binding domain containing protein MBD5 is a transcriptional regulator responsible for 2q23.1 deletion syndrome. Rare Dis. 2:e967151. doi: 10.4161/2167549X.2014.967151

Warde-Farley, D., Donaldson, S. L., Comes, O., Zuberi, K., Badrawi, R., Chao, P., et al. (2010). The GeneMANIA prediction server: biological network integration for gene prioritization and predicting gene function. Nucleic Acids Res. 38, W214–W220. doi: 10.1093/nar/gkq537

Weaver, D. D., Graham, C. B., Thomas, I. T., and Smith, D. W. (1974). A new overgrowth syndrome with accelerated skeletal maturation, unusual facies, and camptodactyly. J. Pediatr. 84, 547–552. doi: 10.1016/s0022-3476(74)80675-x

Yashiro, K., and Philpot, B. D. (2008). Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity. Neuropharmacology 55, 1081–1094. doi: 10.1016/j.neuropharm.2008.07.046

Yoon, K.-J., Vissers, C., Ming, G.-L., and Song, H. (2018). Epigenetics and epitranscriptomics in temporal patterning of cortical neural progenitor competence. J. Cell Biol. 217, 1901–1914. doi: 10.1083/jcb.201802117

Yu, Y.-L., Chou, R.-H., Chen, L.-T., Shyu, W.-C., Hsieh, S.-C., Wu, C.-S., et al. (2011). EZH2 regulates neuronal differentiation of mesenchymal stem cells through PIP5K1C-dependent calcium signaling. J. Biol. Chem. 286, 9657–9667. doi: 10.1074/jbc.M110.185124

Zhang, J., Ji, F., Liu, Y., Lei, X., Li, H., Ji, G., et al. (2014). Ezh2 regulates adult hippocampal neurogenesis and memory. J. Neurosci. 34, 5184–5199. doi: 10.1523/JNEUROSCI.4129-13.2014

Zhang, M., Zhang, Y., Xu, Q., Crawford, J., Qian, C., Wang, G.-H., et al. (2019). Neuronal histone methyltransferase EZH2 regulates neuronal morphogenesis, synaptic plasticity, and cognitive behavior of mice. bioRxiv [Preprint]. doi: 10.1101/582908

Zhang, Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., Bernstein, B. E., et al. (2008). Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9:R137. doi: 10.1186/gb-2008-9-9-r137

Zucker, R. S. (1999). Calcium- and activity-dependent synaptic plasticity. Curr. Opin. Neurobiol. 9, 305–313. doi: 10.1016/S0959-4388(99)80045-2


Conflict of Interest: PL is Director of Single-Cell Systems Biology at DarwinHealth, Inc., New York, NY, United States. VD currently works as a Post-Doctoral Researcher in Novo Nordisk Research Center Seattle, Inc.

The remaining 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Buontempo, Laise, Hughes, Trattaro, Das, Rencurel and Testa. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		EZH2-Mediated H3K27me3 Targets Transcriptional Circuits of Neuronal Differentiation



		INTRODUCTION



		RESULTS



		Establishment of an Ezh2 Conditional Deletion Model to Study Its Role During Terminal Neuronal Differentiation



		EZH2 Impairment Causes Global Loss of the H3K27me3 Mark in Differentiating Neurons



		EZH2-Dependent Transcriptional Modulation Converges With PRDM13 Regulatory Network



		Dissection of the Transcriptional Impact of Ezh2 Impairment in the Regulation of Neuronal Gene Expression Programs







		DISCUSSION



		MATERIALS AND METHODS



		Murine Strains



		Derivation, Culture and Differentiation of ES Cells



		qPCR



		Protein Extraction and Immunoblotting



		Statistical Analyses



		RNA-seq and ChIP-seq



		Bioinformatic Analysis



		RNA-seq Analysis



		ChIP-seq Analysis







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-16-814144-g002.jpg
6265

& KX
L O
& ©
= =
: 4
= =
o= 1
-— =
TSS
-2.5KB 2.5KB
CTR 10D
40HT 72hrs

CTR 72hrs

ive expression

Relat

40HT 10D

Synaptic Plasticity

CTR 10D

*

&

&

CTR 72hrs ‘

Y

Ky

40HT 72hrs

0D - CTR 72hrs - 40HT 72hrs

0D - 40HT 72hrs

0D - 40HT 10D
0D - 40HT 10D - CTR 72hrs

0D -CTR 72hrs

— = = = -

Common CTR
Common CTR
Common CTR
Common CTR
Common CTR
Common all

Specific CTR 10D

Specific 4OHT 10D

2
£
~
N
G
v
b=
v}
7}
Q
0

GABA Receptor Signaling

Glutamate Receptor Signaling
Synaptic Long Term Potentiation
Relaxin Signaling

Glioblastoma Multiforme Signaling
Serotonin Receptor Signaling
Synaptic Long Term Depression
Wnt/B-catenin Signaling

G-Protein Coupled Receptor Signaling

LITTTTITT]

Axonal Guidance Signaling

mm M3-M6 CTR 10D
= M3-M6 40HT 10D





OPS/images/fnins-16-814144-g001.jpg
A
605 612 746

P
1 — 340 503
o o zz/ Ezh2 I Protein-protein “

<

ROSA26-eYFP-STOP ’ 112 _— Heterozygous

} LoxP site

Homozygous

ROSA26-CreERT2

B
@ @
Plating Neural 72hrs 10 days 15 days
Precursors (NP) after plating after plating after plating
72h 7D 10D 15D
8 days Embryoid
Bodies
Synaptophysin
B-actin
C Densitometry for EZH2 levels
L == M3-M6 CTR
) | M3-M6 40HT
o
C 1.0-
©
=
|9
% 0.5
il B-actin
0.0
A% PN «°«° 00 S
o«t:o OQ‘ &Q'~b &Q'Q‘
D Densitometry for H3K27me3 levels
1.5 mm M3-M6 CTR
2 s M3-M6 40HT  H3K27me3
o
c 1.0+
©
£
o
S 0.5+
LCLD H3 total
0.0
«"\r '\'1‘9 '\o'\o

‘\t c‘}t&?‘ /&b /&b





OPS/images/fnins-16-814144-g004.jpg
A
H3K27me3 target genes 10D CTR

10D H3K27me3 targets

10D H3K27me3 targets
and

o g e Iy — R — T T R a n d
10D upregulated DEGs 15D upregulated DEGs
-log(B-H p-value) -log(B-H p-value)
0.0 0.5 1.0 ,lmimg‘() 25 3.0 3.5 40 45 50 55 60 65 70 75 8.0 85 9.0 0 152,43 5 6 7 8 9 10 11 12 13 14 15 16
0.2=
ay
" CREB Signaling in N
8 Down-regulated genes Qo) ']
» e &
‘5 00 Axonal Guidance Signaling
‘FE) Calcium Signaling
E GABA Receptor Signaling
" Up-regulated genes Axonal Guidance Signaling
Endocannabinoid Neuronal Synapse Pathway
02 Endocannabinoid Neuronal Synapse Pathway
' CREB Signaling in Neurons
Opioid Signaling Pathway
nNOS Signaling in Skeletal Muscle Cells
P-value=0.001 Role of NFAT in Cardiac Hypertrophy
____________ N .E_S?_'l_'5.3_ R A Synaptic Long Term Depression
-04-= GABA Receptor Signaling
6 50.00 10600 Netrin Signaling
rank Synaptic Long Term Depression
RO Besso S Synaptic Long Term Potentiation
Opioid Signaling Pathway coa
Reelin Signaling in Neurons Semaphorin Signaling in Neurons
gnaling In D Dopamine-DARPP32 Feedback in cAMP Signaling
Glutamate Receptor Signaling Ephrin A Signaling
Huntington's Disease Signaling Reelin Signaling in Neurons
W positive z-score | ‘E] z-score = 0| |I negative z-score ’ ’l no activity pattern available
C Prdm13 D
8=
c Scale 10kb} 1
9 6 | -:5h64 | 21598000 | 21599000 | 21600000 | 21601000 | 21602000 | 21603000 | 21604000 | 21605000 | 21606000 | 21607000 | 21608000 | 21609000 | 21610000 | 21611000 | 21612000 | 21613000 | 21614000 | 21615000 |
a " CTR 72hrs .
qh) Q 50 " —— ==
Q = ~ 40HT 72hrs
U 4= R - i
@ - CTR10D . . ‘ = 4
L
E m so~ A - ———
fo L 40HT10D
QG:J 2= oL e e — - —
Prdm1 4‘: : :
. RefSeq Genes e P
v - ced o o pres
CTR10D 40HT 10D
mm M3-M6 CTR 10D mmm M3-M6 40HT 10D
E GABAergic genes G
Enrichment plot: from_text_entry_ 7 Enrichment plot: from_text_entry_ 1 OD u preg u |at6d DEGS 15 D u preg u |ated DEGS
e p-value=0.07 . p-value<0.01 -log(B-H p-value) -log(B-H p-value)
€ o0 € 00 25 50 75 100 125 150 175 0 rainakb 10 15 20 25 35 40
»
£ s £ 4
E 0.10 éo-l
& ::: p N o Signaling GABA Receptor Signaling
-0.05 W "

Calcium Signaling

Endocannabinoid Neuronal Synapse Pathway

Oxidative Phosphorylation

Calcium Signaling

CREB Signaling in Neurons

Glutamate Receptor Signaling

Mitochondrial Dysfunction

Opioid Signaling Pathway

Role of NFAT in Cardiac Hypertrophy

Axonal Guidance Signaling

nNOS Signaling in Skeletal Muscle Cells|

GNRH Signaling

Netrin Signaling

3 3 id Neuronal Synapse Pathway
E 1 | Ma_pos’ (po: itively 'E _pos’ (positively correlate
$ 0 ; L K] 0.0 e
< < Glutamate Receptor Signaling
-1 £ 25
g 2 Zero cross at 6771 g = Zero cross at 6571
e
&3 = -50 5 el
210 days _ 115 days Netrin Signaling
2 H i 'r\a_r?eg' (negatively c_ovrelned) i ] -7.5 t : 'na_r‘ug' (negatively c.o"elated) i
c c
L™ LA - L R
[ file — Hits Ranking metric scores| [ i file — Hits ki |
CREB Signaling in Neurons
F. : GABAergic .. Glutamatergic T . .
— =
g S * ic Pain Signaling In Dorsal Hom Neurons
= =
(%2} (%]
2 2 Axonal Guidance Signaling
o Q 4=
6 6 Opioid Signaling Pathway
() ()
> > : i
'_% g Superpathway of Cholesterol Biosynthesis
) O 2=
o (0’ Amyotrophic Lateral Sclerosis Signaling
Sic32a Gad1 Grm1 Slc1a6 Grm8 Homer2

s M3-M6 CTR 10D ™= M3-M6 40HT 10D

M positive z-score! |EI z-score = 0‘ ‘l negative z-score‘ [l no activity pattern available






OPS/images/fnins-16-814144-g003.jpg
100 -

PC2

CTR @) 72hrs

40HT (@) 72hrs

D

4OHT (@) 72hrs

40HT 72hrs
40HT 10D

6
1

CTR (@) 72hrs

4OHT (@) 72hrs CTR (@) 10D

4

|
4
|

CTR @) 15D
CTR (8) 10D

2

log2cpm

log2cpm
2
L

CTR @ 72hrs Iy 50

log2cpm

2 -
log2cpm

> £

CTR 72hrs CTR10D

40HT (@r1eD(@) 15D

CTR @ 10D
40HT @ 10D

10
I
EN

OHT @ 10D40HT @ 15D
AP M50

40HT 15D
6 8
.:'\.

Cluster
® 1
o2
® 3

4

log2cpm
2

0

I 1
-100 0

log2cpm

CTR15D

\ =

R

-’///“‘\\

|

Ccne2

Gene card annotation

Cyclin E2 forms a complex with and functions as a regulatory subunit of CDK2. This cyclin has been shown to
specifically interact with CIP/KIP family of CDK inhibitors, and plays a role in cell cycle G1/S transition.

This gene generates several transcript variants which differ in their first exons. In spite of the structural and

Cdkn2a functional differences, the CDK inhibitor isoforms encoded by this gene, through the regulatory roles of CDK4 and

MBD5

FGF10

LHX6

CSPG5

p53 in cell cycle G progression, share a common functionality in cell

cycle G1 control.

Member of the methyl-CpG binding domain (MBD) family. Diseases associated with MBD5 include MBD5
Haploinsufficiency and Autosomal Dominant Non-Syndromic Intellectual Disability.

Member of the fibroblast growth factor (FGF) family. Plays an important role in the regulation of embryonic
development, cell proliferation and cell differentiation.

Member of a large protein family that contains the LIM domain, a unique cysteine-rich zinc-binding domain.

Probable transcription factor required for the expression of a subset of genes involved in interneurons migration
and development.

Proteoglycan that may function as a neural growth and differentiation factor. Diseases associated with CSPG5
include Spontaneous Ocular Nystagmus and Kabuki Syndrome 1.
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