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Schizophrenia is a mental illness that involves both genetic and environmental factors. Clozapine, an atypical antipsychotic, is a well-established therapy for treatment-resistant schizophrenia. In this study, we focused on a set of monozygotic twins with treatment-resistant schizophrenia in which one twin effectively responded to clozapine treatment and the other did not. Our previous study generated neurons from induced pluripotent stem (iPS) cells derived from these patients and compared the transcriptome profiles between mock- and clozapine-treated neurons. In this study, we performed genome-wide DNA methylation profiling to investigate the mechanisms underlying gene expression changes. First, we extracted the differentially methylated sites from each twin based on statistical analysis. Then, we combined the DNA methylation profiling with transcriptome profiling from our previous RNA-seq data. Among the genes with altered methylation and expression, we found the different proportions of the genes related to neuronal and synaptic functions between the clozapine responder and non-responder (35.7 and 6.7%, respectively). This trend was observed even when the basal differences between the responder and non-responder was excluded. These results suggest that effective clozapine action may correct the abnormalities of neuronal and synapse functions in schizophrenia via changes in methylation.
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INTRODUCTION

Schizophrenia is characterized by positive symptoms, negative symptoms, and disturbances in basic cognitive functions. Its lifetime prevalence is 0.30–0.66% (1, 2). Approximately 10–30% of patients with schizophrenia show little or no improvement in symptoms after multiple trials of monotherapy (3). Clozapine, which is an atypical antipsychotic drug, is considered for patients with such treatment-resistant schizophrenia. However, the molecular mechanism of action of clozapine is still not fully understood. Several issues should be addressed to uncover its mechanisms. One is the difficulty of obtaining brain tissues from living patients receiving clozapine. Another is the differences in the genetic backgrounds of patients. To overcome these challenges, we focused on a case of monozygotic twins. In this case, both of the identical twins exhibited treatment-resistant schizophrenia, but one twin responded well to clozapine treatment whereas the other twin did not. We had previously established induced pluripotent stem (iPS) cell lines from immortalized B cells from each patient and differentiated neurons from these iPS cells (4). We treated the iPS neurons from each twin with a mock treatment or clozapine, examined the genes expressed in response to clozapine by RNA-seq analysis, and identified differentially expressed genes (DEGs) specific to the clozapine responding twin. However, it remained unclear whether clozapine directly affects gene expression because changes in gene expression are closely related to epigenetic changes such as DNA methylation.

DNA methylation is an epigenetic change, that is, an acquired change in gene regulation that does not involve a change in DNA sequence. DNA methylation is more likely to occur at CpG sites, that is, 5′-CG-3′ dinucleotide sequences, in the genome. DNA methylation is associated with transcriptional regulation, but the relationship is not necessarily the same for gene promoters and gene bodies. The hypermethylation of CpG sites in a promoter is negatively correlated with transcription (5). In contrast, DNA methylation is abundant in the bodies of actively transcribed genes (6–8). In other words, DNA methylation in gene bodies is positively correlated with transcription; therefore, its role is not related to gene silencing (6, 9, 10). Aberrant DNA methylation has been reported in psychiatric disorders, including schizophrenia (11–16). Interestingly, a recent study found significant methylation changes in patients with schizophrenia, especially in treatment-resistant schizophrenia, reflecting the effects of clozapine (17). Additionally, several studies reported that clozapine altered DNA methylation levels in certain genes (18–21). This observation suggests that clozapine may act not only through direct modulation of gene expression but also through epigenetic changes.

In this study, we attempted to obtain a comprehensive DNA methylation profile of iPS neurons obtained from a pair of monozygotic twins with treatment-resistant schizophrenia and discordant responses to clozapine (one a responder and the other a non-responder), and we examined the changes in DNA methylation following clozapine treatment in each patient. Then, we investigated whether DNA methylation was involved in the differential expression of the genes identified in our previous RNA-seq data as exhibiting distinct responses to clozapine treatment.



METHODS


Subjects

Monozygotic twin patients with treatment-resistant schizophrenia were recruited at Osaka University Hospital. The details of the patients were previously described (4). The twins were 59-year-old Japanese females, both diagnosed with treatment-resistant schizophrenia. Each subject was diagnosed and assessed by at least two trained psychiatrists according to the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria based on a structured clinical interview. Written informed consent was obtained from subjects after the procedures were fully explained.



Generation of iPS Cells and in vitro Differentiation of iPS Cells Into Excitatory Neurons

The generation of iPS cells from lymphoblastoid B-cell lines and in vitro differentiation of iPS cells into excitatory neurons were performed as previously described (4). In brief, immortalized lymphoblastoid B cells were electroporated with plasmids encoding hOCT3/4, hSOX2, hKLF4, hL-MYC, hLIN28 and dominant negative mTP53. After electroporation, cells were seeded onto SNL feeder cells and grown to form colonies. Subsequently, colonies similar to human ES cells were clonally isolated, morphologically selected and evaluated for the expression of pluripotency markers. For in vitro differentiation, iPS cells were transferred under feeder-free conditions onto Matrigel (Corning)-coated dishes and cultured in the chemically defined medium Essential 8 (Thermo Fisher Scientific) according to the manufacturer's instructions. The in vitro differentiation of iPS cells into neurons through neurogenin2 (Ngn2) overexpression was performed essentially according to Zhang et al. (22). On day 8, 1 μM clozapine (Sigma-Aldrich) or mock treatment was added to the culture medium. After 7 days, Ngn2-induced neurons were harvested for DNA isolation. The gene expression levels in iPS neurons measured by RNA-seq and related statistics were obtained from our previous study (4). In our previous study, total RNA was isolated from three clones obtained from each patient and equal amounts of total RNAs from each patient were combined and sequenced using the Illumina HiSeq2000 system (BGI, Beijing, China) (4). The reads were aligned to the human reference genome hg19. Identifying of DEGs between two samples was performed based on a Poisson distribution (BGI, Beijing, China). The calculated p-values were adjusted using FDR q-value to correct for multiple testing. Genes were identified as differentially expressed between the mock and clozapine treatments or between responder and non-responder at a significance level of FDR q-value < 0.05.



DNA Methylation Analysis

Genomic DNA was extracted from neuronal nuclei using a Blood & Cell Culture DNA kit (Qiagen). We used the same three clones of each twin as those analyzed by our previous RNA-seq analysis (4) for methylation analysis. Bisulfite conversion of 500 ng of genomic DNA was performed with the EZ DNA methylation kit (Zymo Research). DNA methylation levels were assessed according to the manufacturer's instructions using Infinium® HumanMethylation450 BeadChips (Illumina Inc., San Diego, CA, USA), which enable the examination of DNA methylation status at 485,577 CpG sites, and the resulting data were analyzed using the methylation analysis module within the BeadStudio software (Illumina Inc.). The data were mapped to the hg19 genome. The regions described as TSS200 and TSS1500 in this annotation file were defined as the promoter regions. For methylation analysis, IDAT files were processed using the R software package minfi (23). The raw signal data were normalized by the preprocessQuantile function. The methylation status of each CpG site was represented as a β-value that ranged from 0 (completely unmethylated) to 1 (fully methylated). We analyzed 341,629 sites that satisfied the following criteria: (1) β-values with detection p-values < 0.01; (2) CpGs with probes having <3 beads; (3) no probe single nucleotide polymorphisms (SNPs) with minor allele frequencies (MAFs) ≥ 1% in the HapMap-JPT population; (4) no probe cross-reactivity; and (5) no SNPs at CpG sites and single-base extension sites. A list of probes and their corresponding MAF values in the Japanese population was derived from Okamura et al. (24). We excluded sites with SNPs and in cross-reactive regions based on a list derived from Chen et al. (25). We performed dmpFinder function in the minfi package to identify positions that were differentially methylated. Methylation sites were identified as differentially methylated between the mock and clozapine treatments or between responder and non-responder at a significance level of p-value < 0.01. The calculated p-values were adjusted using FDR q-value to correct for multiple testing, although there were no methylation sites differentially methylated between the mock and clozapine treatments at a significance level of FDR q-value < 0.05.



The Direction of Change for the mRNA Expression Level and the DNA Methylation Level of the DEGs

The same direction means that both the mRNA expression level and the DNA methylation level are higher or lower in clozapine compared to mock treatment. The opposite direction indicates highly express and lower methylate in clozapine compared to mock treatment, or vice versa.



Genes Associated With Neuronal and Synaptic Functions

Genes associated with neuronal and synaptic functions were defined as those genes annotated with Gene Ontology terms including the following words: “neuro,” “synapse,” or “synaptic.” We used the information from the Gene Ontology project (http://geneontology.org/) and R software package GO.db. We obtained 2,756 genes after the procedures. Furthermore, we selected 2,399 genes overlapped with 15,466 genes that we treated in the RNA-seq and DNA methylation analyses.



Gene Functional Enrichment Analysis

Gene functional enrichment analysis was performed using Metascape software (26). Metascape reports a term that an input gene list overrepresented as an enrichment cluster and prevents redundancies in terms across different ontology sources.



Statistical Analysis

To examine the extent of overlap between the DEGs and the genes related to neuronal and synaptic functions, we calculated the p-value by hypergeometric distribution test and the expected numbers as follows:
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where x is the number of genes that overlapped between the DEGs and the genes related to neuronal and synaptic functions, and m and n are the numbers of the DEGs and the genes related to neuronal and synaptic functions (2,399 genes), respectively. N is the total number of genes (15,466 genes that we treated in the RNA-seq and DNA methylation analyses).




RESULTS


Changes in DNA Methylation Following Clozapine Treatment in iPS Neurons From Twins With Discordant Responses to Clozapine

We show an overview of the present study in Figure 1. We performed genome-wide DNA methylation profiling using differentiated neurons from iPS cell clones obtained from clozapine responders and non-responders. We analyzed 341,629 of 485,577 methylation sites based on robustness criteria (see section Methods). To identify positions that were differentially methylated following clozapine treatment, we compared the DNA methylation levels of each methylation site between the mock and clozapine-treated neurons in each twin. We extracted the changed methylation sites from each comparison at a significance level of p-value < 0.01. As a result, we identified 2,229 and 1,384 methylation sites in the clozapine responder and non-responder, respectively (Supplementary Tables 1, 2). Among these changed methylation sites, only 21 sites were overlapped between the twins. After we excluded the 21 overlapped sites from the changed methylation sites in each twin, these patient-specific methylation sites were involved 1,789 and 1,145 genes in the clozapine responder and non-responder, respectively. We used these methylation data in the subsequent analyses.


[image: Figure 1]
FIGURE 1. Flowchart of the present study. We first found the genes near the changed methylation sites. We next extracted differentially expressed genes (DEGs) from this set based on transcriptome profiling. Focusing on the methylation sites in gene bodies and promoter regions, we identified genes whose expression changes were consistent with the methylation changes.




Combined Transcriptome Profiling With DNA Methylation Profiling

We recently identified DEGs following clozapine treatment in iPS neurons from the same twins by performing RNA-seq analysis (4). We found 714 DEGs specific to the clozapine responder and 277 DEGs specific to the clozapine non-responder (FDR q-value < 0.05). Among 714 DEGs identified in the clozapine responder, 84 genes were located near the responder-specific methylation sites (Supplementary Table 3). Of the 84 DEGs, 17 DEGs, including MECP2 (methyl-CpG-binding protein 2), which has been implicated in schizophrenia and autism as well as Rett syndrome (27, 28), differed in the opposite direction of the change in the methylation sites in the promoter regions (Table 1; Supplementary Figure 1), and 32 DEGs showed the same direction of change for the mRNA expression level and the DNA methylation level in the corresponding gene body (Table 2). Of the DEGs associated with the promoters and gene bodies, 2 genes [STOX2 (storkhead box 2) and TBC1D16 (TBC1 domain family member 16)] were common. Among 277 DEGs identified in the clozapine non-responder, 15 genes were located near the non-responder-specific methylation sites (Supplementary Table 4). Of these 15 DEGs, 2 DEGs differed in the opposite direction of the change in the methylation sites in the promoter regions (Table 1), while 3 DEGs showed the same direction of change in the mRNA expression level and the DNA methylation level in the corresponding gene body (Table 2).


Table 1. Genes changed in the opposite direction to promoter CpG sites in response to clozapine.
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Table 2. Genes changed in the same direction as the gene body CpG sites in response to clozapine.
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Then, we examined the proportion of genes associated with neuronal and synaptic functions (Table 3). Among the genes near the changed methylation sites, 300 of the 1,789 genes (16.8%) in the clozapine responder and 190 of the 1,145 genes (16.6%) in the clozapine non-responder were associated with neuronal and synaptic functions. Among the genes with altered methylation and expression, 30 of the 84 genes (35.7%) in the clozapine responder and 1 of the 15 genes (6.7%) in the clozapine non-responder were associated with neuronal and synaptic functions. The number of the genes with neuronal and synaptic functions in the clozapine responder was significantly 2.3 times higher than the expected value (p-value = 2.96E-06; #observed genes / #expected genes = 2.30), whereas the number of the genes in non-responder was lower than the expected value (p-value = 0.220; #observed genes / #expected genes = 0.430). When we performed gene functional enrichment analysis to investigate the functions of these 84 DEGs, we found axon guidance (FDR q-value = 1.59E-07) and neuron projection morphogenesis (FDR q-value = 1.21E-05) in the gene functional enrichment clusters (Supplementary Figure 2). In contrast, we did not find any statistically significantly enriched function in the clozapine non-responder. Among the genes whose expression changes were consistent with the methylation changes in the gene body or promoter regions, 19 of the 47 genes (40.4%) in the clozapine responder were significantly associated with neuronal and synaptic functions (p-value = 2.53E-05; #observed genes / #expected genes = 2.61), while there were no associations in the clozapine non-responder (p-value = 0.430; #observed genes / #expected genes = 0.00).


Table 3. The proportion of genes associated with neuronal and synaptic functions.
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The Differences of the Basal Methylation States of the Responder and Non-responder

We finally examined the differences of the basal methylation states of the responder and non-responder. We identified 3,065 and 2,980 methylation sites that changed between the twins in the mock and clozapine treatments at a significance level of p-value < 0.01, respectively. Among these changed methylation sites, 308 sites were overlapped between the two treatments. Each changed methylation sites were involved 2,305 and 2,241 genes in the mock and clozapine treatments, respectively. The RNA-seq analysis found 1,705 DEGs in the mock treatment and 806 DEGs in the clozapine treatment (FDR q-value < 0.05). Among 1,705 DEGs identified in mock treatment, 133 genes were located near the 3,065 changed methylation sites. Among 806 DEGs identified in the clozapine treatment, 88 genes were located near the 2,980 changed methylation sites. The 133 DEGs in mock treatment were overlapped with only 5 genes among the 84 DEGs response to clozapine in the clozapine responder. Additionally, there were no genes overlapped between 133 DEGs in mock treatment and 15 DEGs in the clozapine non-responder.




DISCUSSION

We examined the DNA methylation changes following clozapine treatment in iPS neurons from a pair of twins with discordant responses to clozapine. To date, there have been several studies of schizophrenia using human iPS cells (29). Applying iPS cell-based technology may provide new insight into the therapeutic mechanism of clozapine. We demonstrated that there were only a small number of CpG sites that were common between the clozapine responder and non-responder among the changed methylation sites. Then, we combined our previous transcriptome profiling data with DNA methylation profiling to identify genes whose expression changes and methylation changes were consistent. When we examined the correlations between the mRNA expression and DNA methylation levels, we found cases with changes in not only the opposite direction of the promoter but also the same direction in the corresponding gene body. These findings were in accord with recent reports that the bodies of actively transcribed genes are enriched in DNA methylation (6–8). There are two hypotheses about the function of DNA methylation in gene bodies (30). One is that it facilitates transcription elongation and/or co-transcriptional splicing. The other is that it represses intragenic cryptic promoters. Importantly, we demonstrated that genes related to neuronal and synaptic functions were observed at a higher frequency among the genes with altered DNA methylation and expression in the clozapine responder than in the clozapine non-responder. These results suggest that effective clozapine action may normalize the abnormalities of neuronal and synaptic functions via methylation changes.

We revealed increased DNA methylation in the promoter region and decreased expression in the MECP2 gene following clozapine treatment in the clozapine responder (Supplementary Figure 1). Basic research has shown that MeCP2 plays an important role in mediating synaptic transmission in the CNS (31, 32), and mutations in MECP2 are well-known to be implicated in neurodevelopmental disorders, including schizophrenia (28, 33). MECP2 binds to the promoter regions of methylated genes and suppresses their expression (34, 35). It was reported that MECP2 regulates thousands of genes in the hypothalamus and that 85% of these target genes were transcriptionally activated by MECP2 using comprehensive mRNA expression analysis of MECP2 knockout and MECP2 overexpression mice (36). Our results suggest that clozapine may affect the mRNA expression level of the MECP2 gene via DNA methylation as well as the transcriptomes of multiple downstream genes.

Among the methylation sites that specifically responded to clozapine in the responder, cg03942932 showed significant methylation changes in a previous meta-analysis study of DNA methylation changes in schizophrenia and controls using blood samples (17). In addition, the responder-specific cg19939130 was also significantly altered between schizophrenia and controls in a study using African American blood samples (14). Interestingly, DOT1L (DOT1 like histone lysine methyltransferase), which was a gene with methylation sites that varied specifically in responders, was reported as the gene with the most variable methylation sites in blood between treatment-resistant and non-treatment-resistant schizophrenic patients (17).

In our previous study, we performed whole exome sequencing analysis of the twins and did not observe any genomic discordance on exons between the twins (4). However, there may be differences in mutations in non-coding regulatory regions such as promoters between the twins, and such mutations may affect methylation. Detailed observations by targeted sequencing will be necessary. If there is no genomic discordance between the twins, the reason for their discordance in clozapine response may be somatic changes during development. We also cannot exclude the possibilities that the differences in clozapine responsiveness observed between the twins' iPS cell-derived neurons are affected by the reprogramming process that can largely reset DNA methylation patterns in somatic cells and/or by the NGN2-memdiated neuronal differentiation. Further studies with neurons directly differentiated from the twins' somatic cells or iPS cell-derived neurons differentiated without viral overexpression of NGN2 would be necessary to validate our findings.

There are several limitations in the present study. As this is a case report with a pair of monozygotic twins, the findings need to be validated in studies with larger cohort including healthy control individuals to demonstrate the disease relevancy. In addition, further in vivo experiments and experiments with animal model will be required to reveal how the DNA methylation levels of the CpG sites and mRNA expression levels of the corresponding genes are altered by clozapine in the responder-derived neurons and what determines the responsiveness to clozapine.
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